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Abstract

Fetal bovine serum (FBS)—often a critical component of animal cell culture media—is
undefined, expensive, and animal-derived, opposing many of the core tenets of the cultivated
meat field. Thus, serum-free media with comparable performance to existing serum-containing
alternatives is a major goal. For culture of bovine satellite cells (BSC), Beefy-9 and Beefy-R are
promising serum-free formulations but still underperform compared to standard growth media
containing 20% FBS (BSC-GM). To improve upon their effectiveness, a transcriptomic approach
was taken. From RNA sequencing of BSCs in Beefy-9, Beefy-R, and BSC-GM, differentially
expressed receptors upregulated in BSC-GM were determined and those with potential
proliferative effects were identified. Corresponding ligands were screened in Beefy-9 and Beefy-
R; however, further optimization of Beefy-R was not achieved due to experimental difficulties.
While a supplemental combination of glutamine, sphingosine-1-phosphate, and VEGF165
improved cell growth compared to Beefy-9 in short-term experiments, results were not
statistically significant and proliferative effects were not observed over multiple passages.
Despite no significant improvement to Beefy-9, this study provides a blueprint for future
experiments to leverage similar -omics-driven optimization to narrow the gap between serum-

free and serum-containing media formulations for more efficient production of cultivated meat.
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Chapter 1. Introduction

1.1. Cultivated Meat

Research in the field of cellular agriculture has grown tremendously over the last decade
as awareness regarding problems with traditional animal agriculture systems has increased.
Cultivated meat—applying tissue engineering principles to grow meat constructs from cells
isolated from an animal—represents a subset of the field, which also includes fermentation-
based production of proteins such as whey proteins, other food ingredients, and non-food
products such as leather. Concerns over animal welfare and environmental health, along with
worries about potential transmission of antibiotic-resistant bacteria or zoonotic disease, have
been driving factors for the field’s growth?. Even though animal products make up only 18% of
the total calories in an average global diet, the environmental impact of animal agriculture is
disproportionately significant and constitutes 16—19% of total global greenhouse gas
emissions3. While the range of emissions varies from animal to animal, animal systems as a
whole contribute double the emissions of their plant-based counterparts*°. Greenhouse gas
emissions directly contribute to climate change, which is reflected in increasing global
temperatures, severe weather events, water scarcity, and declining biodiversity®. Coupled with a
projected 70% increase in demand for agricultural products by 2050 to satisfy a rapidly growing
human population, agricultural and food industries are challenged to maintain a balance
between sufficient production and environmental preservation’.

Cultivated meat represents a possible solution, with the potential to significantly reduce
greenhouse gas emissions, carbon footprint and land use in comparison to conventional beef

and pork production®®°. Although life cycle analyses have predicted greater energy use than



existing animal agriculture systems®8°, sustainable production of the necessary heat and
electricity may be possible, a prospect less likely with existing animal feeds3. From animals
themselves, cultivated meat would only require initial sources of cells®, greatly improving animal
welfare even compared to farming practices such as cage-free and free-range that involve less
animal harm and have gained more popularity in recent years!?. A reduction of transportation
and refrigeration costs'?, increased biodiversity, and better nutritional profiles and long-term
human health outcomes compared to current meat products may also be achieved?!?.
Furthermore, in contrast to other alternatives to conventional meat such as plant-based or
insect products, cultivated meat may come the closest in replicating textural and taste profiles,
providing a perceived market advantage!l. While personal preferences and willingness to try
products will still largely dictate consumer acceptance, a clearer path forward with regards to
safety has been laid, with the FDA deeming cultivated meat safe to eat in 2022'% and the USDA
approving the sale of cultivated chicken products by both GOOD Meat and UPSIDE Foods in
2023,

Multiple challenges including optimized culture media, bioreactor design, regulatory
aspects, and consumer acceptance still remain®. However, $2.6 billion in funding—backing
more than 150 companies—has been put into the field as of late 2022'¢ with the hopes that
these hurdles can be overcome and industrial production can be achieved.

1.2. Challenges with Media for Cultivated Meat

Effective and low-cost cell culture media culture media represents an important hurdle

for the advancement of the cultivated meat industry, as sufficient cell growth must be balanced

with a medium composition without antibiotics and animal components. With regards to the



latter, the presence of serum—Ilargely fetal bovine serum (FBS), which is sourced from the fetus
within a slaughtered pregnant cow!’—presents the biggest challenge. While serum promotes
cell proliferation and differentiation and protects cells from shear stress®, it is mostly
undefined, unsustainable, inconsistent, expensive, and animal-derived, opposing many of the
core tenets of the field'®. Furthermore, due to the conditions of the livestock beef industry, the
possibility of viral, bacterial, or endotoxin contamination in serum production is present®®.

Nevertheless, serum is composed of 200-400 different proteins and thousands of
metabolites such as hormones, growth factors, cytokines, and amino acids'’, making it difficult
to fully replace with defined ingredients in a low-cost manner?°. As a result, serum is typically
supplemented to basal media formulations for traditional animal cell culture. However, these
formulations are inherently not optimized for minimal cost, as they provide a surplus of amino
acids, contain expensive buffers, and do not provide nutrient levels that cells would be exposed
to in vivo?. Furthermore, since applications are largely related to biopharmaceutical production
processes, their costs are significant due to strict process sterility requirements. Such
formulations are viable since these costs are offset by the high value of the resulting products,
namely monoclonal antibodies and cellular therapeutics. This stands in contrast to desired
media formulations for cultivated meat applications, which should be low-cost due to less
stringent food-grade requirements® and the necessity to be competitive against traditional
animal agriculture products.
1.3. Existing Serum-Free Media Formulations

Serum-free media (SFM) formulations for cell expansion have been developed

previously, promoting growth in T-cells??, Chinese hamster lung cells?2, and human



mesenchymal stem cells?3. One study found that serum-free medium composed of Neurobasal
and L15 basal media supplemented with aFGF, bFGF, calcium chloride, VEGF, LIF, and vitronectin
among other components was successful in promoting proliferation in rat satellite cells?4.
Another found successful proliferation of C2C12 myoblasts in both DMEM + B27 as well as AIM-
V commercial SFM, with the latter resulting in almost identical doubling times and growth
profiles as in serum?°. However, most SFM still contain animal-derived ingredients, are not
optimized well for muscle cell proliferation, or are too expensive compared to serum-containing
alternatives?. Furthermore, they can contain complex, undefined ingredients or components
such as synthetic steroids that may raise regulatory concerns®®.

However, promising formulations inducing growth of bovine satellite cells (BSC)—which
are more relevant for cultivated meat applications—have been recently developed!®1%26-29 One
study found that commercially available serum-free formulations such as FBM and Essential8
were able to consistently support bovine myoblast proliferation but concluded that more
growth factor optimization and improved cell attachment at initial stages of growth was
necessary'®. Later work by the same group involved development of a serum- and animal-free
formulation consisting of DMEM/F-12 as the basal medium and supplementation of multiple
factors including L-ascorbic acid, ITS-X, FGF-2, and VEGF among others; while long-term growth
validation found comparable population doublings to BSC-GM in some passages, the cumulative
number of doublings in SFM still lagged behind its serum-containing analog?®. Another study
developed a formulation containing only FGF2, fetuