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Abstract

Meat production through cell culture has the potential to improve the environmental, nutritional,
and ethical impacts of our food system. By decoupling from animal husbandry, cultured meat
canmaintain unprecedented control over products and processes in order to enhance their health,
efficiency, safety, and sustainability. However, substantial scientific challenges remain before
the potential benefits of cultured meat can be realized. Spdyificaltured meat must prove to

be high quality and affordable in order to interest consumers. This will necessitate the
development of delicious and nutritious cell cultured products at a scale and price that is
unprecedented in the world ofedical cell culture and tissue engineering. Here, we demonstrate
how culture media optimizatiorgenetic engineering and other strategies can help enable this
goalby enhancing both the products (i.e., nutrition) and processesl\itere systems)f

cultured meat. First, genetic engineering is applied to induce the endogenous production of
antioxidant phytonutrients in bovine muscle satellite cells. As lipid oxidation is one of the main
mechanistic links between red meat and colorectal canceeffibis demonstrates how cultured
meat can be engineered to offer improved nutrition compared with conventional meats. Next,
genetic engineering and media development strategies are applied to lower the cost of bovine
satellite cell expansion. Negeneticstrategies for this include the development of atmst
serumfree growth medium, and its subsequent cost reduction through the discovery of effective
but low-cost plant derived protein extracts as replacements for expensive recombinant albumin.
Geneticstrategies includestablishingan immortalized bovine satellite cell line, and

subsequelht engineeringt to ameliorate media requirements for expensive recombinant
fibroblast growth factor (FGF). These strategies combine to produce a systral&nie (i.e.,

immortalized) culture of bovine satellite cells in a seffué@ medium that does not require



albumin or FGF, two factors which havedate been the largest individual cost contributors to
cultured meat productiofogetherthese two thrusts demonstrate how genetic strategies can be
applied and combined with process development strategies to increase the quality and lower the
cost of cultured meat, thereby advancing progress towattised meat that can facilitate

widesprad consumer adoption.
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Chapter 11 Introduction

1.1Background

Cellular agriculture is an emerging discipline which aims to produce thiaugtno cell culture
those products which are conventionally derived from animal agriculturee Taasnclude

meat, poultry, and seafood, as well as milk, leather, collagen, or other proteins. Meat products
producedn this wayareknown as cultured meat, célhsed meat, or cultivated meat, and are a
key target area of tHeroadeffield of cellularagriculture.The driving hypothesis behirtdese
areads thatby decoupling meaand other productisom animal husbandrcellular agriculture

and cultured meatan mitigate the environmental, food security, animal welfare, and human

health concerns thatem from intensive animal agriculttire

While the concept of cultured meat has been arounoliar seventy yeatsit was not until the

turn of the 21 century that concrete methods for producing it were proposed and exXSlored

While specific production processes may varypaerview ofthegeneralizectultured meat
production process can be seeffrigurel.l. In the first stepscells are sourced from relevant
tissues of relevant species, isolated into the desired cell populations, characterized, and banked
for long term storage and usage. These cells can be-tipsadic stem cells (e.g., muscle

satellite cells or pradipocytes), or elsgluripotent stem cells (e.g., induced pluripotent stem cells
(IPSCs) or embryonic stem cells), and they can be primary stem cells or immortalized stem cell
lines. Once starting cell populations have been established, the cells deegbeol in expansion

bioreactors to achieve high cellular biomass from a small starting population. A number of



possible bioreactor formats can be used for this, though which systems are optimal for

production remain to be seéh

Once a sufficiently large ass of stem cells has been generated, these cells are seeded onto
biomaterial scaffolds which provide 3D structure, topographical cues, and biochemical
environments that encourage further cell development, either as additional proliferation, cell
differeniation, or a combination of the tRdNhile scaffolding and differentiation steps may not
be strictly necessary to achieve a-telsed meat product, it is possible that mature tissues and
cells will positively impact ppduct quality features, such as texture and tagtmally, cells

and/or tissues are harvested and formulated into a final meat product. This can occur through
simple harvesting of 3D, differentiated tissues, or else through the additibnal agents for

binding, flavor, coloring, or otherwise'?
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Figurel.1l: General cultured meat production process.Ti&uesare sourced from species of
interest (B) Cell types of interest are isolated from the tissues. (C) Various expansion biof
are used to proliferate cells to a high cell density. (D) Biomatse&ffolds are seeded with

proliferated cells in order to promote differentiation and/or hierarchical organization of cel
Resultingin vitro tissues are harvested and processed into food products if needed (e.g.,

the addition of binding agembr plartbased filler components.
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As mentioned, the motivation for cultured meat development stems from the potential to address

the negative effects of conventional animal agriculture in terms of sustainability, health and food

security, and animal welfe. Specifically, for the first of these, animal agriculture is associated

with substantial resource use and environmental degrad@terlivestock sectarontributes

over 14%of anthropogenic greenhouse gases worldi#j@ecupies30% of the worlds icéree

land4, engenders 70% of total deforestatiortia Amazor®, and accounts for more than 30% of

the nitrogen and phosphorous eutrophication of water in the!tUSBese metrics atikely to
grow worldwide as rising meat demarasbults in an expected increase in meat consompf

1.2% annually through 2050

Regardinghuman health and food securigymajor concern of animal agriculture is the

evolution of antimicrobial resistant bacteria and their transfer from animals to hidniadeed,



while it has been shown that such transfer can hapipisralso projected that antimicrobial use

in livestock would grow by nearly 12% from 2017 to 283The use of antibiotics to treat and
control disease in animal agriculture therefore poses a substantial risk to human health,
particularly in intensive farming operations, where high animal density poses an increased risk
for disease. This risk of disease can aésult infood security concernsvherebyoutbreaks can
seriously impact foodupplies Additionally, the consumption of certain types of méats
particularly red or processed meatsas been associated with increased incidence of diseases

such as colorectal cancer and various cardiovasdidaase®?L

Finally, regardinganimal welfare, intensive animal agricultymesentsa host of issues. First,
concentrated operatiotisat result in disease outbreale result ifarge scale animal death.
During the first year of the African swine fever in 2018, for instance, over 13,000 pigs had
reportedly died from infection of thesgiase, while an additional 1.2 million had been culled to
prevent its spredd Next, a changing climate can seriously impact the welfare of farmed
animals which can be more susceptible to drought and heat stress thdomesticated
animalg®24 Finally, a system based on animal slaughter is inherahtigds with farm animal

welfare,particularly in largescale, industrialized operations.

In contrast with these negative externalities of animal agriculture, celgriaubure is projected
to offer substantially more favorable outconteeliminary lifecycle assessments of cultured
meat production are still in their early stagestconsistently suggest that cultured products
coulddramatically reducandand watewuse, eutrophication, particulate matter formation, and

overall global warming potential compared with conventional prodtiasigh could increase



the energy requirements of produc&®f’. From an animal welfare perspectiveltated meat
would drastically reduce or completely eliminate the need for animal slatitffiténd froma
human health perspective, the use of sterile culture environments would simultaneously
ameliorate the risk of contaminating pathogens and the use of antibiotics in meat prédtuction
Additionally, certain harmful nutrients found in conventional meats such asfatinacids

would be absent from cultured meat due to ttygiical origins from bacterial synthesiis

animal microbiomeg.

Ultimately, the potential of cultured meat lies in decoupling meat production from animal
husbandry in ordeotovercome the low trophic efficiency and high external costs of
conventional animal agriculture. Tipsocesdeverages technologies that were born from

medical tissue engineerinigut it must also adapt these technologies towards a new set of design
congraints and priorities. While medical tissue engineepilages functionin vivomimicry, and
medical safety (e.g., implantability) at the forefront, tissue engineering for food must focus on
cost, scale, quality (e.g., taste and nutritiémdd safety €.g., edibility) and other metrics

detailed inFigurel.2.
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Figurel.2: Shared and disparate priorities for tissue engineering for food vs. tissue engineering
for biomedical applications. While safety, regulatory approval, and certain parameters are|shared
between these twitelds, there are many differences in what theytrpusrities.

It is important to recognize that the realization of the benefits of cultured meat is entirely
dependent on convincing consumers to buy and consume cellular agriculture predeatof
conventional animal agriculture producemething that plarfttased meat alternatives have not

yet been able to achiefeWhile environmental and ethical considerations may be one of the
driving motivators for pursuing cultured meat research, quality and price will ultimately decide
consumer purchasing decisidhsAs such, it is essential that cultured meat products can compete
on quality and price in a way that is sadale and sustainable in order to realize the promising

potential of these novel foods.



1.2 Cultured meat products: nutrition and food quality

Meat quality can be broken down into two main categories: food quality (e.g., taste, texture,

color, smell, etc.and nutrition Mimicking or surpassing conventional meat in both of these will

be necessary for cul t uanetas beenaatinitationsso fdrdos glante a d a
based meat alternativés®. Towards this end, cultured meat has a range of advantages and

disadvantages that should be considered when developing products.

1.2.1 Food Quality

In terms of food quality, cultured meat has the advantage of being compiribedsame

fundamental building blocks as conventional meat (i.e., muscle and fat cells). These cells contain
innate features that provide food functionality to conventional prealucts andvould do the

same for cultured meat produdiar instance, aatractile muscle proteins offer fibrillar texture

as well as unique wateandfatb i ndi ng properties that confer m
juiciness®. Similarly, fattyacid profiles of animal fat cells and tissues are responsible for

imparting speciesspecific flavors to meats

It is reasonable to assume that if cultured meat can mimic these cellular features (muscle proteins
andlipid profiles), then high organoleptic mimicry of conventional meats can be achiewed.
instance, the same actin and myosin protein complexes form dgunmigo muscle

differentiation as thosehich impartfunctional properties on meat, and similar fatty acid profiles

are seern vitro during fat cell culture as those which are present in fat tissue of the

corresponding speci¥s



At the same time, cultured mdikiely faces many hurdles in terms of food quality which must

be addressei order to achieve substantial market presence. Many of the specifics of these
hurdles are still unknown, though knowledge ofafiéinces betweean vitro andin vivo biology

can infer possiblareas. For instance, while differentiated muscle cells contain myosin and actin
filamentsin vitro, and while differentiated fat cells accumulate lipid dropletatro, these cells

often denonstrate immature differentiation more similar to fetal tissues than adult tigguebl

could have implications for food quali?® From a texture perspective, it is likely that added
binders or biomaterial scaffolds will be needed to generate structured tissues which can mimic
meat texture.tiremains to be seen which scaffold systems will best marry biological function

(e.g., cell adhesion, growth and differentiation) with food function, and how the food quality of
these scaffolds will compare with conventional meat tis$trem an appearancperspective,
coloring agents will al so be r equrontbirdthgt o mat c
blood proteins in cell culture systems). Hexéding those same blood proteins or other coloring
agents caboth improve appearance and potentially impnovgition and bioprocess metriés

Finally, from a taste perspective, metabolomic analysis of cultured muscle satellite cells and
conventional meat products has revealed differences in flavor compounds associated with umami
and bitterness, ich could indicate that, without optimization, cultured meat would not match

the flavor profile of conventional meét

It is alsoimportant to consider the changes that meat undergoes upon animal death, and how
these might or might not translateitovitro tissue harvest. Specifically, upon death, muscle
tissue undergoes an irreversible contraction (rigor mortis) which requires subsequent ageing to

allow for protein degradation and tissue loosening to achieve the desired texture. At the same



time, the loss of blood flow and oxygen delivery results in a brief but important period of
increased glycolytic metabolism of muscle celbich acidifies the tissue through lactic acid
production, imparting important functional changes to the $hétis conversion of muscle to
meat is essential for flavor and texture, but it remains to be seen how the same conversion
happensn vitro, and whether processing steps will be needed taigrthis chemical conversion,

or at least achieve its functional outcomes.

1.2.2 Nutrition

The nutritional potential ofultured meat also has the advantage of its fundamental similarity
with conventional meat products. Indeed, many of the nutritionalieleties of planbased

meat analogues (such as high sodium content) are requivedkirio achieve quality metrics

that can accurately recapitulate conventional protudtss possible that cultured meat would
require lespostprocessing or functional augmentation than plaaged products, and so could
avoid these nutritional sacrifices while mainthigh quality.Indeed, studies have shown good
(though not perfecgimilarity between conventional and cultured meat products for nutritional

factors such as amino acid and fatty aeitios?+2

At the same time, conventional meat prodécighile a valuable source of proteins and certain
micronutrient® also offer distinct health disadvantagksorder to ensure high nutritional
value, cultured meat could aim to embrace the nutritipasitives of meat, while avoiding the
negatives. A clear option here is to look at those nutrients whachaodractually produced by the
muscle or fat cells, themselves, but instead come from other tissues or dietary présesses.

mentioned above, cultured meat is unlikely to contain tsamsrated fatthat are generated by



ruminal bacteri.. Cultured meat can leverage this fact to offer nutritional advantages over
conventional meat. On the other hawithmin B12is a flagship micronutrient of me#itatis

also produced primarily by ruminal bactéfiaAs suchcultured meat will need to be
supplemented with vitamin B12 at some point during production. One possible option is to
include vitamin B12 in the culture mediaand, indeed, it is a vital compent of many basal

mediaformulation® though the retention of this vitamin by cells remains temuated

Beyond trandatty acidsred and processedeat consumption has been associated with

numerous pathologies, including type Il diabetes, cardioNasdisease, and colorectal carttier
®Indeedt he Worl d Health Organizationds I nternat:i
(1 ARC) has deemed red and processed meat to b
respectively®>° While the mechanisms behind these associations are yet to be fully elucidated,
several components of meat are known to contribute to disease onset. Carnitine is one such
component, which is prevalent in muscle tissue and is convertaoh&thtylaming(TMA) in the

gut, and subsequentisimethylamine NOxide (TMAO) in the liver. TMAO the increases risk

for adverse cardiovascular events and decreases kidney fadhadthrerpathogenic components

of red and processed meat are reactive oxygen species or their antecedents, which include heme
bound iron, nitrosamines, advanced glycation-pratiucts, and othefs These reactive oxygen

species can interact with tissue in the colon, inducing mutations and ultimately tatigét.of

these associations, it is possible that cultured meat could be engineered to avoid the negative

health effects of meat products while maintaining high levels of beneficial nutrients.

10



Ultimately, cultured meat will need to compete on quality and nutrition for-gpdead adoption

of products, and so early research efforts should focus on these areas to ensure that products are
attractive to consumer$his means a focus on flavor, tesducolor, sheHife, cooking,

packaging, macronutrients, micronutrients, and a host of other faatibh®ut meeting

consumer needs on all of these frotit® environmental, ethical, and human benefits of cultured

meat cannot be realized.

1.3 Cultured meat production: inputs and engineering tools

Along with needing products that compete on quality and nutrition with conventional meats,
cultured meat needs to compete on price and scale in order to establish a significant market
presence. Consumers mayWilling to pay a small premium for healthier, tastier, and more
environmentally friendly products, but this willingness will only go so far. In order to truly
compete with conventional meats, cultured meat must ultimately reach price parity with them.
This is an effort thawvill require the use of extremely Iewost inputs processed at extremely

high scale and efficiency. Here, two inputs are perhaps the most important: the cells that are

grown for the production of cultured meat, and the culture mediasiused to feed them.

1.3.1Cells

There are multiple possible cell types that can be used to generate both the muscle and fat
portions of cultured meat. From a muscle perspective, cells can be pluripotent (able to
differentiate into multiple cell typgssuch as embryonic stem cells or induced pluripotent stem
cells (IPSCs). Muscle specific progenitors can also be used, including primary muscle stem cells

(termed satellite cells) or immortalized muscle precursors, which can be obtained through

11



spontaneons immortalization over serial passages, or through targeted genetic engineering of
primary satellite cell§° From a fat perspective, pluripotent cells can be used, as welt as fat
specific preadipocyté&$ For both muscle and fat, it is also possible to generate differentiated
tissues from other, unrelated dgibes. For instance, genetic engineering can convert fibroblasts
into myogenic precursors, and lipggcumulating fibroblasts can be selected for to act as
adipogenic precursot®®* Additionally, it is possible to trargifferentiate muscle cells into
lipid-accumulatingcells, thereby using one of the tissspecific cell precursors to generate the

otheP3.

Whatever the starting cslithar proliferative and differentiatie capadiesare key, as are the
reliability, efficiency,and scalabilityof those processeslong the first axis, the proliferative
capacity of cells can be broken down into two metrics: population lifespagrawth rate. With
primary cells, the population lifespan is limited to around fifty doublings, after which cellular
senescence induces loss of growth and induction of apoptasisile alarge amount of meat

can theoretically be produced over even fewer doublings (e.g., 5,000 kg of tissue from a 500 mg
biopsy over 35 doubling®, this limitation ultimately necesstts repeat biopsies, which can
impart variability to cell populations that can complicate bioprocess control. In contrast,
immortalized or pluripotent stem cells offer theoretically indefinite population lifespans, which
wouldimprove the longerm reliablity and control of production process&ell

immortalization can be achieved through spontaneous mutations accumulated over serial
passagingor through genetic engineering stratediasluding primary cell immortalization or
iPSCsinduction)?®8 While thelatter raises potential regulatory and consumer concerns that

should be closely considered, the fordee pends on getting #fAluckyo

12



randomly occurand so might be difficult to achievgtill, the utility of immortalized cells for

research and product development is noteworthy.

After proliferative capacity, another key metric forlgapulations is growth rat€&aster cell
growth can shorten bioprocess time, saving labor and potentially consumables cost, while
increasing the production volume of a given bioreactor capacity peryeking at some
relevantoenchmarkstypicaldoubling timesfor muscle stem cells are around ~17 honirgvo
and between 124 hoursn vitro, depending on whether one is using immortalized muscle cells
(such as the C2C12 mouse muscle cell line) or primary satellité’c&l3theruseful
benchmark@cludeChinese haster ovary (CHO) cells and human embryonic kidney
(HEK293) cells, which are the two main biopharmaceutical workhorse cell linescfanbinant
protein production and are therefore the most scaled mammalian cell culture systemnes to
Doubling times fothese cells range between14 hours for CHO cells, and ~33 hours for
HEK293 cell$®®% Achieving growthrates at or below these bendimis (e.g., 14.7 hoursper

doubling) is a reasonable target for cultured meat to enable rapid, scalable production.

Finally, along with proliferative lifespan amglowthrate,an important metric for cells is their
capacity to differentiate into maturiedues. For muscle, this means the fusion of cells into
multinucleated myotubes. While it remains to be seen the degree to which muscle differentiation
is necessary for food functionality of cultured meats, the importance of mature muscle proteins
(e.g., &tin and myosin filaments) for conventional meat quality and nutrition suggests that the
same proteins will be requirea vitro to achieve suitably mimetic texture and fand water

binding capabilities. Here, primary cells or immortalized musplecifc stem cells offer the
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advantage of already being partway down the musméeific lineage, and so hold an innate
inclination towards muscle differentiation. In contrécause pluripotent stem cells can
differentiate down multiple lineages, achievinfialele and reproducible muscle differentiation

can be more challenging and comgleXhus, advantages and disadvantages of various cell

types in both proliferative and differentiative contexts should be considered carefully when
designing cultured meat production processes, as should potential optimization strategies along

both of these axes.

1.32 Media

While cells are the primary building blocks of cultured mtwe,culture media are the primary
inputs, and indeed provide the building blookshose cell§sugars and amino acids). Along
with prouvding thesecellular constituentsculture medim provides an agueous environment for
cells which maintains osmolarity, pH, and dissolved gases, and which contains signaling
molecules (e.g., proteins) and cofactors (e.g., vitamins and minerals) which are required for

proper biochemical and metabolic activity.

In addition to their importance on a cellular level, culture media are extremely consequential at a
bioprocess and scalg level. Indeed, it isxpected that the majority of the cost of cultured meat
productionwill lie in the medi&>®3 This media cost can be broken down into two categories: the
basal media which contain macro and micraeats required for cell metabolism, and the media
supplements, which contain functional molecules such as carrier proteins and signaling
molecules that are not actually consumed by cells in culture, but which are essential for their

growth and differentian. While basal media are essential for cell growth, @rthinly non
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negligible in terms of cogparticularly as processes scaklie functional molecules-gresent
contribute significantly more cost burden on culture mee@®% of total media co$f)®> As

such, efforts to reduce their cost are particularly urgent.

Throughout the history of animal cell culture, it has been common practice to deliver these
functional molecules to cella vitro by adding undefined animderivedcomponents tonedia

such as fetal bovine serum (FBSHowever, the use of bovine serum for cultured meat

production is impractical, both due to the high variability and cost of FBS, as well as the inherent
conflict between FBS and the aims of cultured meat develogthes such, iis necessary to

develop animal seruiftee media for use in cultured meat production. While such media have
been developed previously for a range of cell types, they still rely orcbiggirecombinant

proteins which render them too costly for loast cutured meat production. As such, alternative

inputs or culture strategies should be pursued.

Here, it is important to think of the scale of cultured meat production, and how this compares
with other mammalian cell culture efforts. For instance, conventimef production is expected

to grow to 75 million metric tons by 20%0For cultured meat tproduce just 1 million metric

tons (1.3% of that total), it is estimated that the industry would need a production capacity
somewhere on the order Dd0-500million liters, while current mammaliacell cultured

infrastructure for mpharma is estimated to be only around 5 million #fefs While these

estimates are inherently noisy and do not account for alternative or novel bioprocesses, it is clear
thatmammalian cell culture capacity will need to increase by orders of magnitude to meet even a

small fraction of ghbal meat demand. It is therefore also clear that culture media components
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will need to be produced at orders of magnitude higher volumes than previously, and so even
early-stage research should look into widely available or highly scalable input steearngs
agricultural byproducts. Solutions that keep this in @itlkde required scale of material inputs
and bioprocess infrastructdrere better suited to meaningfully impact cultured meat production

processes moving forward.

1.3.3 Genetiengineering

While a range of engineering tools and techniques exist for optimizing cultured meat products
and production processes, one particularly promising strategy lies in genetic engineering of cells.
Genetic engineering offers three distinct advaesdg the context of cultured meat: first, by
decoupling meat production from whole animals, cultured meat enables a degree of cellular
engineering that has heretofore been impossible with animal agriculture. Specifically, animal
husbandry depends on whaleimal viability, so genetic modifications which may improve

products or costs, but which compromise animal viability are impossible. Second, genetic
engineering of cell lines is much faster than generating genetically modified animals, and so
optimization strategies can be tested and iterated on much faster in a cultured meat context.
Finally, genetic engineering is a potentially
While the initial cell line development costs time and money, and whildigemgineering

efforts must balance their targeted changes with potential collateral effects on factors like growth
rate and differentiation capacity, once a cell line has been engineered, no further inputs are
required to achieve the desired effect. Tikim contrast to, say, media additives for enhanced

proliferative or differentiative capacity, or pdstrvest additives for nutritional enhancement. As
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such, genetic engineering is a powerful tool for a field which must ultimately holdtcost

paramountmportance.

The key limitationof genetic engineering is one of perception, wlatects both regulatory

approval and consumer acceptance. Indesgtarch shows that consumars still concerned

about genetically modified food, despite continegitienceof the safety of these foods®

However numerous studies have shown that increased information and the information context
around geneticengner ed can i ncrease consumersodéd willing
foods, as can the context within which those genetic modifications weréaffadeHere,

genetic engineering of cultured meat faces some unique and important realities. The first is that
cultured meat is itself a novéod for consumers, and so early adopters will likely have low

food neophobia by nature, and might therefore worry less about genetic modifications relative to
those who would be unwilling to try cultured meat anyvifiyBhe second is that, unlikeily

crops, there is nooncern that genieglly modified cell cultures would escape containment and
disrupt natural ecosystems. Genetically modified cultured meat might therefore pose fewer

environmental concerns than other forms of genetically modified foods.

From a regulatory standpoint, appabof genetically modified foods is highly dependent on
jurisdiction. The United States, for instance, haslatively positive regulatory environment, and
has approved for human consumption two genetically modified animal breeds, as well as
numerous crps’ " ’°. This is in contrast to the European Union, which has drstricter

regulatory framework for genetic engineering. A key difference between these two frameworks

is that the US &pstemfipwbduetdohdr EWehas a fipr
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first, genetically modified products are regulated basetow they differ (or not) from
conventional products, and so products can be
products, thereby avoiding extra regulation.
genetic engineering itself tigers additional regulatory scrutfiylt is unclear how these

frameworks will integrate cultured meat, asdt@at e t hese juri sdi ¢tidons h:a
nontgenetically modified cultured meat prodtetcompare with. However, it is likely that the

United States will take a significantly more favorable approach to genetic modification than the

EU, at least in the near future.

Lastly, it is important taote thainot all genetic engineering strategies are equalddfetent
approachemight fare better or worse in the eyes of regulators and consufoeiigastance, the

use of viral transduction for transgene insertion may concern both regulatorsxanthecs,

while nonviral strategies may fare better. Further, precision galiting techniqueésuch as
CRISPR/Cas9)which are able to generate small alteration to native DNA, may be more
favorabl e than the tr ans ge nmanyjurisdistiens cuireatly of A f
exclude small baspair changes or mutations fraimeir definitions of genetically modified

organisms, and consumers also show a preference for these targeted changes over transgene

integratiorf2®

While the hurdles facing genetic engineering of cultured meat from a regulatory and consumer
standpoint are impossible to ignore, the unprecedented level of cell culture optimization that is
required for these products makes it equally impossible to igndreptitential advantages. As

such, it is worthwhile to investigate how genetic strategies might be used to maximize cultured
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meat products and processes. Indeed, these strategies may prove to be fundamentally enabling to
cultured meat, allowing faster marlaitry with more affordable, more sustainably, and more

nutritious products.

1.4Project overview

As mentioned, the fundamental requirements of cultured meat are that it must be high quality
low cost andenvironmentally sustainable. Without these, thteptial of this emerging

technology cannot be realizethis work ainedto explore how genetic engineering and other
strategies can be used to advance all three of these goals by increasing the nutritional value of
cultured meat, reducing the cost of pwotion, and increasing the sustainability of culture media

inputs.

1.4.1 Engineering nutrition

In the first portion, the nutritional value of cultured me&asenhanced through transgenic
expression of enzymes responsible for the synthesis of dietapyidatitscalled carotenoids

These antioxidantwere thersynthesized by bovine satellite cIBSCs)in vitro, andwereable

to reduce lipid oxidation that ocadduring cooking of the cultured cells. As lipid oxidation is

the key mechanistic link between red meat and colorectal cancexottki®ffers a proobf-

concept for how genetic engineering of cultured meat can overcome some of the nutritional
deficienciesof conventional meat products, thereby offering consumers a healthier product. This
could in turn encourage consumers to purchase cultured meat products, thereby enabling
increased adoption. In this way, genetic engineasiagused to enhance culturedahalong its

first axis: quality.
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1.4.2 Engineering loveost cell culture

After enhancingultured meat alonthe axis of qualitygenetic strategies and media

optimizationwere used t@nhance cultured meat production processes along the second axis:

cod and scale. This was ultimately achieved by lowering the cost of degenculture media
through genetic and negenetic strategies, though several enabling technologies were first

required.

Enabling technology ¥ Defined grumfree media

The first erbling technology was a defined serfn@e medium for BSCs, as no such media
previously existedvith demonstrated efficacy for bovine satellite cells over g culture.
This media was shown to be effecteed lowcost compared with FB8ontaining meaim, but
it also relied on higltost recombinant proteins, particularly recombirahtimin,and fibroblast

growth factor 2 (FGR).

Enabling technology #2: Immortalized bovine satellite cells

The next enabling technology that was established was af immortalized bovine satellite

cells (BSCs), which both increased the proliferative capacity of these cells, and enabled more

robust genetic engineering techniques for addressing seeemmedia costS hese cells were

genetically modified to overpress two proteins: telomerase reverse transcriptase (TERT) and

cyclin-dependent kinase 4 (CDK5), which together prolonged the proliferative lifespan of cells

and promoted their proliferation. These cells were demonstrated to proliferate rapidly for over

120 doublings, and to achieve a doubling rate of 15 hours.
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Low-cost serurfree media
With these enabling technologies in plagedia costs were brought down by replacing the two
most expensive components of the established stremedium: albumin andGF2, which

togethercomprised over 75% of the cost of the seifuee media.

To overcome the highost of albumin, planterived protein isolates from rapeseed protein meal
were extracted and shown to ful |l yimproggBS@ce al b
growth). This change enabled dramatic «@stings compared with recombinant aloumin. More,

as rapeseed protein meal is adowst and abundant byproduct of canola oil production, this

strategy offers a highly scalable and sustainable medi# ifip overcome the cost of FGE

immortalized BSCs were engineered to overexpressZabng with a mutated form of that

sarcoma virus protein (R#312V). This resulted in autocrine signaling capable of overcoming
requirements for exogenous growth factors. Together, these two approaches substantially

decrease the cost of expansion media for BSCs and advance the field towards sustainable,

scalable, and ecomically viable cultured meat production.

To summarize, herein are presented various strategies for enhancing cultured meat products and
production processes through genetic andgemetic strategies. In the first thrust, cultured meat
nutrition is enhaced through endogenous antioxidant synthesis. In the second thrust, cultured
meat productioprocesseare enhanced through cell immortalization, media supplementation

with low-cost plantderived albumin alternatives, and the use of ectopic autocrinalisigmno
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overcome requirements for expensive growth factor comporfemisverview of thesefforts

can be seen iRigurel.3.

Genetic engineering
Proliferation

L5
\ satellite cells & ﬂ@
—l-_(;:II Immortalization —> ﬂ Differentia
/ ifferentiation T et
Autocrine signaling M
_ P L = Gene
p=———— expression
A& x Serum-free Nutrient =0
FBS ﬁ ‘ growth media analysis

Functional pr°teir§ LJ A L Low cost & sustainable
Ny
.~ Nz

Rapeseed protein isolate

Figurel.3: Overview of projects. Both genetic engineering and culture media optimization
strategies were used to optimize the productionamstsustainability, as well asitritional
value of cultured meat.
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Chapter 21 Engineering carotenoid productian in mammalian cells for

nutritionally enhanced cell-cultured foods

Stout, A. J., Mirliani, A. B., Souldlbridge, E. L., Cohen, J. M. & Kaplan, D. L. Engineering
carotenoid production in mammalian cells for nutritionally enhanceetakiired foods.
Metabolic Engneering62, 126 137 (2020).

Reprinted here with permission of the publisher.

2.1Introduction

Synthetic biology and metabolic engineering have become major tools across numerous
discipline$®. However, broad use in mammalian systems has been slow to develop, and progress
within these systems has been largely isolated to applications such as therapeutic protein
production (e.g.monoclonal antibodies) or the study and treatmedisafase (e.g., metabolic
reprogramming)®2 In these efforts, apart from genetic tools such as viral or bacterial editing or
regulatory systems, little attention has been given to heterologous engineering of mammalian
cells using genes from other ta.e., bacteria or planfS$f* In contrast, metabolic engineering
efforts n bacteria, yeasts or plants have exploited diverse taxonomic transgenes for applications
from medicine and cosmetics to energy and agricfidfeRecent advances in tissue

engineering have expanded our perspective about possible applications of animal cell culture to
food ard nutrition, robotics, and biosens®Y®. This shift provides the opportunity to revisit
mammalian metabolic engineering and expand efforts tadeatrosgaxa engineering for

broad applications.
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One such application is the production of meat through cell culture (known by varioud terms
this paper wil/ use Acultured meato), which h
environmental, ethical, and publealth concerns of animal agricultt®. The cellevel

control inherent to cultured meat enables the use of metabolic engineering to tune composition
towards diverse aims, and the uncoupling of products from whole animal viabitich

inherently constrains livestock transgen@sexpands possible targegpecifically,

incorporating complete pathways for plant nutrient synthesis into animal cells offers a
particularly promising approach due to these
bioprocess or food features. For instance, lipid and protettati@n are key mechanistic links

between red or processed meat consumption and colorectal cancer, as well as major contributors
to meat quality loss during stor&f& Incorporating metabolic pathways for the synthesis of
antioxidants not native to animals could therefore enhance both nutrition anduakiyt

features.

Here we demonstta this with a biosynthetic pathway for antioxidant phytonutrients

(carotenoids), which are native to plants and some prokaryotes, but not animals. These nutrients
confer multiple benefits through their status as antioxidants, provitamins, and free radical
scavengef€. Using nonviral Sleeping Beautiyansposormediated transgenesis fytoene
synthaseCrtB), phytoene desaturaggr(l), and lycopene cyclas€itY) from the bacterium

Pantoea ananatjsve convert native geranylgeranyl pyrophosphate (GGPPphtimene,

| y c o p e noarptena in idhmdrtalized mouse myoblasts and primary bovine muscle stem
cells>% This work builds on previous crop engineering efforts and acieléorCrtB efficacy

in mammalian celf$-°> We confirm the endogenous production of all threeteamds and
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show that cellular myogenicity is maintained following modification. We then quantify and
optimize carotenoid production through increased enzyme expression and induced precursor
accumulation, obtaining yields substantially higher than reportedv e | s f or beef (1.
protein, depending on animal feeding dfét)Finally, we validate the antioxidant capacity of
endogenous carotenoitsvitro, which points towards nutritional and fegdality functionality.

This work represents the first case of nutritional engineering for culturecame:aemonstrates

how crosstaxa transgenesis can broaden the scope of metabolic engineering in mammalian cells

to applications beyond the clinic.

2.2 Materials and methods

C2C12 cell culture

C2C12 mouse skeletal myoblasts (ATCC #CRI172,Manassas, VA, USA) were grown on
tissueculture plastic in DMEM Glutamax (ThermoFisher #10566024, Waltham, MA, USA)
supplemented with 10% fetal bovine serum (FBS; ThermoFisher #26140079) and 1% antibiotic
antimycotic (ThermoFisher #15240082)or regular cell maintenance, cells were cultured to a
maximum of 70% confluence, and then either passaged using 0.25%-tEypHEA

(ThermoFisher #25200056) or frozen in FBS with 10% Dimethyl sulfoxide (DMSO, Sigma
#D2650, St. Louis, MO, USA). Cells were incubated at 37°C in 5% TRroughout the study,

cells were counted using a standard hemocytometer or with eé20N@utomadd cell counter

(Chemometec, Allerod, Denmar k) foll owing the
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Primary bovine satellite cell isolation and culture

Primary bovine satellite cells (BSCs) were isolated using previously described m&thods

Briefly, a small muscle excision (~0.5 &mvas taken from the seét@ndinosus of a <6@ay-old
Simmental bull raised at the Tufts Cummings School of Veterinary Medicine according to
methods approved by the Tufts University IACUC (Protocol #G288)8 Muscle tissue was
dissected from fat and connective tissue, mincedaraste, and digested in 0.2% collagenase Il
(Worthington Biochemical #LS004176, Lakewood, NJ, USA; 275 U/mg) for one hour with
regular trituration. Digestion was halted with growth media comprised of DMEM Glutamax
supplemented with 20% FBS, 1 ng/mL hunfkdB~basic (ThermoFisher #6878563), and 1%
Primocin (Invivogen #aRpm-1, San Diego, CA, USA), and cells were filtered and plated at a
density of 100,000 cells/chonto uncoated tisstueulture flasks. After 24 hours of incubation at
37°C with 5% CQ, the plated suspensions (containing slowly adherent satellite cells) were
transferred to new?molse krkisn (Sigma#CEMDS5) \Wheselflaskse g/ ¢ m
were left untouched for three days, at which point growth media was changed, and cells were
cultured using standard practices on tissukure plastic coated with iMatrix recombinant
laminin-511 (Iwai North America #N892021, San Carlos, CA, USA). After two weeks of

culture, Primocin in growth media was replaced with 1% antibaritomycotic. Cell pssaging

and cryopreservation was performed as with C2C12s. To induce myogenic differentiation, cells
were cultured to confluency, and then incubated for one week without changing medium.

Throughout the study, cells were counted as with C2C12s.
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Immunofuiorescence and cell characterization

To confirm the identity of isolated primary BSCs, cells were stained for Pax7 and Myosin Heavy
Chain (MHC) before and after differentiation, respectively. These markers confirm the primary
and terminal states of sat&dlicell myogenesis and therefore act to verify the nature and
myogenicity of isolated cells. Proliferative cells and cells after one week of differentiation were
fixed with 4% paraformaldehyde (ThermoFisher #AAJ61899AK) for 30 minutes, washed in
PBS, permabilized for 15 minutes using 0.5% Triton X (Sigma8%787) in PBS, blocked for 45
minutes using 5% goat serum (ThermoFisher #16210064) in PBS with 0.05% sodium azide
(Sigma #S2002), and washed with PBS containing 0.1% T2@ed8igma #P1379). Primary
Pax7antibodies (ThermoFisher #PAIB506) were diluted 1:100 in blocking solution and added

to proliferative cells. Primary MHC antibodies (Developmental studies hybridoma bani2@MF

|l owa City, |l A, USA) were dil ut e dOOtPballodins9g / mL i
(ThermoFisher #A12381) and added to differentiated cells. Primary antibodies were incubated
overnight at 4°C. The following day, cells were washed with PBS + Ta28emcubated with
secondary antibodies for Pax7 (ThermoFishet1#A808,1:500) and MHC (ThermoFisher #A
11001, 1:1000) for 1 hour at room temperature, washed with PBS +2@eand mounted with
Fluoroshield mounting medium with DAPI (Abcam #ab104139, Cambridge, UK) before

imaging.

Molecular cloning and Sleeping Beauty cioast design
Amino acid sequences f@rtB, Crtl, andCrtY from Pantoea ananatig/ere obtained from
UniProt(accession numbers P21683, P21685 and P21687, respectively). Gene sequences for

these proteins were optimized for expressioBas taurususing codon optimization software
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(IDT, Coralville, 1A). Selfcleaving 2A peptides were added to the ends of eauh tgpefacilitate
multi-cistronic expression, and all genes were flanked with multiple clonind®sifeimal gene
constructs were ordered through Thable2ho Fi sher o
Next, threeSleeping Beautiransposon vectors were constructed using synthesized genes and
based on plasmids available through Addgene (Watertown, MA, USA): pGM®Y was a gift

from Connie Cepk@¢Addgene #11153, pSBbiGP and pSBbPur were gifts from Eric Kowarz
(Addgene #60511 &60523§%, and pCMV(CAT)TZSB100 was a gift from Zsuzsanna lzsvak
(Addgene #3487%%%. Transposon construction was performed using standard cloning

techniques. BrieflyCrtB was cloned into pPCMVMGFP using EcoRHF and Xmal restriction

(NEB #R3101S & #R0180S, Ipswich, MA, USA) followed by T4 DNA ligation (NEB

#M0202S) to generate pCMErtB-P2A-eGFP, a plasmid for the transientdmstronic

expression o€rtB and green fluoresoe protein GFP) under the cytomegalovirus (CMV)

promoter. Next, the CMA\CrtB-P2A-GFP portion of this plasmid was cloned into pSBhr via

Gibson assembly (S&O NA #GA1100, San Diego, CA, USA) whi
EF1U promoter tihre pmefeernt drsc e MVorpr o#fGMV€EMB- Thi s
T2A-GFP)pur, aSleeping Beautiransposon vector carrying the sameistronicCrtB and

GFP expression cassette under the CMV promoter, as well as a puromycin resistance gene under
asynthetic promoter oriented counter to CM¥ Subsequent Gibson assemblies inseCwkd

andCrtY into this vector to create three dirSleeping Beautiransposon carotenoejroducing

vectors: pSBB{CMV-CrtB-T2A-)-pur (pCrtB), pSBbt(CMV-CrtB-T2A-Crtl-P2A-GFP)}pur

(pCrtB/1), and pSBB(CMV-CrtY-T2A-CrtB-T2A-Crtl-P2A-GFP)}pur (pCrtB/1/Y) (Figure2.1).

A control Sleeping Beautyransposon vector containing orf3FP (pGFP)was generated by

removing the carotenoid synthesis enzymes and 2A sequencesCraBdl/Y, leaving only the
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GFP under CMV promotionigure2.1). All constructs were maintained indpha high
efficiency chemically competeig. coli (NEB #C2988J), verified with Sanger sequencing
(Genewiz, Cambridge, MA, USA), and purified via GeneJet miniprep (ThermoFKB&e03).
For Gibson assembly, polymerasaichreactions were performed using Q5 Hiiglelity
polymerase (NEB #M0492S), run through 1% agaroselgetrophoresis, and purified via

GenelJet gel extraction (ThermoFisher #K0692).

RBPSA/CMV Geranylgeranyl pyrophosphate

PuroR ﬁ -eGFP 1 (2x - native to Bos taurus)

RBPSA/CMV

PuroR : ;; CrtB eGFP
T2A
RBPSA/CMV
PuroR : : CrtB___Crtl ___ eGFP Crtl\

T2A P2A ISR RSN SN TRIANRA Y N
RBPSA/CMV CrtIY\
PuroR > crtY CrtB Crtl eGFP B-carotene
T2A T2A P2A

Figure2.1: Geneconstructs and their corresponding terminal product in the carotenoid
biosynthesis pathway. All gene constructs contain a puromycin resistance gene and gene
interest simultaneously promoted by a bidirectional synthetic RBPSA/CMV promoter. All g
of interest regions contain a green fluorescent protein (GFP) sequence produced in isolat
part of a multicistronic mMRNA transcript. The constructs are designated (from top to bottor
pGFP, pCrtB, pCrtB/I, andpCrtB/I/Y.

Transfection andelection

C2C12s and BSCs were cultured to®D%o confluency in @vell plates and transfected with
Lipofectamine 3000 (ThermoFisher #L3000015) a
adapted for simultaneous tr anfdideeacotemodn of t wo

producing vectors or theGFPc ont r o | vector were combined witdtk
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SB100 in a solution of 250 uL OpMEM medium (ThermoFisher #31985088), 7.5 uL of
Lipofectamine 3000 reagent, and 5 uL of p3000 reagent. This mixtwréenazbated at room
temperature for 15 minutes. During incubation, cells were rinsed once with PBS and covered

with 2 mL of OpttMEM before adding lipofectamine mixtures. After 4 hours at 37°C, 2 mL of

growth media was added to wells, and cells were irtedbat 37°C overnight. The next

morning, media was replaced with appropriate growth media, and cells were cultured for two

days before observin@FP expression with a fluorescent microscope. After two days, media

was changed t o gr owdulomypietabegn seldctiomn Ovar.obe weeff,/ mL
cells were passaged, and media was replaced as necessary due to cell death from selection. Once
cells were observed to stably expr&€8sP, cultures were expanded and cryopreserved for later

use. To determine tnafection efficiency in C2C12s and BSCs, cells were transfected in

triplicate, as described, wihGFP, pCrtB, pCrtB/landpCrtB/I/Y, as well as with 0.25 ug of
pCMV(CAT)T7-SB100 alone as a negative control. Two days after transfection cells were
harvestd, washed once in PBS, and analyzed using a NucleoCount8008Cadvanced image
cytometer (Chemometec, Allerod, Denmark), and following the GFP Transfection Efficiency
Assay according to the manufacturer-88100i nstr uc

control cells and previously puromyeselectecoGFP cells.

Growth and development of engineered cells

Growth of engineered BSCs and C2C12s was analyzed using a dsDNA quantitation kit
(ThermoFisher #F2962) on days 1, 2, 4, 6, and 8 of culture. Cellpladed in 96well plates
for each timepoint at a density of 1000 cells / well. At each tipwnt, media was removed

from wells and plates were frozen-80°C. After all timepoints were frozen, plates were
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thawed to room temperature, and 100 uL ofaRure water (ThermoFisher #10977023) was
added to wells. Plates were incubated at 37°C for one heinozen to-80°C, and réhawed to
room temperature. Wells were stained with 100 uL of Hoechst 33258 working solution.
Fluorescence was measured withya€gy H1 microplate reader (BioTek Instruments,
Winooski, VT, USA) using excitation and emission filters centered at 360 and 460 nm,
respectively. In parallel, a 96ell plate was seeded with a range of known cell densities,
incubated for 12 hours, and awired using the same protocol to obtain a standard curve and
convert fluorescence values to cell number. To analyze the effect of transfection on cellular
phenotype, BSCs transfected wit@rtB/1/Y were differentiated and stained for Pax7 and MHC
as prewously described, with the exception that red (594 nm) fluoroptammgugated antibodies
were used to detect both Pax7 (ThermoFished#872) and MF20 (Abcam #ab150116), and no

cytoskeletal counterstain was performed.

Carotenoid extraction

Cells were culired to confluency in 175 cnlasks, harvested, and counted using a

hemocytometer. Collected cells (28 million for BSCs, ~120 million for C2C12s) were

washed 1X with PBS, resuspended in 1 mL of a 50:25:25 solution of hexane (Sigma #270504),
acetone ThermoFishe#A18-500), and ethanol (Sigm#&59836), vortexed for one minute, and
incubated on a shaker plate at room temperatu
deionized water was added, and suspensions were again vortexed for one miatibteisSeére

centrifuged at 3,000 g for 5 minutes at 4°C, and the carot@ooithining upper layer was

collected in a Pyrex tube. Another 1 mL of hexane:acetone:ethanol solution was added to the

remaining pellet, and the extraction was repeated, poolentywh carotenoid solutions in one
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tube. Extracts were dried at room temperature under flow of nitrogen gas, capped, and stored at
80°C before analysis with HPLC.

Quantitative HPLC

Carotenoids were analyzed via HPLC following published techniques onilemtA200 system

(Agilent Technologies, Santa Clara, CA, USA) withsa €ationary phase (YMC #CT99S03
1546WT, 3 e€m, 4.6 x 150 mm, Al | entdonethanol PA, US
(ThermoFisher #A454) containing 1% ammonium acetate (Thermo&ishand B methyt

tert-butyl ether (MTBA, ThermoFisher #AC378720016) Briefly, carotenoid extracts were
suspended in 150 €L of ethanol, vortexed, and
phase solvents were pumped through the system at 1 mL/min with the followirdepaedent

gradients: t=0 min, 95% A, 5% B; t=15 min, 85% A, 15% B; +330min, 40% A, 60% B; t=40

55 min, 30% A, 70% B; t=584 min, 90% A, 10% B; t=70min, 95% A, 5% B. Cemaooid

standard curves were generated by dissolving {ptjoene (Sigma #78903), lycopene (Sigma

# SMB O 0 7 0 écarotena(mhérm@Fisher #AAH6010603) standards in hexane at a

concentration of ~0.5 mg/mL. Exact concentrations were determined spectroptratally

(SpectraMax M2, Molecular Devices, San Jose, CA, USA) by measuring absorbances in 1 cm

pathi engt h quartz cuvettes at 286, <4afakene, and 453
respectively, and calculating exact concentration usiti$=2015,3450, and 2592 for phytoene,

| y c o p e noarptena, nedpechively. Standards were dried under nitrogen and st@@tCat

until analyzed with samples following serial dilution. As FBS can contain trace carotenoids

(from animal feed), endogenougbyodiced carotenoid content was captured by subtracting the

area under any peaks found in extractions fp@# P cells (which have no mechanism for
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producing carotenoids endogenou¥iy)Precorrection quantities, including f@GFP cells, can

be seen irrigure2.8 andFigure2.9. If samples showed no peak or a negative calculated quantity
(i.e., below the analytical sensitivity of the method), then carotenoid concentrations were set to
zero and indicated in plotd.sample quantities were below the standard curve range, then
guantities were calculated based on extrapolation of linear standard curves and indicated in plots.

Final values were converted to ng/cells*b@fore normalizing to cellular protein.

Proteinquantification

To normalize cellular carotenoid content under moref@belvant metrics than cell number,

cellular protein content was measured. Briefly, engineered cells were cultured as previously
described, harvested, and counted. One mitiells were pelleted, washed 1x in PBS, and

treated with 100 uL of RIPA buffer (Thermo Fisher #89900) containing 1% Halt Protease

Inhibitor Cocktail EDTAFr ee ( Ther moFi sher #78425) accordin
instructions. Resulting cell lysates werabmed via Pierce BCA protein assay (ThermoFisher
#23225) according to the manufacturerds instr
standard curve of known bovine serum albumin (BSA) concentrations and used to determine

cellular protein per milbn cells Figure2.9). These values were then used alongside carotenoid

guantification per million cells obtain carotenoid content per protein mass.

Carotenoid optimization
Two methods were explored for optinmgi carotenoid production pCrtB/I/Y cells. The first
focused on increasing gene expression by increasing puromycin selective pressure. The second

focused on increasing levels of the carotenoid pathway precursor farnesyl pyrophosphate (FPP)
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by inhibitngd ownst ream reactions in one o&c¢holdstBr®l6s al t
synthesi§ using the small molecule ketoconaz8teBy exploring these two appaches, the

possibility for a single approach to fail to address almatiéing step in carotenoid production

was reduced. Specifically, if FPP levels were completely limiting (i.e., there was enough enzyme

to fully exhaust FPP levels), then increasingyene expression would fail to increase carotenoid

levels. Similarly, if enzyme levels were completely limiting, then ketoconazole treatment would

offer no increase in carotenoid production. To determine an appropriate puromycin concentration
forincreasihe nzy me expression, engineered cells wer
puromycin (1x puro), 5 e€g/ mL puromycin (2x pu
relative GFP expression was determined via flow cytometry as a proximate measure ofeenzym
expression. Briefly, cells were cultured, harvested,GRE was analyzed using a BD

FACSCalibur (BD Sciences) or Attune NxT (ThermoFisher) flow cytometer. Appropriate gating

was performed usingGFP and unmodified cells as positive and negative contamld mean

fluorescent intensity was determined. Data were analyzed with the FlowJo software (v10). To
determine an appropriate ketoconazole concentration for metabolic flux modulation, a growth

curve was performed as previously described using a dsDN&itateon kit and media treated
starting on day 1 with 0, 2.5, 5, 10, or 20 ¢
#455470010) dissolved in DMSO. Final DMSO concentration was held constant (0.3%) in all
conditions. Growth curves were performeg@rtB/I/Y cells conditioned with 1x puro and 4x

puro to confirm that Puromycin conditioning also did not significantly impact cell growth in the
presence or absence of ketoconazole. Following the determination of appropriate concentrations

of puromycin and ketoconale for carotenoid optimizatiopCrtB/I/Y cells were cultured in
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media containing 1x puro plus 5 e€g/ mL ketocon

plus 5 eg/ mL ketoconazole, and carotenoid ana

Lipid oxidation

To analyze the antioxidant functionality of carotenoids in cells, a thiobarbituric acid reactive
substances (TBARS) assay was performed. This assay measures malondialdehyde (MDA), a
byproduct of unsaturated fatty acid oxidation, and so senasresmasure of lipid oxidation in

cells. As lipid oxidation is often catalyzed by the processes that generate oxidative pressure, such
as storage and cooking of meat, the TBARS assay was performed on cells after one day and eight
days of refrigeration (4°Cand on both Arawo cell s, and cell s
cooking. Briefly, engineered BSCs (including optimized BSCs treated with 4x puromycin and
ketoconazole) were cultured as previously described, harvested, and counted. Aliquots of 1.5

million cells were transferred to tubes, washed 1x in PBS, pelleted, and the supernatant PBS was
removed. Collected cell pellets were stored overnight or for eight days at 4°C. After storage,
samples designated for heating were incubated for 10 minutes in ali€@°block, cooled to

room temperature, and placed on ice. Unheated samples were transferred directly to ice. All cells
(heated and unheated) were suspended in 500 ¢
sonicated on ice using a probe sonicator (Boan St. Louis, MO, USA) at 15% intensity for 5x

15 second pulses, with 20 second intervals between pulses. Next, the TBARS assay (Cayman
Chemical #700870, Ann Arbor, MI -, USA) was per
following the manufacturensrotocol and determining MDA by measuring absorbance at 535 nm
compared to a standard curve of known MDA concentrations. The remainders of the cell lysates

were frozen at80°C until protein quantification was performed via Bradford assay
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(ThermoFishe#23 2 00) f ol l owing the manufacturers prot
incubated for 10 minutes with 250 uL of Coomassie reagent, and the absorbance was measured
at 595 nm and compared to a BSA standard curve. TBARS measurements were normalized wit

protein content for each sample in order to obtain corrected cellular MDA (mg/g protein).

Statistical analysis

Statistical analysis was performed with GraphPad Prism 8.0 software (San Diego, CA, USA).
Carotenoid content, flow cytometry, and ketoconazole growth were analyzed wagne

ANOVA. Growth curves and TBARS assays were analyzed viantap ANOVA. Multiple
comparisons of al/l anal yses -hoeteselnqgoeverting r med wi
carotenoid and MDA quantification to pprotein values, propagation of error was considered

usingh _ ( A/ B) = ( A/ B) a/( (wher¢lA FAA s the2starfdard de\BatioB df the )

dataA. P values <0.05 were treated as significan

test with an alpha of 0.01. Unless otherwise stated, errors are given as * standard deviation.

2.3Results and discussion

Primary bovine skeletal muscle stem cells

Immunofluorescent staining for early markers of satellite cell identity and terminal markers of
myogenic differentiation were used to characterize primary bovine satellite cells (BSCs).
Proliferative cells showed ubidous staining for Pax7, the key marker of muscle stem cells and
the satellite cell phenotyp€&ifure2.2a), indicating that the cell isolation protocol was

successful in generating a highly consistent population of myogenic stetfcElilowing one

week of differentiation, cells stained for myosin heavy chain (MHC) showed long,
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multinucleated myotube$igure2.2b). Actin and MHC staining of these myotubes revealed
striated architecture indicative of sarcomere formation, and the presence of a contractile
apparatus was further supported by the observation of spontamemesctons in differentiated
cultures. Together, these data indicate the isolation of a highly myogenic population of bovine

skeletal muscle precursors, and the ability of these cells to undergo robust differeintiitian

(B) BT

Figure2.2: Bovine satellite cell characterization. (A) Immunofluorescent staining for Pax7
(green), a transcription factor and satellite cell marker, along with cestaies for cellular
actin (Phalloidin (red) anduclei (DAPI, blue). (B) Immunofluorescent staining for myosin
heavy chain (MF20, green), a contractile protein of skeletal muscle, along with estanterfor
cellular actin and nuclei. Higbbjective staining of differentiated cells reveals striataitiepns
in both actin and myosin heavy chain, indicating skeletal muscle sarcomere formation. Sc
are 100 &m.
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Stable transgene expression in cells

BSCs and C2C12 immortalized mouse precursor cells were engineered with multicistronic
vectors fomproducing a range of protein conversations. These were green fluorescent protein
(GFP alone pGFP)which did not produce any carotenoi@stB andGFP (pCrtB) which could
produce phytoen&;rtB, Crtl andGFP (pCrtB/l) which could produce phytoene and Ipeoe, or

CrtB, Crtl, CrtY andGFP(pCrtB/IlYY whi ch coul d pr oducarotpneyt oene,
(Figure2.1). The multicistronic nature of these vectors allowed the userRPexpression as an
indicator of vector integration and gene expression. Specifically, 2A sequences between genes
allowed fornear stoichiometric expression of enzymes @R, After transfection followed by

one week of selection in puromyedontaining media, cells stably expressed their respective
gene cassettes, as was visible throGgiPfluorescencé€Figure2.3a). Fluorescence intensity

was heterogenous, which was likely due to the randomness of transposition. No obvious
morphological differences were seen between coptdiP cells and cells expresg

carotenoigsynthesis enzymes
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Figure2.3: Engineered cell growth and development. (A) Brightfield and fluorescence images of
GFP expression in C2C12s and BSCs engineered with all four constructc@iutesoid
producing and one control). GFP expression implies successful expression of other enzymes in

gene constructs, due to the structure off the
C2C12s and BSCs engineered with all four construaet®{enoidproducing and control) over
eight days. n = 3 distinct samples; statistical significance was calculatedtmaiwaNOVA

comparing carotenoigroducing cell growth with GFproducing control cells, and is indicated
by asterisks, in which p < 0.@%), p <0.01 (**), p < 0.001 (***), and p < 0.0001 (****). (C)
Immunofluorescent staining for Pax7 (red) and Myosin Heavy Chain (red) in pCrtB/I/'Y BSCs
before (top) and after (bottom) terminal differentiation. Counterstains for DAPI (blue) show
nuclebaWl endogenous GFP (green) show cell mor phol

Growth and development of engineered cells

As antioxidants are known to affect muscle progenitor proliferation, cells producing all three
carotenoids were analyzed for growtite overight day&’’. For BSCs, the size of teserted

gene construct was negatively associated with growthFagaré2.3b). In contrast, C2C12s
engineered with the two largest compouruSr{B/I andpCrtB/I/Y) showed higher growth over

eight days than cells engineered waitBFP or pCrtB. It is possible that differences in response

to puromycin treatment and intracellular carotenoid accumulation account for growth differences

seen between primabovine cells and immortalized mouse cells. However, this discrepancy
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could also be affected by the impact that insertion efficiency and subsequent selection has on
primary cells, but not immortalized cells. Namely, cells transfected with larger coasiawe a
lower insertion efficiencyKigure2.7), and so require more doublings to generate an equally
large population of engineered cé&lldn primary cells, growth is reduced with increased
doublings, and eventually cellular senescence is reéhkdimmortalized cells, however,
doublings do not hinder growth. Rather, antitat capacity has been shown to increase cellular
proliferationt®’, and immortalized cells with increased antioxidant capaqitgrtB/I and

pCrtB/I/Y cellsd showed improved growth compared to controls. It is possible that immortalized

bovine cells would show similar relative kinetics.

To determine \wether genetic modification affected myogenic potential, Pax7 and MHC staining
was performed opCrtB/I/YBSCs Figure2.3c). Staining showed maintenee of Pax7

expression and MH@ositive myotube formation. No striations were observed in differentiated
cells, which could indicate less robust differentiation compared teengmeered cells as a

result of the engineering process or due to the semgitiZmyogenic differentiation to redox

balance, and the associated effects of endogenous antioxidant prddtittiogtill, the ability

of cells to form myotubes suggests the potential for these cells to generate differentiated cultured
meat products. Together, these data point to the ability of cells to maintain theitycbpa
proliferation and differentiation following modification with carotensighthesizing enzymes;

however, this capacity may be reduced in primary cells.
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Carotenoid production by engineered cells

Quantitative HPLC confirmed thde novaproduction of phytoene ipCrtB cells, phytoene and

lycopene impCrtB/lc el | s, and p hy tcaretene irpCriBN/cellp. b allecellga n d b
carotenoids accumulated in the terminal compound though pres(rsorphytoene and

lycopene impCrtB/1/Y cells) were present, indicating high but rexhaustive conversion

efficiency throughout the pathwalgigure2.4). In pCrtB/I cells, most of the endogenously

produced phytoene was converted to lycopene, with high conservation of total carotenoid content
compared with cells only producing phytoenep@rtB/I/Y cells, carotenoids accumulated in the

terminal conp o u n-caroterfe), though yields were significantly reduced comparne@ i@ or

pCrtB/I cells. C2C12s produced more carotenoids for all three constructs than BSCs. Total
endogenous carotenoids in C2Gd2rtB, pCrtB/I,andpCrtB/I/Y were 675.6, 308.2, and 85.71

ceg/ g protein, respectively. For BSCs, these w
The significant reduction in total carotenoid content in BSCs compared to C2C12SraBd/Y

cells compared tpCrtB or pCrtB/I cells could be due to increased cellular burdens of selection

and protein product i ocarotenewith endogendusenzyreé§s adat i on
Whil e no explicit <car ot e-namiemprodustiorgipCriBWas set f
BSCs (2.08 ug/g protein) was deemed to be insufficient, as it was no higher than literature values

f o fcardtene present in conventional beef-@.% ug/g protein), where carotenoids are

accumulated from animal di€®sAs such, endogenously produced carotenoids in cultured meat

would offer no nutritional advantageerconventionalmeats, and so yield optination was

necessary to achieve a truly nutritionally enhanced product.
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Figure2.4: Endogenous carotenoid production in engineered cells. (A) Carotenoid produgction in
C2C12s engineered wigCrtB, pCrtB/I, andpCrtB/I/Y. In pCrtB cells, only phytoene is produced
(675. 6 ¢ g/ pCrtBil cebist neost of the phytaene is converted to lycopene (phytogne =
90.1 e€g/ g protein and | pGrtB/lpYyeatisscarstendids@ccumulateg / g p
i n-cafotene, though totabrotenoid levels are notably reduced compargaCitB andpCrtB/I
(phytoene =434 g/ g pr ot ei n, |l ycopemar ot edned = g3.59. P reog
(B) Carotenoid production in BSCs engineered \piimB (phytoene =278 g/ g ppCaBlle i n) ,
(phytoene =74 g/ g protein and | yc o mpeErBAY (phytdkede.=9.0 ¢ g/ ¢
eg/ g protein, | ycopene ot eine5 =g @2/.gl pergatge ipnr,o taen
of C2C12s, with a ~Hbld reduction in total carotenoidontent in all cases compared wijth
C2C12s. n = 3 distinct samples for all plots; statistical significance was calculated-isayne
ANOVA, and is indicated by asterisks, in which p < 0.05 (*), p <0.01 (**), p < 0.001 (***), and p

< 0.0001 ( *esthat po peak was dedectedattindicates that values were outside of
analytical sensitivity (calculations returned negative quantities); and # indicates that valugs were
calculated using a linear extrapolation of the linear calibration curve. Carotextait ¢ghrovided
as €9/ g protein. Data is corrected ap@Phst ex
cells. Precorrection carotenoid data and individual values for comparing carotenoids to protein

are given in Supplementanyaterials

Optimization of carotenoid production

Due to the relatively low carotenoid production in BSCs compared to C2C1p<Catiil/Y

cells compared tpCrtB or pCrtB/I cells, we hypothesized that production in these cells could be
significantly improved. We explored two theds to achieve this. In the first, enzyme expression

was increased by increasing selective pressure for transgenes. Puromycin was shown to induce a
significant increase iGFPe x pr essi on per <cel | at 4x concentr

and BSCs vthout significantly affecting cell growth-{gure2.10), so this concentration was
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used for optimization. In the second method, carotenoid precursor accumulation was induced by
inhibiting cholesterol synthegiswhich competes for carotenoid presors using the small

molecule ketoconazol&igure2.5)'®. A ket oconazole concentration
not significantly affect growth in C2C12s and BSEg(re2.10), so this concentration was

used.

To test how these treatments affected carotenoid production separately and in pGnid/ity

BSCs were cultured with 1x puromycinketoconazole and 4x puromycinketoconazole. A

clear increase in orange pigmentation was observed in cells cultured with 4x puromycin +
ketoconazoleRigure25b) , and quantitative HPLC-caoeoewed a s
production for these cell§igure2.5¢). Specifically, optimized BSCs produced-tlides more
p-carotenethanua pt i mi zed BSCs (22.6 vs. 2.08 €9/ g pr ¢
with the low levels in unoptimize@rtB/I/Y BSCs previously mentioned, optimized levels were

~7t i mes great er t heaarotend (in egfg arotein) ia beef s dmpasaasédo r b
cattle (1.6 ug/g protein), and ~14 times greater than beef from feadiet cattle (2.9 ug/g

protein)®, Ketoconazole treatment appears to be the primary driver of optimization, though

puromycin conditioninggeems to contribute as well. Here, the fact that puromycin conditioning

did not greatly affect the percent of GBBsitive cells Figure2.11) but did significantly affect

gene expression per cefliure2.10) indicates thatite driving factor is indeed enzyme levels

per cell, rather than population effects. After optimization in BSCs, thepbdstrming

treatment (4x puromycin + ketoconazole) was then used to op@izB/I/Y C2C12s. The

me a scardbene concentrationforampt i mi zed and optimized C2Cl2s

protein, respectively, though this difference was not statistically significant. Here, in contrast to
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BSCs, the fact that puromycin conditioning affected both the level of gene expression per cell
(Figure2.10), and the number attably engineere@2C12s Figure2.11) makes it difficult to
conclusively determine the role of puromycin conditioning in these cells. Analysis of the full
carotenoid profiles of optimized BSCs and C2C12s revealed that the trend of accumulation in the

terminal compoundbtcarotene) held true in all casésgure2.12).

The ability of both enzyme and precursor enhancement to increase carotenoids suggests that both
enzyme and precursors are limiting in the system, which is likely due to the heterogdnoeis na

of enzyme expression in cells. Specifically, in cells with high baseline enzyme levels, precursors
are ratdimiting, and in cells with low baseline enzyme levels, enzyme capacity imitieg.

The efficacy of both optimization techniques suggtstautility of pursuing multiple avenues

for optimization when engineering cultured meat. While the use of ketoconazole as a means of
inducing precursor accumulation was useful for this padafoncept, a productiescheme for
nutritionally enhanced culted meat would likely rely on genetic strategies to achieve the same

effect.
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Figure2.5: Carotenoid optimization. (A) the carotenoid biosynthesis pathway in its comtéxt
cholesterol synthesis. The possible mechanisms for optimization are shown, where colored arrows
indicate where ketoconazole (red) or puromycin (purple) individually afifetabolic flux, and
where colored arrow thickness is qualitatively indicative of changes in flux (i.e., thicker arrows
indicate a hypothetical increase in flux, and thinner, dotted arrows indicate a hypothetical decrease
in flux (or inhibition). Puromycin(purple) acts by selecting cells that offer higher enzyme
expression, and therefore increased flux in carotenoid synthesis. Ketoconazole (red) |acts by
inhibiting the conversion of lanosterol to zymosterol, increasing carotenoid precursor farnesyl
pyrophoghate (FPP) levels by either causing the upstream accumulation of lanosterol, squalene,
and FPP (i.e., reducing flux down the {b&ind side of the FPR cholesterol pathway), or by
reducing cholesterol 6s i mpact a ss (i.a., rddeciegd b a c k
inhibition of HMG-CoA A Mevalonate, thus increasing flux in the upper portion of this pathway
diagram). (B) Cell pellet images of engineered BSCs. The color effect of carotenoids can be seen,
with pGFP cells slightly green, pCrtB containing no pigment, and pCrtB/I and pCrtB/Y [cells
containing some orange pigment. Optimized pCrtB/I/Y cells are notably more orange, indicating

an increase in carotenoi eardteneviredptesned céll€ INBEOsant i t :
ket oconazole and puromyci n c on-daroteneolmC2€Rs, of f er
ket oconazole and puromyci n t ocogretenb. exr= 3 distingtn ot S
samples; statistical significance was calculatedrimway ANOVA, and is indicated by asterisks,
in which p < 0.05 (*). Carotenoid data |is pr
exogenous carotenoids accumulated in control pGFP cellsofextion carotenoid data and
individual values for amparing carotenoids to protein are givethia sipplementarynaterials
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Lipid oxidation and antioxidant functionality

The capacity for endogenous carotenoids to offer nutritional and food function was determined to be
the primary measure of engineeringcsess and nutritional enhancement in this project. Specifically,

lipid oxidation is a key mechanistic link between red or processed meat consumption and colorectal
cancer, as well as a major cause of-noorobial meat quality degradation during stor&ye We

therefore analyzed cellular malondialdehyde (MDA) levels by thiobarbituidcreactive

substance (TBARS) assay in order to probe the ability of endogenous carotenoid antioxidants to
reduce lipid oxidatiomn vitro, bot h before and after refrigera
unheated cel |l s, an digure.6).inp@HPBICd, anhdatechandehdated e | | s
samples showed 2.2 and 4.9 mg MDA/g protein, respectively after one day of storage, and 2.1
and 8.0 mg MDA/g protein, respectively after eight days of storage, indicating a significant

effect of heating methods in promoting limgidation, and of storage in promoting lipid

oxidation of cooked samples. BSCs engineered pfittiB showed an increase in lipid oxidation
compared t@GFP controls for unheated samples after one day of storage, though no significant
effect on oneday lipd oxidation after heatingHgure2.6a). More, after eight days of storage,

pCrtB no longer increased lipid oxidation in unheated cells, and signtficreduced lipid

oxidation in heated sampleSigure2.6b).All cells engineered witpCrtB/I andpCrtB/I/Y

showed significant reductions in lipidioation compared controls in both unheated and heated

samples, and after both one day and eight days of storage.

't i s notabl e t hat -caraend offeredd marehantioxydanocppaaityethaa nd / o r
cells with phytoene alone, despite total carotenoid levels being hjgbe&tcells. This could be

due to the varying antioxidant capacity of these carotenwitls phytoene offering the ledst
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Also of note is the fact that optimize€rtB/I/Y cells offered reduced @axidant capacity in

heated samples after eight days of storage compareddptinmzedpCrtB/I/Y cells, despite

offering significantly higher carotenoid concentrations. This could have to do with the impact of
optimization (i.e., puromycin and/or keto@zole) on oxidative processes or on the levels of

other cellular antioxidants. For instance, cholesfetbke synthesis of which is inhibited by
ketoconazolé can improve membrane antioxidant capacity, so its inhibition with ketoconazole
could confound theffects of increased carotenoid productiénlt woud therefore be

worthwhile to measure total oxidation (including protein) to decouple the role of ketoconazole in
affecting cholesteredssociated membrane lipid stabilization. That said, the simplicity and
ubiquity of TBARS assays for meat science apfitices make this technique highly relevant,

and the significant reduction in lipid oxidation for all samples containing endogenously produced
| y ¢ o p e n ecaratane indcates that these nutrients would offer significant impact to
nutrition and fooeualty of engineered cultured meat products. Specifically, lycopene
producingpCrtB/I BSCs were able to rescue fieallenge lipid oxidation levels after storage

and cooking (onelay and eightlay nonheatedoCrtB/I BSC levels are 1.6 and 1.2 mg MDA/g
protein respectively, and eiglitay heategCrtB/I BSC levels are 1.4 mg MDA/g protein). This
points to a promising technique for meaningfully improving cultured meat nutrition via

endogenous carotenoid production.
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Figure2.6: Thiobarbituric acid reactive substances (TBARS) assay for engineered BSCs. 4
samples stored for one day at 4°C and with or without hegd®xdB expression increases or
does not affect lipid oxidation compared wit@FP controls, while BBCs expressingCrtB/I
andpCrtb/I1/Y significantly reduce lipid oxidation both with and without heating. B) samples
stored for eight days at 4°C and with or without heafigytB expression does not affect or
decreases lipid oxidation compared with colstrandpCrtB/l andpCrtB/I/Y significantly reduce
lipid oxidation both with and without heating. Carotenoidp@rtB/I cells are able to complete
recover prechallenge (before storage and/or heating) lipid oxidation levels of all cell types.
distinct samples for both plots; statistical significance was calculated byayw@NOVA, and
is indicated by asterisks, which p < 0.05 (*), p <0.01 (**), p < 0.001 (***), and p < 0.0001

(****) .

2.4 Conclusions

Metabolic engineering efforts in plants, yeast and bacteria have exploited numerous pathways

from across taxonomies towards diverse applicafitdds That same breadth has not yetre

realized in mammalian systems, where the majority of efforts have focused on

biopharmaceutica$*> While these efforts are by no means inferior to those in other systems,

the diference in scope is stark. To date, this discrepancy is likely due at least in part to the lack

of a compelling case for engineering animal cells with metabolic pathways from other
taxonomies; from a bioprocess standpoint, the production of recombingihpremall

molecules and biofuels is cheaper in bacteria, yeast or plant systems, and only the need for
speciesspecific postranslational modifications makes mammalian bioprocesses preférdble

The possibility of cultured meat offers a new framewarkrthammalian metabolic engineering.
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In cultured meat production, the product is the cells themselves, and so endogenously
synthesizing additional compounds becomes a purely additive endeavor, at least insofar as those
efforts are biologically possible anid not hinder the bioprocess parameters or product value.

Here, the fact that cultured meat is dependent only on cell growth rather tharawimode

viabilityd which is inherently limiting for animal transgenicallows the consideration of an

even wider rage of metabolites which might be untenable in animals but harmless or even

beneficial in cell culture.

In this work, we demonstrate the possibility of generating nutritionally enhanced meat products
through cell culture by engineering tledogenous production of nowtive dietary carotenoids

into primary bovine and immortalized murine skeletal muscle cells. While past speculation has
suggested the nutritional enhancement of cultured meat through exogenous nutrient addition, the
endogenouproduction of nutrients could be advantageous from a bioprocess perspective at
scale, and from the positive implications that endogenous nutrients could have for nutrient
bioavailability or growth kinetic8”:'*” We show that carotenoids are produced at levels capable

of significantly reducing lipid oxidation, are optimizable througtarge of strategies, and that
optimized levels are substantially higher than those found to accumulate in beef. These
compounds, along with their general nutritive value and specific relevance tasseaiated

disease, offer functionality in theirabjlit t o combat | i pid oxiifati onbds
color stability, and flavor. They are therefore compelling candidates for aq@ipoinciple of

how metabolic engineering can affect numerous meat quality metrics.
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Additionally, the positive irpact that carotenoid synthesis showed on C2C12 growth suggests an
exciting commensurate benefit to this approach. Namely, the improvement of cell growth could
help to substantially lower the cost of production for cultured meat while simultaneously
generang a more nutritious product. A limitation of this study was the dependence on primary
bovine satellite cells, as immortalized bovine cells would have enabled the exploration of this
possibility in a more meatlevant cell line uncoupled from the confdimg impacts of primary

cell senescence. Further, an immortalized cell line would have allowed for the use of less
efficient targeted gene insertion techniques (such as CRISPR/Cas9), which would have enabled
the production of a homologous cell populatibattcould more clearly elucidate achievable
carotenoid yields before and after optimization. An industrial cultured meat production scheme
would likely use targeted engineering of immortalized cells and avoid antibiotic selection, so

follow-up exploratiorof carotenoid synthesis in oseich cell population would be valuable.

From consumer acceptance perspective, it has yet to be seen how genetic engineering in a
cultured meat context will be received. On one hand, consumer aversions to geneticalljdmodifie
(GM) foods often align with their aversions to cultured meat (e.g., perceived unnaturalness,
neophobia, and distrust of science), which could suggest that GM cultured meat would
compound consumer averstéht'® On the other hand, this similarity could instead suggest that
that consumers who would be put off by genetic modifications are already less likely to consume
cultured meat at all, and so the overlap would less severely affect likely consumers. Another
factor in consumer apprehension towards cultured meat stems from concerns around the
nutritional content of cultured mé&t As such, it is possible that a nutritionally enhanced

product could i mprove ¢ ons wemprosgedtivesstiudy (currenglyn e s s
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in preprint) showed that, indeed, nutritional enhancement improves consumer perceptions of
cultured meat as healthy, disegseventing, and beneficial for society, though improvements in
general attitude were not statistily significant (p = 0.067), and perceptions about sensory
properties were reducd This study did not touch on genetic modification, which could affect
participant responses, thdugtudies on GM foods outside of the context of cultured meat have
shown increased willingness to purchase for nutritionally enhanced prgdudtsmately, more
research is required to determine the impact that genetic engineering could have on consumer
acceptance of nutritionally eahced cultured meats. From a regulatory standpoint, genetic
engineering for cultured meat is equally uncertain. GM regulation varies significantly between
governments, and while regulation of cultured meat products is still in development, it will likely
face similar geographic diversity. How these regulatory frameworks interact is yet to be seen;
however, the recent approval of GM salmon by the US Food and Drug Administration (FDA)
and the recent commitment by the FDA and the US Department of AgricliBE24) to

jointly regulate cultured meats point to a potential path towards regulatory approval of GM

cultured meat<:123

Future work should explore the range of possibilities that follow this fwbBobncept. First,
additional optimization of this system can belergd in a number of ways. Alternate

engineering strategies (such as targeted engineering and the use of immortalized bovine cells)
can be explored as previously mentioned, and additional carotenoids and nutrients can be
explored. At the same time, specitiontrol over individual enzyme levels (in contrast to the
stoichiometric expression pursued here) and genetic control of upstream or downstream

metabolic processes could further optimize yields or tune them towards specific nutrient profiles.
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Beyond cartenoids and nutritional enhancement of cultured meat, this work lays the foundation
for broad application of crogaxa metabolic engineering of mammalian in both food and
nutrition, as well as medical applications. From a food standpoint, the produictiavoo or

aromatic compounds could impact sensory aspects of cultured meat. Further, the endogenous
production of therapeutic compounds coul d ena
would offer an entirely novel form of oral (fodzhsed) druglelivery which could hold

significant implications for drug absorption, patient compliance, cost savings for consumers and
drug activity. Finally, within the medical realm, antioxidants have been shown to improve stem
cell fate with potential applicatiorier diabetic wound healing or treating various

retinopathie¥*'2> These studies have focused on endogenous native or exsggnthetic
antioxidants, but the endogenous production of naturatpative antioxidants from diverse

species expands possible targets and could enable novel approaches to gene therapy or
regenerative medicine. Ultimately, we expect that the d@ssemetabolic engineering of
mammalian cells, as demonstrated in this paper, could hold diverse applications across

disciplines.
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2.5 Supplementary Materials
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Figure2.7: Transfection efficiency. (A) Example gating for imagine cytometry on the
Chemometec NE000 advanced image cytometer. From left to right: gating for cells (base
size and Hoechst stain intensity); gating for living and B8§itive cells using propidm iodide
(PI) staining to determine dead cells, and GFP intensity to determin@&fire cells;
validation of gating using GFRegative cells transfected with only pSBCMV(CAT}$B100
transposase vectors; example readout of transfected samples (@2@Gifested two days priof
with pGFPvectors) showing that 13% of cells are dead and-@d&ttive (upper left
guadrangle), 8% are dead and G3itive (upper right quadrangle), 10% are dead and GFHR
negative, and 69% are dead and GieBitive. (B) Percertransfected BSCs and C2C12s for
each construct. For BSCs, largertB/I andpCrtB/I1/Y constructs offer significantly reduced
transfection efficiencies compared to smali&FP andpCrtB constructs. For C2C12sCrtB/I
andpCrtB/I/Y constructs offer signidantly reduced transfection efficiencies comparepGé P
andpCrtB constructs, an@CrtB/I/Y offers significantly reduced transfection efficiency than
pCrtB/I. n = 3 replicates of 5,000 individual events for each samtdéstcal significance was
calaulated byoneway ANOVA, and is indicated by asterisks, in which p < 0.05 (*), p <0.01
(**), p <0.001 (***), and p < 0.0001 (****) (C) Mean fluorescence intensity (MFI) of GFP
positive BSCs and C2C12s transfected with each construct two days priotadgeft:constructs

show a reduction in MFI for both cells types. Right: MFI was plotted against the size of the

insertions and reveals a quadratic relationship between size and gene expression followir]
transfection (R=0.993 and 0.927 for C2C12s and BS@spectively). n = 3 replicates, with
MFI of each determined from all of the GgBsitive cellssignificance was calculated iyo-
way ANOVA and is indicated by asteriss above. Nonlinear fit was determined by least
squares regression and 95% coaffice intervals are indicated with dotted lines.
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(A) Carotenoidevelsin engineeredC2C125compared with engineered controls expressing
only green fluorescent protein (GFEB) Carotenoidevelsin engineere®SCs(compared with
engineered controls expressing only green fluorescent protein (GER) distinct samples for
all plotsexcept BSbGFP data (n=2) Statistical significance was calculated toyltiple ttests
between cell types (corrected for multiple comparisons using the-Bmlak method) anis
indicated by asterisks, in which p < 0.05 (*), p <0.01 (**), p < 0.001 (***), and D@L
(****) . y indicates that no peak was det

using a linear extrapolation of the linear calibratn cur ve. Carotenoi d

Figure2.8: Carotenoidevelsin engineered cellefore correcting for exogenous carotenaids)

protein.Individual values for comparing carotenoids to protein are giveéigure2.9.
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Figure2.9: Carotenoid and protein quantification dgdae-correction) Individual carotenoid and
for
cells for all cell tyes and treatments. Trends are the samefagume2.4 andFigure2.5. B)
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Figure2.10: Carotenoid optimization treatmen(g.) Flow cytometry measurements for mean
fluorescentmtensity in C2C12s and BSCs engineered with pCrtB/I/Y (full flow cytometry da
in Figure2.11). Cells were cultured with 2.5 ug/mL puromycin (1xXydgmL puromycin (2x) or
10 ug/mL puromycin (4x). Higher fluorescence intensity indicates higher average GFP
expression, which corresponds to higher average enzyme expression. Errors given in stal
error of the mean. n > 1,500 events for each condif@)8-day cell growth for pCrtB/I/Y
C2C12s and BSCs cultured in 0, 2.5, 5, 10, or 20 ug/mL ketocorefmaeonditioning in 1x
(2.5ug/mL) or 4x (10 ug/mL) puromycir(C) Comparison of &lay cell growth between
puromycin concentrations for pCrtB/I/'Y C2C12s and BSCs cultured without ketoconazole
KTZ) or with 5 ug/mL ketoconazole (+ KTZ), which were the selected concentrations for
ketoconazole and puromycin optimizatiexperimentsl = 3 distinct sample®r (B) and (C) In
all plots, significancés indicated by asterisks, in which p < 0.05 (*), p <0.01 (**), p < 0.001
(***), and p < 0.0001 (****).
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Figure2.11: Flow cytometry data(A) BSC data for cells treated with different levels of

puromycin. From left to right: neangineered cells (GFP negative control), pGFP (GFP pos
control), pCrtB/I /Y with 2.5 e€g/ mL puron
(2x puro), and pCrtB/1/Y with 10 eg/ mL p
side scattering (SSC) data, showing gating for live cells (determined usirenpgoreered
controls), where gate value is a percent of total counts (7,500) nBatte is GFP data, showin

9
gating for GFPpositive cells (determined using nengineered controls), where gate value is|a
f

percent of live cells (gated in top rowg) C2C12 data for cells treated with different levels o
puromycin. From left to right: meengineered cells (GFP negative control), pGFP (GFP pos
control), pCrtB/I /Y with 2.5 e€g/mL puron
(2x puro), and pCrtB/I1 /Y with 10 g/ mL g
gating for livecells (determined using nangineered controls), where gate value is a percer
total counts (7,500). Bottom row is GFP data, showing gating fori&sSRive cells (determine
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using norengineered controls), where gate value is a percent of live(gatid in top row).
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Figure2.12: Carotenoid profiles of optimizedcell®d) phyt oe n e, -cdrojereo p €
content of pCrtB/I/Y C2C12s without optimization (top) or with puromycin conditioning ang
ketoconazole treatment (bottom). n = 3 distinct samfie¥. p hy t o e n e, -carolemred
content of pCrtB/I/Y BSCs withdwptimization (top left), without puromycin conditioning bu
with ketoconazole (top right), with puromycin conditioning by without ketoconazole (bottor
left), or with puromycin conditioning and ketoconazole treatment (bottom left). n = 3 distin
sampledor all plots; statistical significance was calculated by-aag ANOVA, and is
indicated by asterisks, in which p < 0.05 (*), p <0.01 (**), p < 0.001 (***), and p < 0.0001
(****) ., Yy indicates that no peak wofamlytidaét
sensitivity (calculations returned negative quantities); and # indicates that values were cal
using a |inear extrapolation of the | ine
protein. Data is corrected against exogencarotenoids accumulated in conp@FPcells. Pre
correction carotenoid data and individual values for comparing carotenoids to protein are
in Figure2.8 andFigure2.9.
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ATGGTCAACAACCCCAGCCTGCTGAATCACGCCGTGGAAACAATGGCCGTGGGCAGCAAGTCTTIGCCA
CCGCCTCTAAGCTGTTCGACGCCAAGACTAGACGCAGCGTGCTGATGCTGTACGCCTGGTGCAGACACT(C
CGACGACGTGATCGACGATCAGACCCTGGGATTCCAGGCCAGACAGCCTGCTCTGCAGACCCCTGAACA
AGGCTGATGCAGCTGGAAATGAAGACCAGGCAGGCCTACGCCGGCTCTCAGATGCACGAACCTGCTTTC(
CCGCCTTCCAAGAGGTGGCCATGGCTCACGATATCGCCC@TCTACGCCTTCGATCACCTGGAAGGATTC
GCCATGGATGTGCGCGAGGCCCAGTACAGCCAGCTGGATGATACCCTGAGGTACTGCTATCACGTGGCC
GCGTTGTGGGACTGATGATGGCTCAGATCATGGGCGTGCGCGACAACGCCACACTGGACAGAGCTTGTG
TCTCGGCCTGGCCTTCCAGCTGACCAATATCGCCAGAGACATCGTGGACGATGCCCACGCCGGCAGATG]
TATCTGCCTGCCTCTIGGCTGGAACACGAGGGCCTGAACAAAGAGAACTACGCCGCTCCTGAGAACAGAC
AGGCCCTGAGCAGAATCGCTAGAAGGCTGGTGCAAGAGGCCGAGCCTTACTACCTGTCTGCCACAGCTG
ACTGGCAGGACTGCCTCTGAGATCTGCCTGGGCCATTGCCACAGCCAAACAGGTGTACAGAAAGATCGG(C
GTGAAGGTGGAACAGGCCGGACAGCAGGCTTGGGACCAGAGACAGTCTACCACCACACCTGRAAGCTG
ACCCTGCTGCTGGCTGCTTCTGGACAGGCTCTGACCAGCAGGATGAGAGCCCATCCTCCTAGACCTGCT(
CCTCTGGCAAAGACCTCTCggatctggcgaaggcagaggctctctgctgacatgtggcgacgtggaagagaaccctggacct

ATGAAGCCCACCACAGTGATCGGAGCCGGCTTTGGAGGACTGGCCCTGGCTATTAGACTGCAGGCTGCT

GAATCCCCGTGCTGCTGCTCGAACAGAGAGATAAGCCTGGCGGCAGGGCCTACGTGTACGAGGATCAGG
CTTCACCTTCGACGCCGGACCTACCGTGATCACAGATCCTAGCGCCATCGAGGAACTGTTCGCCCTGGCT]
GCAAGCAGCTGAAAGAGTACGTCGAGCTGCTGCCCGTGACACCCICTACAGACTGTGTTGGGAGAGCGG
CAAGGTGTTCAACTACGACAACGACCAGACCAGGCTGGAAGCCCAGATCCAGCAGTTCAACCCTAGAGAT]
GTGGAAGGCTACAGGCAGTTCCTGGACTACAGCAGGGCCGTGTTCAAAGAGGGCTACCTGAAGCTGGGA]
CCGTGCCTTTCCTGAGCTTCAGGGACATGCTGAGAGCCGCTCCTCAGCTGGCCAAACTCCAGGCTTGGAC
AGCGTGTACAGCAAGGTGGECAGCTACATCGAGGACGAGCACCTGAGACAGGCCTTCAGCTTCCACTCTC
TGCTCGTCGGCGGCAACCCTTTCGCCACCTCTTCTATCTACACCCTGATTCACGCCCTGGAACGCGAGTG
GGAGTGTGGTTTCCTAGAGGTGGAACAGGCGCTCTGGTGCAGGGCATGATCAAGCTGTTCCAGGATCTC(
GCGGAGAGGTGGTGCTGAACGCTAGAGTGTCCCACATGGAAACCACCGGCAACAAGATCGAGG@TGC
ATCTGGAAGATGGCAGAAGATTCCTGACACAGGCCGTGGCCTCTAACGCCGATGTGGTGCACACCTACAG
GGACCTGCTGTCTCAGCATCCTGCCGCCGTGAAGCAGAGCAACAAGCTGCAGACCAAGAGGATGAGCAA
CAGCCTGTTCGTGCTGTACTTCGGCCTGAACCACCACCACGATCAGCTGGCTCACCACACCGTGTGTTTC
GCCCCAGATACAGAGAGCTGATCGACGAGATCTTCAACCACBCGGCCTGGCCGAGGACTTCTCTCTGTA

CCTGCATGCCCCTTGCGTGACCGACAGTTCTCTGGCCCCTGAAGGCTGCGGCTCTTACTATGTGCTGGCT|
CTGTGCCTCACCTGGGCACCGCTAATCTGGATTGGACCGTGGAAGGCCCCAAGCTGAGGGACAGAATCTT
CGCCTACCTCGAACAGCACTACATGCCCGGCCTGAGAAGCCAGCTGGTCACCCACAGAATGTTCACCCCT
TTCGACTTCCGCGACCASCTGAACGCCTATCACGGCTCTGCCTTCAGCGTGGAACCTGTGCTGACTCAGT(
CGCCTGGTTCAGACCCCACAACAGGGACAAGACCATCACCAACCTGTACCTCGTTGGCGCCGGAACACAT
CCTGGTGCTGGTATTCCAGGCGTGATCGGATCTGCCAAAGCCACCGCTGGACTGATGCTCGAGGATCTGA
Tggaagcggcgccaccaacttcagectgctgaaacaggcetggcgacgtggaagagaactct

ATGCAGCCCCACTACGATCTGATTCTCGTCGGAGCCGGACTGGCCAATGGACTGATTGCTCTGAGACTCC
GCAGCAGCAACCCGACATGAGGATCCTGCTGATCGATGCCGCTCCTCAGGCTGGCGGAAATCACACCTG
TCTTTCCACCACGACGACCTGACCGAGAGCCAGCACAGATGGATTGCTCCTCTGGTGGTGCATCACTGGC
CGACTACCAAGTGCGCTTTCCCACCAGAAGEGCAAGCTGAACAGCGGCTACTTCTGCATCACCAGCCAG
AGATTCGCCGAGGTGCTGCAGAGACAGTTCGGACCTCACCTGTGGATGGATACCGCCGTGGCCGAAGTG
ATGCCGAGTCTGTGCGCCTGAAGAAAGGCCAAGTGATCGGAGCCAGAGCCGTGATCGATGGCAGAGGAT]
ACGCCGCCAATTCTGCCCTGTCTGTGGGATTCCAGGCCTTCATCGGACAAGAGTGGCGCCTGTCTCACCC
CACGGACTGTCTAGCCCCATCATCATGGACGCCACCGTGGATCAGCAGAACGGCTACAGATTCGTGTACA
GCCTGCCTCTGAGCCCCACCAGGCTGCTGATTGAGGACACCCACTACATCGACAACGCCACACTGGACC(
TGAGTGCGCCAGACAGAACATCTGCGATTACGCCGCTCAGCAAGGCTGGCAGCTGCAGACACTGCTGAG
GAAGAACAGGGCGCTCTGCCCATCACACTGTCTGGAAACGCCGATGCCTTCT&CAGCAAAGACCTCTGG
CCTGTTCTGGCCTGAGAGCCGGCCTGTTTCACCCAACAACCGGATACTCTCTGCCTCTGGCTGTGGCCGT|
GCTGATAGACTGTCTGCCCTGGACGTGTTCACCAGCGCCTCTATCCACCACGCCATCACACACTTCGCCA
AGAGAGATGGCAGCAGCAGGGCTTCTTCAGGATGCTGAACAGAATGCTGTTCCTGGCCGGACCAGCCGA
TCTCGTTGGAGAGTCATGCAGAGGTTTACGGCCTGCCTGAGGACCTGATCGCCAGATTCTACGCCGGAA
AGCTGACCCTGACCGACAGGCTGAGAATCCTGTCTGGCAAGCCTCCTGTGCCAGTGCTGGCTGCTCTGCA
GCCATCATGACCACACACAGAggatctggcgaaggcagaggctctctgctgacatgtggcgacgtggaagagaaccctggacct

Table2.1: Carotenoid synthesis genes. Gene sequences used in constructs (upper case), followed
by 2A linker sequences used after each gene (lower case).

CnB

Crtl

crtY
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Chapter 31 Simple and effective serurffree medium for sustained expansion

of bovine satellite cells for cell culturedneat

Stout, A. J., Mirliani, A. B.RittenbergM. L., Shub, M., White, E. C., Yuen, J. S. R.Kaplan,
D. L. Simple and effective serufnee medium for sustained expansion of bovine satellite cells
for cell cultured meatCommunications Biolog, 1i 13 (202).

Reprinted here with permission of the publisher.

4.1 Introduction

Cell-cultured meat is an emerging technology which offers both promising possibilities and
substantiakcientific challenges. The promise of cultured meat lies in its potémtialdress
environmental, ethical, and human health issues that plague intensive animal agtiéufoire
instance, limited lifecycle analyses suggest that cultured meat could require >90% less land and
>75% less water than conventional heehile contributing >75% fewer greenhouse gas
emissions, >95% less eutrophication, and >90% less particulate matter foffriafiéu the

same time, cultured meat could improve animal welfare,-&ystem resilience, and human

health outcomé81?812% The challenges that face the successful technological transition of
cultured meat to the marketplace stem from the need for production syst¢metiowcost,
scalable, foogsafe, and free of animakerived input®:13%13! Here, cell culture media is a
particularly problematic hurdle for several reasons. First, media comprises the majority (>99%)
of the cost of current production systéfi$32 Second, the culture of meaevant cells, such

as bovine satellite cells (BSCs), has traditionally relied on fetal bovine serum (FBS), a
notoriously expensive, unsustaif@land inconsistent component, which is inherently

antithetical to the aims of cultured m&afinally, when seruafree media for satellite cell
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expansion have been explored, they are either coriplmeffective compared to seram
containing medig&* reliant on proprietary or animderived additiveS? %5, or contain
components (e.g., synthetic steroids) that could raise regulatory cdicdfagher, no serum
freemedia has been validated for the sustained expansion of satellite cells over multiple
passagées? 1%, As such, despite the substantial body of work that has gonthéexploration
of satellite cell culture systertts 136 a foodsafe and fully animatlerived componeriree

medium remains a crucial limitation for the field.

Recently a lowcost serurfree medium was described for human iPSC3 his media (B8)

contains a simple mixture of basal media (glucose, amino acids, vitamins, salts, and fatty acids),
minerals, and proteins, all of which can be found in animal tissue; as such, it is likely to be
considered fooesafe. Labscale B8 production was demonstrated at a cost of ~$16/L when using
in-house growtkactor production. This cost could likely further be reduced with process scale

up and optimization. In contrast, media containing 20% serum or eocratly available serum

free media that have been explored for satellite cells cost -SRDQ 134137 Because of its

simplicity and cost, B8 offers a promising starting point for an effective sébearmedium that

could advance cultured meat research.

Herein is validated a simple, BBspired grumfree media, termed Beef, for culturing BSCs.
First, it is shown that supplementation with just one anines component (recombinant human
albumin, expressed in rice) makes Be@fynedia effective for BSC expansionvitro, and that
shortterm gowth is comparable to that in 20% FBS. Next, a protocol for passaging BSCs in

Beefy9 is established and shown to maintain cellular myogenicity in seaerconditions.

61



Third, costsaving opportunities for Beefy are demonstrated by lowering grovidtttaor
concentrations withow drastiaeduction in proliferation. Fourth, loAgrm expansion and
sustained myogenicity of BSCs are validated in sefn@@ conditions. Finally, the
performance/cost ratio of Bee$yis optimized by tuning recombinant alboumoncentrations to
generate an additionalediumtermed Beefy9+. Together, these findings offer a valuable tool
for cultured meat researchers, and a promising foundation for further media optimization to

enable lowcost, scalable, and sustainable culturednproduction.

4.2 Results

B8 media can lower serum requirements for BSCs during-s&ant growth

Bovine satellite cells were used throughout experiments. First, staining for Pax7 and Myosin
Heavy Chain (MHC) were performed before and after differeatiaif isolated cells in order to
verify the initial and terminal states of these stem t¥&l18° Quantitativémage cytometry

revealed that 96.3% of isolated cells were positive for Paigu e3.9), indicating a highly pure
population of satellite cells. After cell identity was verifi@d8 6 s capacity to repl
containing media was analyzed via short term BSC growth assayd £3days) in mixtures of
BSCGM combined with homemade B8 or supplier provided HiB&f(Figure3.1 & Figure

3.10, Table3.1). These timepoint® maintain a cellular confluency of less than arado 70%
throughout the experimenthe results showed that B8 media mixed with significantly
improved growth compared to BS&M alone over four days-{gure3.1a), and that this benefit
remained with as much as a 62.5% reduction in FBS (62.5% B8 media). Additionally, an 87.5%
reduction in serum did not significantly reduce cell growth over four days. On the other hand,

while B8 media alone enaraged cell growth over three daysgure3.1a & b), there was no
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change between days 3 and 4, indicating that growth did not continue into day 4. These results
indicated that B8 was capable of reducing serum requirements in BSCs, but could not completely

eliminate these requirements.

BSC-GM:B8
BSC-GM Day 3 B8 Day 3
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Figure3.1: Shortterm growth in BSE&GM mixed with B8. (a) BSC proliferation over 3 & 4 days
in mixtures of BSGGM (20% FBS) and B8 media. At the feday timepoint, mixtures of up to
62.5% B8 significantly improvedrgwth compared to BSGM alone, and mixtures of up to
87.5% B8 did not significantly reduce growth (p=0.27). B8 alone showed a significant reduction
in growth over four days compared with B&DB/ alone, and showed stagnating growth after
three days. n=6 dimct samples; statistical significance was calculated bywaeANOVA on
day 4 data comparing all samples with B&®1 controls, and is indicated by asterisks, in which
p <0.05 (*), p <0.01 (**), p <0.001 (***), and p < 0.0001 (****). (b) Brightfield ages of
BSCs grown for three days in BS&M or B8 media. Images show that cell morphology was
consistent in seruroontaining or serudiree conditions. Cell confluency in the images is
gualitatively consistent with growth analysis in part (A). Scale bads 2@ m.

B8 media supplementation improves cell proliferation

To overcome the deficiencies of B8 media alone, numerous supplements were tested in a range
of concentrations (full list ifable3.2), and growth was again analyzed over four days. Six of

the factors significantly improved BSC proliferation compared to B8 media dtamna€3.2a &
Figure3.11). These were interleukié (IL-6), curcumin, recombinant human albumin

(rAlbumin), Plateletderived growth factor (PDGBB), linoleic acid, and oleic acid. Of these,
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rAlbumin was particularly effective, imparting a-f@ld improvement in growth compared with

plain B8. In contrast, other supplements resulted in at best e1l@% improvement compared

with plain B8. To test whether combinations of these supplements could offer synergistic

benefits to cell growth, optimal concentrations of the above factors (with the exception of PDGF

BB, which was determined to be insufficigndffective for the substantial cost) were combined

and testedRigure3.2b) . Here, rAl bumin (800 e€g/ mL) was th
improvements. While a combination of-&.(0.01 ng/mL) and rAlbumin offered slightly

improved growth compared with rAbumin alone, this difference was not statistically significant.

In the interest of maximizing media simplicity and minimizing cost, an augdd3® media

with nine components was established by suppl
media was termed BeeB/due to its component number and design towards bovine muscle cell
culture. This media was capable of maintaining stesrh growh comparable to serum

containing BSE@GM and maintaining cell morphology vitro (Figure3.2b & c).
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Figure3.2: Shortterm growth in supplemented B8 media. (a) BSC proliferation over 4 days
supplemented with Interleukin 6 @&), curcumin, recombinant albumin (rAlbumin), linoleic
acid, oleic acid, or mixtures of linoleic and oleic acid. Growth wasyaad on day 4 via dSDNA
guantification, and values are given relative to B8. n=6 distinct samples; statistical signific
was calculated by on@ay ANOVA with multiple comparisons between supplemented samy
and B8 controls, and is indicated by astiesi in which p < 0.05 (*), p <0.01 (**), p <0.001
(***), and p < 0.0001 (****). While no significant difference was found for oleic acid on day|
when tested alone (bottom middle panel), there was significant difference onklgyra3.11)

and so it was included as part of the fatty acid mixture analysis (bottom right panel). (b) B5

proliferation over 4 days in B8 supplemented with combinatiéfsctors, in which: B8 = BS; |

=IL6 (.01 ng/mL); A = rAlbumin (800 eg/ ml

B8

\
ance
nles

ng/mL) and Oleic acid (400 ng/mL); and B&M = serumcontaining growth media. n=6
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distinct samples; statistical significance wakalated by onavay ANOVA with multiple

comparisons between all samples, and is indicated by asterisks, in which p < 0.05 (*), p <0.01

(**), p <0.001 (***), and p < 0.0001 (****). Statistically significant differences between B8 and

other samples are shawas is the lack of significance between rAlbumin supplemented B8 jand

BSCGGM (p>0.9990). (c) Brightfield imaging of BSCs at day 4 in B8 with rAlbumin (800
eg/ mL) shows that cell morphol ogy was mdi
compared withmages irFigure3.1. Scal e bar 200 & m.

Passaging in Beefy media
While shortterm growth experiments were useful in establishing the benefits aimiib

supplementation for tailoring B8 media to BSC short term culture needstdongulture and

nt ai

passaging are essential for robust cell expansion required for cultured meat. However, seeding

cells into Beefy9 media directly after passaging initiallyoped ineffective, as cells did notre

adhere to tissue culture plastic. Two possible explanations were hypothesized for this result. The

first was that t héoflaninnslil)was insidfieieht td edabl@ &ll € g/ ¢ m

adhesion in the absenceather adhesion factors present in serum (e.g., vitronectin and
fibronectin)“®. The second was that the high concentration of aloumin was outcompeting
laminin for adsorption to the tisswalture plastic, thereby further hindering cell adheksibtt?

To overcome these possible limitations, BSC passagasgexplored in the absence of albumin

and adding albumin one day after plating, in order to allow cells to adhere to the flasks, as well

as passaging cells with various concentrations of different adhesive proteins. Because one
priority of this work wasnedia and cell culture workflow simplicity, focus was placed on
recombinant adhesive proteins that were relativelydost and which have been demonstrated
without precoating [e.g., lamini¥b11 fragment (iMatrix611) and truncated vitronectin (\n
N)]43144 pPoly-D-Lysine (PDL) coatings (which can be purchased commercially enqated

plates) were also explored to augment cell attastiwith or without adhesive peptidés The
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results indicated that delaying the additmf rAloumin was necessary to allow cell adhesion and
growth, as is coating with a cell adhesive peptide such as iM#tfixaminin Figure3.3a).

However, when comparing various cell adhesive peptides, the results indicated thatHWhtrix
laminin was sukpptimal compared with V&N (belowb) . Speci f i éafVin-Ny, 1.5 eg
showed superior cell adhesion (day 1) and growth (day 4) than PDL alone, laminin alone,
PDL+laminin, or a lower concentration of Vi with or without PDL. Once a suitable

passaging method was determined, sterh gowth curves were again performed with Beéfy
supplemented with various growth factors in order to rule out the possible confounding effect
that adsorbed serum proteins might have had on short term growth curves performed previously
(in which cells were smled in the presence of serum). No significant effect of these factors was
found Figure3.12), reaffirming that supplementation with rAlbumin alonesvegtimal over

multiple passages.
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Figure3.3: Passaging in Beefy. (a) Growth analysis via liveell imaging of BSCs passaged i
B8/Beefy9 media. Results showed that cells needed to be passaged inetheeadls

supplemental Albumin (Delayed rAlbumin), and that a coating (e.g., iMatrixlaminin) was
required for adhesion and growth. Specifically, cells without any coating (No coating) werg
unable to grow, as were cells with iMat®41 (Lmn) coating thavere passaged in the presen

\1%4

=)

ce

of albumin (Lmn; Passage w/ rAlbumin). In contrast, cells that were passaged onto Lmn cpated

flasks and allowed to adhere overnight before the addition of albumin (Delayed rAlbumin)
showed exponential growth. n=9 imagedgebf view; statistical significance calculated by tw

o

way ANOVA with multiple comparisons between conditions, and significant difference between
Lmn; Delayed rAlbumin and all other conditions are indicated by asterisks, in which p < 0,05

(*), p <0.01 (**), p < 0.001 (***), and p < 0.0001 (****). A 95% confidence interval calculate
via nonlinear regression (least squares regression; exponential (Malthusian) growth). (b)
Schematic of B8/Beef9 passaging system used. BSCs were plated in identical conditions

d

(BSG-GM) on day 0 to ensure that an equal number of cells adhered to the plate initially. On day

1, cells were rinsed with PBS and media was changed to-Bedéfty70% confluency (day 3),
cells were passaged using TrypLE and plated in B8 (no albumirg alitim adhesive peptides.
One day after passaging, media was changed to Beafyd cells were proliferated and
analyzed for adhesion, growth, and myogenicity. (c) PrestoBlue adhesion and growth an
BSCs plated with various animfike coatings.Tuncat ed Vvitrone%xt . rﬂ
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showed superior cell attachment and growth compared to iV&tfidaminin (Lmn) or PokD-

Lysine (PDL). n=6 (2 reads for 3 biological replicates); statistical significance was calculated by

oneway ANOVA performedseparately for day 1 or day 4 with multiple comparisons between

Vin-N 1 . 5 2amdyall ather samples. and is indicated by asterisks (day 1) or hashes (day 4),

in which p <0.05 (*, #), p <0.01 (**, ##), p < 0.001 (***, ###), and p < 0.0001 (****, ##4B).
Immunofluorescence staining for nuclei (DAPI), actin (Phalloidin), and Myosin Heavy Chain
(MF20) in BSCs passaged inBe€fy me di a wi2Wth-N and delayedrAllcumin. Cell
were proliferated to confluency and differentiated for 6 days in aqugly described serum

[72)

free differentiation medi um. Scale bars |50

Serumfree differentiation following expansion in Be&ynedia

After establishing de?ofavtnélas suvitAblelparametersfand 1 .

multiple-passage culture &SCs in Beefy9, the myogenicity of expanded cells was determined.

Specifically, Beefy9-passaged cells (P2) were expanded to confluency in Beafyl

differentiated for 5 days in a previously published seftea differentiation mediufd®

Differentiated cells showed the formation of multinucleated myotubes which stained positive for

the myogeaic marker myosin heavy chain (MH@jigure3.3c). The results validated that
myogenicity of cells cultured and passaged in Bé&efgedia was maintaide Together, these
results demonstrate a fully anir@mponenfree culture system for proliferating, passaging,

and differentiating BSCd~{gure3.13).

Costreducing strategies for Beefymedia

Next, simple cost reduction strategies for Be@fyere explored by lowering the concentration
of FGF2, which is a major cost contributor to B8 and Be@fiprmulations at the baseline
concentration of 40 ngiL. Growth was analyzed over four days as before in B8 and Beefy

media with FGF2 concentrations ranging frora8D ng/mL. The results showed that for B8 and

Beefy9, FGF2 could be lowered to 5 ng/mL and 1.25 ng/mL, respectively, without significantly
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affecting growth Figure3.4). In contrast, cell growth and morphology were significantly
affected by the complete removal of F@From the media. Theesults indicated that substanti
reduction in FGR2 is possible to lower the cost of Beéfywithout negatively impacting shert

term growth rates.
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Figure3.4: Shortterm growth in B8 & Beefy® with reduced FGR. (a) BSC proliferation over
4 days in B8 or Beeff with various concentrations of F& FGF2 could be reduced to 5
ng/mL or 1.25 ng/mL in B8 or Beefy, respectively, without significantly impactingll growth
over four days. n=6 distinct samples; statistical significance was calculated-taprdNOVA
with multiple comparisons between various F&Eoncentrations and 40 ng/mL control
conditions. Lack of significance between samples is indicateédmys 6 acr oss al
hold no significant difference from 40 ng/mL). (b) Brightfield images of BSCs grown for thr
days in Beefy©@ media with 0 or 5 ng/mL FGE. Images show that the complete removal of
FGF2 from Beefy9 significantly affects satlite cell morphology, whereas a reduction to 5
ng/mL did not affect morphology as compared with imagésdgare3.1 & Figure3.2. Scale
barsare2 0 0 & m.

Longterm culture in Bee® media

The last step after validating Beedyfor shoriterm growth and establishing an appropriate
passaging prototavas to validate longerm expansion of BSCs in Bee®y BSCs were seeded
as before and fed with either seraaontaining BSGGM, B8, Beefy9 with high FGF2 (40
ng/mL), or Beefy9 with low FGF2 (5 ng/mL). The low FGR2 concentration was

conservatively dected as the concentration that did not significantly affect g¢bort growth in
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either B8 or Beefy®. Cells were cultured and passaged as descritigdré3.3b) for seven
passages over 28 days, with cell counts used to determine cumulative cell doublings over the
four-week period. While BS&GM was still the optimal media over a long growth period, Beefy
9 with high or low FGF2 content showed significant imprawents over B8 media without the
addition of rAlbumin Figure3.5a). Indeed, BSCs in B8 alone ceased proliferating after three
passages (4.4 doublingsyhile BSCs in Beef9 continued to expand exponentially over at least

severpassages (18.2 and 17.2 doublings for 40 ng/mL-E@Rd 5 ng/mL FGR, respectively).

Converting growth data to doubling times revealed a consistent increase in doublioggime
seven passages in Beégfymedia, with a slower increase in doubling time (i.e., bstistained
proliferation) in BSCGGM (Figure3.5b); howeverdoubling times remained below 48 hours for
Beet9 media for the first five passages (13.7 doublings) and under 56 hours for all seven
passages (18.2 doublings). The average doubling time over seven passagesdnvitbefiygh

or low FGF2 concentrationsere ~39 and ~41 hours, respectively. These are higher than the
doubling time of ~17 hours that has been reported for satelliterceilg, but within a range
expected based on previous reports of BSCs cultoreitto'*® 147, Together, these results
indicated that the Beef§ media with both high and low F&Fconcentrations were effective for
the longterm expansion of bovine satellite cells, but that further optimization is needed to

improve growth rates over multiple pagea.

Phenotypic analysis of proliferating cells culture revealed the maintenance of BSC stemness over
long-term culture in seruAree media. Specifically, >96% of cells in both B&M and Beefyd

stained positive for the early satellite cell marker Palrexl 7 (Pax7), and no significant
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difference in the Pax7+ population between media typigsi{e 3.5¢). Similarly, gPCR and
analysis of gene expresaifor the related gene Pax3 revealed no significant difference between
media typesKigure3.5d andFigure3.14). Analyses of the myogenic commitment marker
Myoblast Determination Protein 1 (MyoD) by immunostaining and gPCR revealed increased
expression in passage two seatultured in Beef® compared with BSGM; however, this
difference was absent by passage Bigyre3.5d andFigure3.14). Together, these results
demonstrate that Beefy maintains satellite cell identity to a similar degree as serum containing

media.

At the same time, however, it was noted ttells cultured in serusfree conditions appeared to
accumulate lipid droplets over lostgrm culture, while cells cultured in BSGM did not

(Figure3.5e). This aberrant lipid accumulation could be due to insulin resistance in cells as a
result of the relatively high concentration of insulin in B8 & Be@fyand could therefore point
towards a possible media optimization strategy by adjusting irlsuie*814° Alternately,

lipid accumulation could sugst that BSCs are thrust towards an adipogenic phenotype in
Beefy-9 media®* though the sustained myogenicity of BSCs in seft@® conditions affirms

the capacity of these media to maintain relevant satellite caftiun for cultured meat. At the

same time, lipid accumulation could potentially offer an advantage for cultured meat production,
as lipids often have positive impacts on meat flavor. Ultimately, further exploration of this

phenomenon is warranted in futustudies.
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Figure3.5: Long-term culture. (a) Cell doublings over multiple passages of BSCs cultured i
BSCGGM, B8, Beefy9, high FGF (40 ng/mL FGR), or Beefy9, low FGF (5 ng/mL FGR).
Results show that the addition of albumin significantly improved cell growth in B&@wer
weeks, although not to the degree of serum. Reducing Bee@F2 decreased cell doublings

compared to 40 ng/mL, although this difference was less substantial (17.2 doublings vs 18.

doublings at 28 days). n = 6 (2 counts for 3 biological replicadesl) error bars are given#s
standard deviation. (b) Doubling times were calculated overtiemy culture and compared
between media. An increase in doubling time at higher passages was found, particularly f
Beefy-9 with high or low FGF2. Notably, lowever, doubling times remained <48 hours for tf
first five passages (~13 doublings) in Be8fy(c) Analysis of Pax7 stainingigure3.14) shows
that the percentage of Pax7+ nuclei stayed above 96% for at least six passages in both s¢
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serumfree media. No significant difference in the percent of Pax7+ cells is observed betwgen
media types (n=9 distinct samples, calculated viawag ANOVA with multiple comparisons
between media types). (d) Quantitative PCR for Pax3 and MyoD expression in proliferative cells
grown in BSCGGM and Beefyd shows no significant difference between media types, except in
the case of P2 MyoD, where Be&lyshows higheexpression than BSGM. Results are
supported by immunofluorescent staining for these markegsare3.14). n=3 distinct samples;
statistical sigrficance was calculated via tweay ANOVA with multiple comparisons between
media and is indicated by asterisks in which p <0.01 (**). (e) BODIPY staining of lipid
accumulation in P7 cells cultured in various media. Cells were passaged, allowed to adhere
overnight, and stained for nuclei (DAPI, blue), actin (Phalloidin, magenta), and lipids (BODIPY,
green). Results show increased lipid accumulation in in séneermedia compared to BSEM.
Scale bars 50 &m.

BSC myogenicity over lorigrm culture

Following proliferation, confluent cells at various passages were differentiated in aesm
differentiation mediurt®® and stained for Pax7 and MyoD as well as Myogenin and Myosin
Heavy Chain (MHC), markers of early fusion and terminal differentiation in muscle stem cells
(Figs. @ & Figure3.15). The formation of Myogenin and MHfositive multinucleated
myotubes in BSE5M and Beefyd formulations over six passages was shown, as was the
maintenance of Pax7 and MyoD expression in sediucells, which together support the
maintained myogenicity of BSCs cultured letagm in Beefy9 (Figure3.6a& Figure3.15).
Interestingly, differentiation appeared improved in BSCs cultured in Beafgdia compared
with BSGGM over multiple passages, both in terms of myotube size and density, @nms of
guantitative fusion indexHgure3.6a, Figure3.15 & Figure3.16). This result could be because
cells cultured in BS&M have undergone more doublings than cells in B8edy thepoints of
analysis, and so represent a more aged satellite cell poptiatisthile myogenicity was
maintained throughout expansion in Be8fynedia, it was noted that myotube diameter and
density appears reduced at later passages. This is thoughdaodeel by cell aging, rather than

fibroblast overgrowth, due to the maintenance of Pax7 at later passages and in unfused cells.
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Along with image analysis, gPCR was used to analyze the expression of Pax3, MyoD,
Myogenin, and MHC in differentiated cellBigure3.6b). Results showed no significant
differences between media types, though trends match those seen with immunostaining.

Together, these resuitsdicate that BeeR® maintains BSC myogenicity over loterm culture

at least as well as serurontaining media.
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Figure3.6: BSC Myogenicity over long term culture. (a) Immunofluorescent staining farsivy
Heavy Chain (MF20, green) in BSCs at passages 2, 4 and 6 in various media. Cells were
to confluency and differentiated in a serm@e differentiation medium as previously describe
Images revealed that myogenicity of BSCs was maintaineddghout long term culture in both

cultured
d.
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immunofluorescent staining for these marké&igre3.15). n=3 distinct samples; statistical
significance was calculedl via tweway ANOVA with multiple comparisons between media.

Media cost analysis

Once the efficacy of Beef9 was demonstrated, a simple cost analysis was performed to
understand how this media might be implemented by research groups cusigirily on
serumcontaining media (e.g., 20% FBS + 1 ng/mL F&Rs used in this study) for cultured
meat research-{gure3.7). Price comparisons redled that even using purchased growth factors
and without bulk ordering (as in this study), Be8fynedia cost substantially less than serum
containing media ($217/L vs. $290/L, respectively). At the reduced 5 ng/mL cRFBE price

of Beefy-9 drops futher to $189/L). Further fold price decreases could easily be achieved by
increasing the scale of culture media component orders, and by using powdered basal media.
Specifically, the costs for Beefy with high or low FGF2 concentrations dropped to $74hd
$46/L, respectively, when components are ordered in bulk (component sourcing giadahein
3.3). This amounts to a 75% cost reduction on aler basis compared with bulikrdered BSE
GM. However, it should be noted that over prolonged expansion, theasosys of Beefp are
mitigated by the exponential effects of reduced growth rates, and by passage 4 of prolonged
expansion, the cogtercell yielded is higher for Beef@ than for BSGGM. As such, substantial
cost optimization is required to make Be&fgosteffective for cultured meat production. In

this study, Beefy9 prices were dominated by albumin, basal media,-EGdt high

concentréons), and insulin. If bulk ordering of steb®ught components is used, the price was
dominated by FGR (at high concentrations), rAlbumin, and insulin, with basal media offering

less impact. While Beef9 is easy to produce-imouse, further easa-use can be achieved by
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purchasing HiDeB8 media and simply adding rAlbumin to prepare HiBekfy-9; however, at

current prices this results increased cost.
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Figure3.7: Cost analysis. Media costs for B&M, Beefy9, high FGF, and Beef9, low FGF
were assessed for reagents bought at small scale (those used in this study), and reagents if bought
in bulk from available suppliers. For both sresdhle and bulk purchasingeefy-9 (high and
low FGF) are both more economical than BS®!. When purchased in bulk and using low FGF
concentrations, Beefg can be prepared for less than $50/L. For both ssgalk and bulk

purchasing, rAlbumin is a major cedtiver for Beefy9 malia, as is FGR2 when used at 40
ng/mL.

Increasing rAlbumin concentration improves growth

While 800 e€g/mL of rAl bumin was used in the
suggest that this was the optimal concentration of rAlbumin, merelyetiteof those initially

tested. As increased rAlbumin resulted in improved growitdufe3.2), it was investigated

whether additional increases in bAlmin could further improve outcomes. Short term analyses
with concentrations of rAlbumin up to 11.2 mg/mL revealed continued improvements with

increased rAlbumin, with the highest concentration yielding afidddBmprovement in 4day
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growth compared tBeefy9 6 s 8 00 u g/ miEgure317).8n lighgof thd, [bngt€érm
growth was again investigated with increasing concentrtions of rAlbundnc@npared with

the original Beefy0 tests, HiDef Beeh® (using supplieprovided B8 with engineered growth
factors), and BS&M (Figure3.8). While shortterm growth analyses revealed that 11.2 mg/mL
of rAlbumin offered the best results of the concentrations tested, cost analysis revealed that by
6.4 mg/mL rAlbumin, Beef¥© had surpassed the cost of serwontaining BSGGM (Figure

3.84). Because cost was a key factor in this study, long term growth analysis was therefore
performed for rAlbumin concentrations up to, but not exceeding 6.4 m@#gure3.8b).

Results showed that increased albumin improved growth over one month of cell expansion, with
total doublings exceeding 19 and 20 for §e@ containing 3.2 and 6.4 mg/mL rAlbumin,
respectivliey (compared with 18 for the original Be@fgontaining 0.8 mg/mL rAlbumin). Taken

as total cell count at day 28, these represean@ 4fold improvements in cell yield,

respectively Figure3.8c). No improvement was observed for 1.6 mg/mL rAlbumin compared
with 0.8 mg/mL at day 28, though a consistent improvement was seen for earlier passages. Whe
comparing growth improvements with costs, increasing rAlbumin to 3.2 mg/mL resulted in a 3
fold improvement in cell number with only af@d increase in cost. For 6.4 mg/mL rAlbumin,
these values areféld and 3fold, respectively. As such, Beefywith 3.2 mg/mL of rAlbumin
(temmedBeefy-9+) may offer the best ratio of cell growth to media cost (148 $/L). However, the
best media for a given scenario will likely depend on the specific constraints, priorities, and
target doublings of the application inegtion, and all of the serufree media tested were

inferior to BSCGGM, which showed a 106fbld increase in cell yield over seven passages
compared with seruffree media. Throughout culture in Beéhywith additional rAlbumin, cells

maintained their myogmecity (Figure3.8d), though the degree of MF20 staining as well as

78



myotube density and diameter appear to have been reduced for cells grown inantdiang

6.4 mg/mL rAlbumin (especially with reduced FGF). While Be@gfywith reduced FGF was not

explored in this work, it is possible that this would further improve the performance/cost ratio.

Additionally, the use of engineered growth factors (akénoriginal B8 work, and in supplier

provided HiDef B8) may improve performance. This was evidenced inteonggrowth studies,

where a Zold improvement in cell number was seen between HiDef Bgeiympared with

standard Beefp.
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Figure3.8: Longterm culture with increased rAlbumin. (a) Media costs for B&efyith
varying concentrations of rAloumin and F&Fas well as BSGM. As before, costs in Beefy
are driven by rAlbumin. At and abo%e4 mg/mL, Beefy9 costs surpass sertgontaining BSE

GM costs. Costs represent bukders from available suppliers. (b) Cell doublings over multi
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passages of BSCs cultured in B&®, Beefy9 with rAlbumin concentrations of 0.8 mg/mL
(data fromFigure 3.5), 1.6 mg/mL, 3.2 mg/mL, 6.4 mg/mL (with 40 or 5 ng/mL F&F and
HiDef Beefy9 using supplier provided HiDef B8. Results showed that increédledmin
concentrations improved cell growth, with the highest numbers of cell doublings provided by
concentrations of 6.4 mg/mL (20.2) and 3.2 mg/mL (19.8). n = 6 (2 counts for 3 biological
replicates), and error bars are giverxasandard deviation (thugh in some instances are smaller
than the sample icons). (c) Final {@8y) cell counts for the serufree media tested in (B), ang
with a starting cell population of 24,000. Results indicated significant increases in cell yield for
3.2 and 6.4 mg/mL rAllbmin compared with 0.8 mg/mL, as well as significant improvements
when using engineered growth factors (in supplier provided HiDef B8). n = 6 (2 counts for|3
biological replicates); statistical significance was calculated bynw@yeANOVA with multiple
comparisons between all conditions, and is indicated by asterisks, in which p < 0.05 (*), p <0.01
(**), p <0.001 (***), and p < 0.0001 (****). (d) Immunofluorescence staining for Myosin
Heavy Chain (MF20, green) in BSCs at passages 2, 4 and 6 duriagghongulture
experiments in Beef with increased rAlbumin. After reaching confluency, cells were
differentiated in serurfree differentiation medium for four days (P2 and P4) or six days (P6
and stained for MHC. Images revealed that myogenicity of BSCsnaagained throughout

|l ong term culture in all media. Scale bars

N

4.3 Discussion

Since its emergence, cultured meat research and development has been stymied by a lack of
suitable serunfree media for muscle stem cell expansion. This deficiency has led the field to
rely on FBS for most research, thereby hindering the relevance afgsdrihis is particularly

the case when looking forward to serin®e production processes. Developing seftee

media for relevant cell types (e.g., muscle and fat) and relevant species (e.g., bovine, porcine,
galline, etc.) is therefore essential toelecate research in the field. These media should at a
minimum be affordable, comprised of feedfe components, reliable, and easy to use (e.g., not
overly complex) in order to promote their adoption in widespread research efforts and towards
scaled prodction processes. In this work, two media (Be@fsgnd Beefy9+) are described as
promising candidates for simple serfir@e culture of bovine satellite cells. This includes
validation of: 1) the efficacy of these media in promoting BSC proliferation g2althity of

these media to enable lotgrm expansion when used in combination with rAlbufnée B8
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and truncated vitronectin, 3) the maintenance of satellite cell myogenicity when expanded in

Beefy9 and Beefy9+, and 4substantiatost savings compatdo seruracontaining media.

The impact of rAlbuminonBeefg 6 s ef fi cacy for BSCs is notewo
that the addition of albumin did not show nearly as profound of an effect on iPSC growth when
B8 was originally developédf. Albumin has many roles in cell culture media, and indeed
comprises about 60% tfe total proteins in serum. For andepth summary of these roles, the
reader is directed to several thorough reviéWs? Briefly, though, albumin acts in culture

meda to bind, carry, and stabilize compounds such as fatty acids, metal ions, signaling
molecules, amino acids, and other factors. As such, it is a potent and multifaceted antioxidant
which can sequester these species from redox or other degrading reautreasjng the half

life, availability, and solubility of beneficial factors to cells while reducing the accumulation of
harmful byproducts. It is possible that these regulating effects impart an advantage 16 Beefy

and Beefy9+ over B8 alone, as the tat was not incapable of promoting cell division in BSCs

over the short term, only of fostering robust and prolonged expansion. Interestingly, aloumin has
also been suggested as a potential protectant against cell stresses due to sparging bubbles in
variows bioreactors, and so Beedymedia could offer additional benefits in these scaled

bioprocessées?

A major goal of this work was to develop a medium that is simple anddgty as these two
factors can help to lower the barriers to entry for cultured meat research, as wethas lay
groundwork for a more diffuse production system (with less consolidation amongst a few

concentrated corporations). Cost analysis suggests that-8eeky BeefyO+ media should be
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easy to implement and affordable (particularly in the case of BBdéy academic labs that are
currently using seruroontaining (e.g., 20% FBS) media for cultured meat research. It should be
noted, however, thaubstantiatost reduction of serwfnee media is still needed to make

cultured meat production economically i@ from an industrial perspective. Here, reducing the
cost of albumin, growth factors and basal media (e.g., through the use of plant or algal
hydrolysates) will be essentizgi*®>* Additionally, coculture of meatelevant cells with nutrient

or growth factomproducing cells could offer valuable cestving opportunitiés®. Finally, media
production inhouse and economies of scale will likely further drive down t8st8Vhen
considering Beef, it is clear that recombinant proteins are the main drivers of cost. As such,
further research should explore costluction of these recombinant proteins, or opportunities for
substituting or eliminatig these factors. Additionally, it should be noted that in the absence of
cell-adhesion proteins found in FBS) emcreasea@oncentration of tissueessel coating was
required to achieve adequate BSC adhesion and growth during-&ermuiaulture. This faor is

often overlooked when discussing the cost of lacgde cell culture; however, the present study
rel i ed o%ofVin:N5Swhichgatids £$0.18/cinor $31.75 per 175 flask (a standard

vessel used in our lab, suitable for ~5 doublings at stdrsgading and passaging densities).
Opportunities to reduce the costs associated with cell adhesion include adapting or engineering
cells to suspension culture, preating flasks with VtfN with or without additional factors,
reducing the cost of recomlaint adhesion protein production, or exploringJoest alternatives

to recombinant productiéh®6:157

While this work presents a promising resource for researchers and a useful foundation for further

media development, it is clear that further media optimization for both cost antelomg
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efficacy is warranted. Specifically, the pemt work relies on oriactorat-atime exploration of
media components to find suitable supplements to tailor B8 for bovine muscle stem cells. As
media components are intimately entangled in their effects on cell biology, it is therefore
unlikely that Befy-9 or Beefy9+ are optimal ass. Indeed, it is possible that media components
which appeared inconsequential in this work (e.g., hepatocyte growth factor or ethanolamine)
would offer advantages in other permutations of media not tested in the devel@bBeefy9.
Computational approaches to media development are better suited for solving such multi
factorial problems, and should therefore be leveraged to further optimize Baaty other
serumfree media for cultured meat applicatibtisHere, efforts can focus on adipose as well as
muscle tissue, for instance through the use of free fatty acid addition toB&efigduce the
transdifferentiation of BSCs into lipidccumulatingellst®®, Additionally, further work is

needed to overcome the slower lelegm growth and aberrant lipid accumulation that is seen in
BSCs cultured over seven passages in B8eBarticularly, efforts to reduce doubling times to
those seen in the presence of serumyenn vivo, would improve the overall process
economics of cultured meat production. Promising options for this include further media
optimization, the use of spontaneously or genetically immortalized stem cells, which could
improve longterm outcomes iBeefy-9,1°%1%%and the exploration ofiflerent concentrations of
insulin, fatty acids, or other signaling factors to better control progression down myogenic vs.
adipogenic pathways. Here, the use of more optimized skaawifferentiation media may

also improve outcomé&®.

The present work offers a simple, affordable, and effective B2eafyd Beefy9+ serumfree

media for improving cultured meat researelowever, the cost and efficacy of these media will
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require further optimization for industrial scale production of cultured meats that aim to reach
price-parity with conventional meats. Future work to address these needs could focus on both
engineering #orts (e.g., increased recombinant growth factor productivity, production of
speciesspecific recombinant proteins, optimized media formulations, media recycling, and cell
line engineering) and scientific discoveries (e.g., novel protein analoguesroatales, or

insights into cell signaling pathways) in order to drive the cost of production down. Additionally,
exploration of cell sourcing and isolation techniques, cell lineage control (e.g., of myogenic vs.
adipogenic differentiation), and bioreactyistems can build on substantial prior work and help
to increase production efficiency and drive down d8%t§21%°. Here, cultured meat

development is likely to provide collateral benefit to biomedical research, such as tissue
engineering for volumetric muscle loss or dmised bioparmaceutical production. Ultimately,
sustained efforts towards sertirae media development are needed to continually lower costs
and improve scalability of cultured meat over time, bringing products closer to market viability

and cul t ur e dbemftsaclosersto rgalitys si bl e

4.4 Materials and methods

Primary bovine satellite cell isolation and maintenance

Primary bovine satellite cells (BSCs) were isolated with methods previously used in our group
and based on previously described-piaing sagllite-cell isolation protocof€®154 Briefly,

~0.5 g of muscle was excised from the semitendinosus ocfdaytdld Simmental calf at the

Tufts Cummings School of Veterinary Medicine according to approved methods (IACUC
protocol #G20186). Muscle tissue was minced into a paste and digested in 0.2% collagenase Il

(Worthington Biochemical #L.S004176, Lakewood, NJ, US25 2J/mg) for 45 minutes with
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regular trituration. Digestion was halted with BSC growth media (&84 comprised of
DMEM+Glutamax (ThermoFisher #10566024, Waltham, MA, USA) supplemented with 20%
fetal bovine serum (FBS; ThermoFisher #26140079), 1 ng/mL hi@&2 (ThermoFisher
#68-878563), and 1% Primocin (Invivogen #apin-1, San Diego, CA, USA), and cells were
filtered and plated at a density of 100,000 cell$/onto uncoated tisseeulture flasks. After 24
hours of incubation at 37°C with 5% G @he pated suspensions (containing satellite cells) were
transferred to f Praocsidemmimino(@igma #CCO8B, SthLouiss MO, GSH),
which were left untouched for three days before growth media was changed, and cells were
cultured using standagtactices on tissueulture plastic coated with 0.25 ug/gilatrix
recombinant laminikb11 (lwai North America #N892021, San Carlos, CA, USA). After two
weeks of culture, Primocin in growth media was replaced with 1% antHaiotimycotic
(ThermoFishe#1540062). For regular cell maintenance, cells were cultured at 37°C in 5% CO
to a maximum of 70% confluence, counted using ar28C automated cell counter
(Chemometec, Allerod, Denmark), and either passaged using 0.25%-EfpEA

(ThermoFisher #2520@®) or frozen in FBS with 10% Dimethyl sulfoxide (DMSO, Sigma
#D2650). For routine myogenic differentiation, cells were cultured to confluency as above and

then incubated for one week without changing the medium.

Characterization of isolated cells

To chaacterize isolated cells, proliferative BSCs were stained for Raoed (Pax7), a marker
of satellite cell identity. Cells were fixed with 4% paraformaldehyde (ThermoFisher
#AAJ61899AK) for 30 minutes, washed in PBS, permeabilized for 15 minutes uS#bg 0.

Triton-X (Sigma #T8787) in PBS, blocked for 45 minutes using 5% goat serum (ThermoFisher
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#16210064) in PBS with 0.05% sodium azide (Sigma #S2002), and washed with PBS containing
0.1% Tweer20 (Sigma #P1379). Primary Pax7 antibodies (ThermoFisher-#B3#E5) were

diluted 1500 in blocking solution containing 1:100 Phalloidin 594 (ThermoFisher #A12381),
added to cells, and incubated overnight at 4°C. Cells were then washed with PBS +20yween
incubated with secondary antibodies for Pax7 (ThermoFisherl#0@8, 1:500) for 1 hour at

room temperature, washed with PBS + tw&8nand mounted with Fluoroshield mounting

medium with DAPI (Abcam #ab104139, Cambridge, UK) before imaging. Imaging was
performed via fluorescence microscopy (KEYENCEBZ00, Osaka,apan). Batch

colocalization analysis was performed on multiple images using thé8BR image cytometry
software to enumerate the nuclei which were positive for Pax7, thereby giving a quantitative

measure of satellite cell purity in the isolated cell papoh.

To validate myogenicity of isolated BSCs, cells were differentiated for 7 days as described. Cells
were then fixed, stained, and imaged as previously described, using primary antibodies for

myosin heavy chain (MHC) (Developmental studies hybridbargk #MF20, lowa City, IA,

USA; 4 e€g/mL), phalloidin 594 (1:100), approp

11001, 1:1000), and Fluoroshield mounting medium with DAPI.

Shortterm growth analysis

Homemade B8 medium was prepared using dtotgghtcomponents and a previously described
formulation and method of preparatiofaple3.1)**". Additionally, HiDe£B8 medium aliquots
were generously provided by Defined Bioscience (Defined Bioscieh&S#201, San Diego,

CA, USA)and added DMEM/F12 with 1% antibiotic/antimycot&hort term BSC growth (3
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and 4 days) was analyzed for mixtures of seoamtaining and seruiftee media, as well as for

pure B8 media with reduced growth factor concentrations and/or with the additiariaafss

media supplement3 &ble3.1). Briefly, BSCs were thawed (passage number < 2) and plated in
BSCGGM on 96well tissueculture plastic plates for each timepoint at a density of 2,500

cells/cnt with 0.25ug/cn? iMatrix recanbinant laminir511. After 24 hours, BSGM was

removed, cells were washed 1x with DPBS, and new media (e.g.; B8pplementation) was
added. A list of supplements and concentrations can be fodrabla3.2. Media was changed

on day 3, and on days 3 and 4 cells were imaged, media was aspirated from appropriate plates,
and plates were frozen @0°C. Once all timepoints were frozen, cell number areyzed

using a FluoReporter dsDNA quantitation kit (ThermoFisher #F2962) according to the
recommended protocol and with fluorescence readings performed on a Synergy H1 microplate
reader (BioTek Instruments, Winooski, VT, USA) using excitation and emiitiers centered

at 360 and 490 nm, respectively. Cell number at 3 and 4 days was analyzed relative to pure B8 or

HiDef media.

Passaging in Beefy media

To test various passaging conditions using B8 + rAlbumin (B8efBSCs were plated in BSC
GM oni T-75 culture flasks at a density of 2,500 cells/evith 0.25ug/cnt iMatrix

recombinant lamini¥b11. After 24 hours, BSGM was removed, cells were washed 1x with
DPBS, and Beef® media was added. Cells were cultured to 70% confluency, harvested with
TrypLE Express (ThermoFisher #12604021), centrifuged at 300g, and resuspended in B8 or
Beefy-9 media with or without iMatrix lamin#®11. Cells were seeded at 5,000 cellg/(O25

ug/cnt iMatrix laminin) onto a 12wvell plate, and growth was analyzed withve cell
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monitoring system (Olympus Provi CM20, Tokyo, Japan). After 24 hours, media was aspirated,
and all cells were fed with Bee§ymedia. Cell growth was compared over seven days in order to

determine the effects of seeding rklbumin and + iMatrix laminin.

To test the effect of different coatings,-d@ll plates were prepared with or without jm@ating

with poly-D-lysine (Sigma #P1024 0 MG) according to the manufact
were then cultured and harvested as above, ceradfaty300g, and resuspended in B8 media

with varying concentrations if iMatrix laminin and/or truncated recombinant human vitronectin
(ThermoFisher #A14700). Cells were seeded at 5,000 ceflshftar 24 hours, media was

aspirated, and cells were rinsedwtith DPBS. Cells were then fed with Bee€fymedia with

10% PrestoBlue reagent (ThermoFisher #A13262) and incubated at 37°C. After 2.5 hours,
PrestoBlue media was moved to a@éll plate and read with a Synergy H1 microplate reader

using excitation andmission filters centered at 560 and 590 nm, respectively. Cell culture media

was then replenished with Bee®yand PrestoBlue analysis was repeated on Day 4.

Longterm growth analysis

For generating longerm growth curves, BSCs were thawed and plated (P1) entl @ulture
plates (triplicate wells) in BSGM with 0.25ug/cn? iMatrix laminin-511. After allowing cells

to adhere overnight, media was removed, cells were washed 1x wBi®, 2Rd either BSGM,

B8, Beefy9 (40 ng/mL FGR2) or Beefy9 (5 ng/mL FGF2) were added to cells. Upon reaching
~70% confluency, cells were rinsed with DPBS, harvested with TrypLE Express, and counted
using an NG200 automated cell counter (duplicate isufor each well). Cells were then

pelleted at 3009, resuspended in BSM or B8 media, reeounted, and seeded onto newwéll
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plates at 2,500 cells/Gwith 0.25ug/cnt iMatrix laminin-511 (cells in BSE&GM) or 1.5 ug/cr
recombinant vitronectin (cells iB8). After allowing cells to adhere overnight, media was

replaced with appropriate media (B&M, B8, Beefy9 (40 ng/mL FGF2) or Beefy9 (5

ng/mL FGF2). This process was repeated over 28 days and seven passages. Throughout culture,
cells were fed everiwo days. When seeding cells for passages 2, 4, 6, and 7, additional wells

were seeded for staining for myosin heavy chain (P2, P4 and P6) or lipid accumulation (P7).

Serumfree differentiation

Throughout longerm culture, a population of cells at passag, 4, and 6 were cultured to
confluency in serurtontaining or serudfree conditions, and media was changed to a
previously described serufree differentiation media consisting of Neurobasal (Invitrogen
#21103049, Carlsbad, CA, USA) and L15 (Invitrogidri415064) basal media (1:1)
supplemented with 1% antibiotic/antimycotic, 10ng/mL inslike growth factor 1 (IGFL,;
Shenandoah Biotechnology #188AF100UG, Warminster, PA, USA) and 100 ng/mL
epidermal growth factor (EGF; Shenandoah Biotechnology-26@D0UG)33. Cells were

differentiated for 46 days (changing media every two days).

Immunostaining of cultured & differentiated cells

To verify the identity of sutlwonfluent cells over multiple passages in various media, cells were
fixed, stained, and imaged as previously described, using primary antibodies for Pax7 and MyoD
(ThermoFisher #M5-12902; 1:100) along with DAPI and secondary antibodies for rabbit
(ThermoFisher #A11072; 1:500) and mouse (ThermoFisher¥®01), respectively. Pax7 and

MyoD expression were quantitatively analyzed in ImageJ. To verify the ability of cells to
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differertiate over multiple passages in various media, differentiated cells from above were fixed,
stained, and imaged as previously described, using primary antibodies for Pax7, MyoD,
Myogenin (Santa Cruz Biotecnology #52903, Dallas, TX, USA; 1:250), MHC, DAPand

appropriate secondary antibodies.

To analyze |lipid accumulation in culture, med
BODIPYE 493/503 (ThermoFisher #D3922). Cells were incubated for 20 minutes at 37°C,

washed 2x with PBS, and fixed for 30 minutathwi% paraformaldehyde. Cells were then

washed 3x with PBS, permeabilized and blocked as before, and incubated at room temperature
for one hour in blocking solution containing
(ThermoFisher #62248). Stained cellsgvansed 3x with PBS and imaged via fluorescence

microscopy as before.

Gene expression analysis

To further support immunostaining data, quantitative PCR was performed -corsfiuent and
differentiated cells from P2 and P6. Briefly, RNA was harvestéd the RNEasy Mini Kit

(Qiagen #74104, Hilden, Germany) and cDNA was prepared using 200 ng of RNA for each

reaction with the iScript cDNA synthesis kit (BRad #1708890, Hercules, CA, USA)
according to the manuf act uramedudsingthedagManct i ons .
Gene Expression Master Mix (ThermoFisher #4369016), with 18S as a housekeeping control

gene. Primers used were: 18S (ThermoFisher #Hs03003631), Pax3 (ThermoFisher

#Bt04303789), MyoD (ThermoFisher #Bt04282788), Myogenin (ThermoFR#Bi©3258929),

and Myosin Heavy Chain (ThermoFisher #Bt03273061). Reactions were performed using 3.5 uL
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of the prepared c¢cDNA, according to the manuf a
Bio-Rad CFX96 Real Time System thermocycler, and resuits amalyzed as®°hormalized

to 18S expression.

Statistical analysis

Statistical analysis was performed with GraphPad Prism 9.0 software (San Diego, CA, USA).
Shortterm cell growth analyses were performed via-oag or tweway ANOVA, as

appropriatewi t h mul ti pl e compari sons phoctdsor med wi t h
Regression analysifigure3.3a) was performed via nonlinear regression (least squares;

exponential (Malthusian) growth) and is shown alongside 95% confidence interval. Doubling

time (Figure3.5b) was determined through nonlinear regression (least squares; exponential
(Malthusian) growth) for each biological replicate (well) of each passage, using technical

replicates duplicate counts) in generating nonlinear regressions. P values <0.05 were treated as

significant. Unless otherwise stated, errors are given as * standard deviation.
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4.5 Supplementary Materials

% Pax7+

-
—=

Phalloidin : Phalloidin

Phalloidin
DAPI

Figure3.9: Bovine Satellite Characterization. (a) Isolated BSCs were stained and imaged for

Pax7 and DAPI (nuclei). Images were analyzed for colocalization of red (Pax7) and blue (DAPI)

using the KEYENCE B2X800 analysis software to dgtnine the number of nuclei that were
positive for Pax7. Images show a representative analysis for one stain, with-@egakve cell
indicated(white arrow. The rightmost image shows a magnified portiothefanalyzed image.
Scale bars are 100 &m. (b) Quantitative

Pax7+ cells was 96.32% (n=3) for BSCsejdifferentiation of BSCs was determined thrbug
staining for myosin heavy chain (MF20), and counterstaining with DAPI and Phalloidin (ag
Images show robust myogenic differentiatioith sarcomeric striations Scal e bar
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Table3.1: B8 fornulation and sourcing for this study.

Component Concentration  Supplier Catalog #
DMEM/F12 basal media N/A ThermoFisher 11320033
2-Phosphel-ascorbic acid trisodiumsalt H a1 > 3k Y Sigma 4975210G
Insulin (human, recombinant) Hn >3k Y[ Sigma 91077G250MG
Transferrin (human, recombinant) Hn >3k Y[ InVitria 777TRFO29
Sodium selenite 20 ng/mL Sigma S526110G
Fibroblast growth factor (F&y 40 ng/mL PeproTech 100-18B
Neuregulin (NRG1) 0.1 ng/mL PeproTech 10003
Transforming growtfactor (TGF3) 0.1 ng/mL R&D Systems 8420B3-005/CF
UltraPure Water 5.8% (V/v) ThermoFisher 10977015
Antibiotic/Antimycotic 1% (V/V) ThermoFisher 1540062

Functional species in media components are bolded. To prepare media, two aliquots were first
prepared. For al iPhosphd.-asgotbjc acid4riodiummsglt/ waslslovidy
prepared in water, sterilizedotadédaB, al 4qumg kL
was added to water, and 1 N HCI was added until insulin had dissolved. Slowly, 1 N NaOH was
added to bring the pH up to ~6. Next, 40 mg/ m
eg/ mL-2FGB. 2 g/ mL NRG1, raadded@andthesplitionlwasTt GFb 3 we
sterilized and aliquoted in 250 €L portions.
sterilized with 5.3 mL of 100x Antibiotic/Antimycotic and 31 mL of water through a sterile

filter, and aliquots A and B were added afteribzation. Following protocol previously

described for B8 media, media used in this study was used within one month of preparing from
frozen aliquots, and media was warmed to room temperature before feeding cells.
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Table3.2: Summary of all media supplements tested.

Component Supplier Catalogue # Range (ng/mL)
Hydrocortisone Sigma H08881G 3.125 100
Estradiol Sigma E88751G 1t 5,000
Progesterone Sigma P87831G 0.312% 10
Dexamethasone Sigma D4902100MG 3.125 400
BMS 564929 Tocris Bioscience 5274 0.1t 500
Bovine growth hormone MP Biomedical 02160074.1 7.8125% 250
Curcumin Sigma C7727500MG 1t 5,000
Spermidine Sigma S26261G 100cr 500,000
Ethanolamine Acros Organics 149582500 10t 50,000
Linoleic acid Sigma L590010MG 25t 3,200
Oleic acid Sigma 0125710MG 25t 3,200
Stat3 inhibitor Sigma 5730961MG 100r 500,000
Interleukin6 BioRad PBP021 0.01r 50
Leukemia inhibitory factor Peprotech 30005 0.3125% 40
Hepatocyte growth factor Novus Biologicals NBP2517300.1MG 0.312% 40
Platelet derived growth factor BB ThermoFisher PHG0045 0.1562% 20
Pigmentepithelium derived factor R&D Systems 1177SF025 0.390625 50
Insulinlike growth factor ThermoFisher PHGO0078 0.1t 50
Cardiotrophin 1 Novus Biologicals NBP199745 0.15625 20
Recombinant human albumin Sigma A973%1G 100,00a 800,000
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Figure3.10: Shortterm growth in BSEGM mixed with HiDefB8. BSCproliferation over 3 & 4
days in mixtures of BSGM (20% FBS) HiDefB8 media. Results show that up to 50% HiDe
B8 significantly improves growth compared to B&®, and that up to 87.5% does not
significantly reduce growth compared to B&B. n=6 distinctsamples; statistical significance
was calculated by oneay ANOVA on day 4 data comparing all samples with BSK2
controls, and is indicated by asterisks, in which p < 0.05 (*), p <0.01 (**), p < 0.001 (***), g

< 0.0001 (*++).
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Figure3.11: Shortterm growth in supplemented B8 media. BSC proliferation over 3 & 4 da
B8 supplemented with various supplements. Values are fluorescence based and given re
day 3 B8 values. n=6 distinct samples;istatal significance was calculated by emay
ANOVA on day 4 data with multiple comparisons between supplemented samples and B§
controls, and is indicated by asterisks, in which p < 0.05 (*), p <0.01 (**), p < 0.001 (***), g
< 0.0001 (****).
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Figure3.12: Shortterm growth in B8 media supplemented with combinations of supplements.
(a) BSC proliferation over 3 & 4 days B8 supplemented with combinations of fatty acids. \falues

are fluorescence basadd given relative to day 3 B8 values. n=6 distinct samples; statistical
significance was calculated by emay ANOVA on day 4 data with multiple comparisons
between supplemented samples and B8 controls, and is indicated by asterisks, in which
(*), p <0.01 (**), p <0.001 (***), and p < 0.0001 (****). (b) BSC proliferation over3 & 4 days
in B8 supplemented with combinations of factors, in which: B8 = B8; I-6 (l01 ng/mL); A =
rAl bumin (800 e€g/ mL); C = Cur cgimbiand Ofeit acid ¢
(400 ng/mL); and BS&M = serumcontaining growth media. n=6 distinct samples; statistica
significance was calculated by em@ay ANOVA on day 4 data with multiple comparisons

between all samples, and is indicated by asterisks, irhvhic0.05 (*), p <0.01 (**), p < 0.001
(***), and p < 0.0001 (****). Statistically significant differences between B8 and other sampl
are shown. (c) BSC proliferation over 3 & 4 days in BéeBupplemented with various factors
(IGF = insulirlike growth factor 1 at concentrations from 8.50 ng/mL; HGF = hepatocyte

growth factor at concentrations from 8.50 ng/mL; PDGF = platelet derived growth factor BB

at concentrations from @150 ng/mL; LIF = leukemia inhibitory factor at concentrations from
0.16 50ng/mL; IL-6 = interleukin 6 at concentrations from®% ng/ mL, FAOSs
Combinations of Linoleic & Oleic acid at concentrations ranging from8@Dng/mL of each
fatty acid). Cells were passaged in B8/Be@fynedia before testing in order to eliminate th
potential for confounding release of adsorbed sedenved growth factors from tissue culture
plastic. n=6 distinct samples; statistical significance was calculated byanANOVA on day
4 data with multiple comparisons between supplemented sampl&eaf¢9 controls, and is
indicated by asterisks, in which p < 0.05 (*), p <0.01 (**), p < 0.001 (***), and p < 0.0001

(****) .
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Figure3.13: Video of cell growth in Beeh® after passaging onto vitroneetioated plates
demonstrates a completely anircaimponent free culture process for BSCs. Cells were
harvested from previous culture vessels with anicoahponenfree TrypLE, seeding onto new
flasks with animatomponenifree recombinant vitronectin, pitdrated with animal

componenfree Beefy9 media, and differentiated with an anircaimponenfree differentiation
mediunt®3, Cells were visualized on an Olympus Provi CM20 over 10 days with imaging eVvery
three hours.
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Figure3.14: Multi-passagstaining of sukconfluent muscle cells. (a) Passage two and six ce
cultured in Beefy9 or BSCGGM media were stained for the muscle satellite stem cell marke
Pax7 (magenta) and the myogenic commitment marker MyoD (green). DAPI was used as
nuclear couaterstain (blue). Results show Pax7 and MyoD staining ircenBuent cells from

both passages, with a qualitative decrease in MyoD intensity at later passages. Scale bar
e m. (b) I mage analysis of MyoD s tol expression

(as determined by mean green fluorescence intensity of cell nuclei), with a significant redd
in MyoD expression at P6 compared with P2 for both media types. n > 200 nuclei from 3 ¢
samples; statistical significance was calculatedwo-way ANOVA with multiple comparisons
between passages, and is indicated by asterisks in which p < 0.05 (*), p <0.01 (**), p <O0.
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(***), and p < 0.0001 (****).
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Figure3.15. Multi-passage staining differentiated muscle cells. (a) Cells from P2 and P6
cultured in Beefy9 and BSGGM were differentiated as before and stained for Pax7 (magen
the myogenic commitment marker MyoD (green), and nuclei (DAPI; blue). Differentiated

myotubes are indicataslith dashed yellow lines. (b) Cells treated as above were stained for

Pax7 (magenta), the fusion regulating factor Myogenin (green), and nuclei (DAPI; blue).

Differentiated myotubes are indicated with dashed yellow lines. Results show Myogenin+
primarily located within multinucleated myotubes. (c) Cells treated as above were staineg
myosin heavy chain (MHC; green) and Pax7 (magenta). Results showndgtiive cells still
mai ntain Pax7 expression. Scale bars 200

100
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Figure3.16: Fusion index analysis of BSCs cultured over six passages in various media. (@)

Fusion index of images (10x magnification) of BSCs cultured in various media and differe
for 4 days (P2 and P4) or @yk (P6). Fusion index given as the percent of imaged nuclei in
images that are superimposed with myosin heavy chain (MHC) staining after thresholding
ImageJ (threshold value = 18 for all images). Results suggest improved differentiation in s
free cultures; however, it is possible that reduced total cell number in-feeiconditions
contribute to this conclusion, rather than solely differentiation extent8rdistinct images
depending on whether any images were excluded due to imagingtartéay., bubbles) that
clearly disrupted image analysis; statistical significance was calculated hyayANOVA

htiated
the

in
erum

with multiple comparisons between media types for each distinct passage tested, and is indicated

by asterisks, in which p < 0.05 (*), p <Q.0**), p < 0.001 (***), and p < 0.0001 (****). (bd)
Representative images (Left = DAPI; Middle = Myosin Heavy Chain (MHC); Right = MHC
postthresholding) of those used for generating figeigure3.12a for each media type and

passage number tested. Scale bars 100 &m.
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Figure3.17: Shortterm growth in Beef4® with additional rAlbumin. BS@roliferation over 3 &
4 days in increased concentrations of rAlbumin (over 800 ug/mL, as was formulated for th
original Beefy9 medium. Results show an drastic increase in growth with increasing rAlbu
concentration. Indeed, while 11.2 mg/mL was th&imam concentration tested, this was not
the limit for improving shorterm growth. n=6 distinct samples; statistical significance was

calculated by ongvay ANOVA on day 4 data comparing all samples with Beéefy ( A 8 0 0
is indicated by asterisks, inhich p < 0.05 (*), p <0.01 (**), p < 0.001 (***), and p < 0.0001

(****) .
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BSC-GM
This study Bulk
Component Unit/L  Amnt/L  Supplier Cat. # Units/order  Cost/order  Cost/L Component Unit/L  Amnt/L  Supplier Cat. # Units/order Cost/order  Cost/L
DMEM (Liquid) DMEM (Powder) mL 800 ThermoFisher 12100061 10000 27.88 2.23|
+ HEPES mL 800 ThermoFisher 10569044 5,000 294 47.04° HEPES g 3.574 Grainger 30TY36 10000 1060.8 0.38
+ Sodium Bicarbonate " . .
Sodium Bicarbonate g 1.2 Grainger 31GD57 5000 120.59 0.03
FBS mL 200 ThermoFisher 26140079 500 606 242.40 FBS mL 200 Zenbio SER-500 500 452 180.80
FGF-2 ug 1 Peprotech 100-18B 1000 800 0.80 FGF2 ug 1 Peprotech 100-18B 1000 800 0.80]
Total 290.24 Total 184.24
Bt9 (store-bought growth *mo”oﬂm
0 This study Bulk
& Component Unit/L  Amnt/L Supplier Cat. # Units/order  Cost/order  Cost/L Component Unit/L  Amnt/L Supplier Cat. # Units/order Cost/order  Cost/L
NJ DMEM/F12 (Liquid) DMEM/F12 (Powder) mL 1000 ThermoFisher 12500096 50000 189 3.78
m + HEPES mL 1000 ThermoFisher 11330057 5,000 334 66.80 HEPES g 3.574 Grainger 30TY36 10000 1060.8 0.38
+ Sodium Bicarbonate . . .
odium Bicarbonate g .2 Grainger . .
] Sodium Bicarbonat 1.2 G 31GD57 5000 120.59 0.03]
..& L-ascorbic acid 2-phosphate mg 200 Sigma 49752-10G 10000 65.5 1.31 L-ascorbic acid 2-phosphate mg 200 Sigma 49752-100G 100000 417 0.83]
w Insulin mg 20 Sigma 91077C-250MG 250 254 20.32  Insulin mg 20 InVitria TTTHSA017S- 100000 41920 8.38
s— |Transferrin mg 20 inVitria T77TRF029 1000 260.5 5.21 Transferrin mg 20 inVitria T77TRF029 10000 1823 3.65
..m Sodium selenite ug 20 Sigma S5261-10G 10000000 32.1 0.00 Sodium selenite ug 20 Sigma S5261-100G 100000000 32.1 0.00
mv FGF2 ug 40 Peprotech 100-18B 1000 800 32.00 FGF2 ug 40 Peprotech 100-18B 1000 800 32.00]
‘O NRG1 ng 100 Peprotech 100-03 10000 80 0.80° NRG1 ng 100 PeproTech 100-03 1000000 1500 0.15]
m TGFb3 ng 100 R&D Systems 8420-B3-005/CF 5000 199 3.98 TGFb3 ng 100 PeproTech 100-36E 1000000 5200 0.52]
S rAlbumin mg 800 Sigma A9731-1G 1000 108 86.40 rAlbumin mg 800 ScienCell OsrHSA 1000000 30703 24.56
C [Total 216.82 Aow_ 74.28
]
MJ Bt9 (Low FGF)
S This study Bulk
P —
= |Component Unit/L  Amnt/L  Supplier Cat. # Units/order  Cost/order  Cost/L Component Unit/L  Amnt/L  Supplier Cat. # Units/order Cost/order  Cost/L
w DMEM/F12 (Liquid) DMEM/F12, Powder mL 1000 ThermoFisher 12500096 50000 189 3.78
m + HEPES mL 1000 ThermoFisher 11330057 5,000 334 66.80 HEPES g 3,574 Grainger 30TY36 10000 1060.8 0.38
+ Sodium Bicarbonate
(0] Sodium Bicarbonate g 1.2 Grainger 31GD57 5000 120.59 0.03]
L-ascorbic acid 2-phosphate  m 200 Sigma 49752-10G 10000 65.5 1.31 L-ascorbic acid 2-phosphate m 200 Sigma 49752-100G 100000 417 0.83
m bic acid 2-phosph g ig bic acid 2-phosph 9 ig
QO linsulin mg 20 Sigma 91077C-250MG 250 254 20.32 Insulin mg 20 InVitria 77TTHSAQ17S- 100000 41920 8.38]
m Transferrin mg 20 inVitria T77TRF029 1000 260.5 5.21 Transferrin mg 20 inVitria T77TRF029 10000 1823 3.65
C Sodium selenite ug 20 Sigma S5261-10G 10000000 32.1 0.00 Sodium selenite ug 20 Sigma S5261-100G 100000000 32.1 0.00]
n.<u. FGF2 ug 5 Peprotech 100-18B 1000 800 4.00 FGF2 ug 5 Peprotech 100-18B 1000 800 4.00
OO. NRG1 ng 100 Peprotech 100-03 10000 80 0.80° NRG1 ng 100 PeproTech 100-03 1000000 1500 0.15]
m TGFb3 ng 100 R&D Systems 8420-B3-005/CF 5000 199 3.98 TGFb3 ng 100 PeproTech 100-36E 1000000 5200 0.52
m rAlbumin mg 800 Sigma A9731-1G 1000 108 86.40 rAlbumin mg 800 ScienCell OsrHSA 1000000 30703 24.56)
|— |Total 188.82 Total 46.28




Chapter 41 Immortalized bovine satellite cells for cultured meatapplications

Stout, A. J.Arnett, M., Guo, T.Mirliani, A. B., White, E. C., Zhang, X& Kaplan, D. L.

Immortalized bovine satellite cells for cultured meat applicatidtauscript in preparation

3.1 Introduction

The production of cultured meat, poultry, and seafood products through cell culture and tissue
engineering will depend on unprecedented levels of animal cell expamsiiro if it is to

compete with conventional meat products. For instance, globatbesfimption is expected to
grow to 75 million metric tons by 2030, part of an upward trend which has continued since at
least 1969218 In order to producin vitro biomass to meet this demand, muscle and fat cells
will need to have high proliferative capacity, both in terms of doubling rate and in terms of the
total number of dablings that a cell can achieve. For the latter, primary stem cells obtained
directly from animal tissue are typically limited to ~50 doublings, a threshold known as the

Hayflick limit®>. During these doublings, a cell 6s t

chromosomes) are progressively shortened due

polymerases. Upon full depletif these telomeres (above the Hayflick limit), further
chromosome shortening results in DNA damage which induces cell cycle arrest, morphological

changes, and a range of other cellular changes known as sen&cence

While it is theoretically possible for a relatively small number of starting primary cells to
produce a laye amount of biomass after fifty doublid§ghere are several reasons why
immortalized cells (which have been engineered or adapted to bypass senescence) might offer

substantial benefits to cultured meat research and production. Firsasforésearch, the need
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to obtain primary cell populations is an imposing barrier to entry which requires groups to source
tissues, establish isolation protocols, and characterize cell populations before they can begin
meaningful research with their prinyacells. Alternatively, some groups rely on imperfect model
cell lines (such as the immortalized C2C12 mouse muscle cell line) which can support valuable
research, but which ultimately offer limited analogy to cells from frelavant species. For
commercal production, the use of primary cells would require repeat tissue biopsies from
animals which could affect process reproducibility due to variations in animal biology or isolated
cell population¥® Additionally, further engineering or adapting primarjis® optimize

cultured meat products (e.g., through enhanced nutrition or tolerance for waste metabolites) is
impractical at production scale, due to the need-enggneer each new biopsied cell
populatiot®®17% Thus, immortalized cells are required if further cell engineering and
optimizationis to be performed, which would have substantial value for cultured meat
production processes. Finally, apart from senesecenlteed cell cycle arrest, the myogenic
capacity of primary muscle satellite cells has been shown to drastically decrease longegro
culture, petering out well before the Hayflick limit of 50 doubli$§’% This is in contrast with
immortalized humaskeletal muscle cells, which were shown to retain their differentiation

capacity indefinitely’2

To date, numerous strategies have been explored to immortalize ntypgemirsor cells. These
include spontaneous immortalization (whereby random mutations during serial culture
occasionally result in outgrowth of an immortal populatiéh)nfection with simian virus 40
(SV40) or ectopic expression of the SV40 Large T antidéf or ectopic expression of

telomerase reverse transcriptase (TERT) and Cyclin dependent kinase 4 {EDK4) the
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latter case, TERT acts by elongating telomeres to counteract telomere shorteningKadnd C
promotes progression through the G1/S phase t

division.

For cultured meat applications, the TERT/CDK4 approach offers the advantages of being
consistently reliable (unlike spontaneous immortalizatjgpr@aches) and nemncogenic (unlike
SV40), which could offer benefits from a consumer and regulatory standpoint. While this
approach has been demonstrated for myogenic cells from humans and mouse, it has not yet been
applied to cells from species relevamtcultured meat. In the present work, primary bovine
satellite cells (BSCsk)ereengineered via transposomediated insertion of TERT and CDK4 to
establish a line of immortalized bovine myogenic cells (iBSCs). These iBSCs are shown to offer
robust prolierative capacity (>120 doublings; 15 hours per doubling) while maintaining the
capacity to fuse into multinucleated myotubes (though to a reduced degree compared with
primary BSCs). Together, this work demonstrates the efficacy of TERT/CDK4 expression in
immortalizing bovine musclerogenitors and offers a valuable tool for cultured meat research

and development.

3.2Results

Starting materials: Primary bovine satellite cellsti8@e TERT/CDK4 transposon system
Primary BSCs used in this study were charaaerior their phenotype and myogenicity. First,
proliferative cells were analyzed for expression of the esidge satellite cell identity marker
Pairedbox 7 (Pax7) and the early myogenic activation makkgrblast Determination Protein 1

(MyoD). Immunosaining revealed that BSCs showed ubiquitous Pax7 expression, and
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heterogenous but consistent MyoD expressiogure4.1a). Upon reaching confluenceglls

were differentiated by incubating cells for six days without media changes, and differentiated
cells were analyzed faxpression of the early differentiation marker Myogenin and the terminal
fusion marker Myosin heavy chain (MHC). The results shathaetiBSCs differentiated into

robust multinucleated myotubes which were positive for both Myogenin and MigGré4.1b).
Together, theseesults validated the identity and myogenicity of starting primary BSC

populations.

Once the starting BSCs had been characterized, cells were engineered Steepgig Beauty
transposormediated insertion of bovine TERT and bovine CDK4 genes under the
cytomegalovirus promoter (CMV), as well as the gene for puromycin resistance under a
synthetic RPBSA promoteFigure4.1c)'%% A T2A linker was used to enable near

stoichiometric bicistronic expression of TERand CDKZ45,
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Figure4.1: Starting cells and genetic constructs. (A) Primary bovine satellite cells (BSCs) were
cultured to 70% confluency and stained for two markers of cell identity: Paired (Pax7;
magenta), the early satellite cell marker, and Myoblast determination protein 1 (MyoD; green), a
marker of myogenic commitment. A nuclear counterstain (DAPI; blue) was also used. The
results showed ubiquitous Pax7 expression and MyoD expreasatimuclei, with noticeably
heterogeneous expression of MyoD. Scale bar is 200 um. (B) Upon differentiation for two |days
in 2% FBScontaining medium, BSCs fused into multinucleated myotubes which stained positive
for the early differentiation marker myegin (magenta) and the terminal fusion marker Myosin
heavy chain (MHC; green), indicating robust myogenic capacity of the primary cells. Scale bar is
200 um. (C) A schematic of tH&leeping Beautiransposon system that was used to engineer
BSCs for constutive expression of telomerase reverse transcriptase (TERT) and cyclin
dependent kinase 4 (CDK4), as well as a puromycin resistance element (PuroR).

Engineered cells demonstrate immortalized and myogenic phenotype

Following puromycin selection and cedlaovery (ten passages after transfection),-tengp

growth was assessed for engineered cells compared with primary BSCs. The results showed that
BSCs + TERT/CDK4 (iBSCgjontinued teexpandconsistentlyfor more tharl20 doublings,

while unmodified primay BSCsbegan to slow after approximately 30 doublirysdeffectively

stoppedlividing by the 45th doublingFigure4.2). This indicates that iBSCsanaged to evade
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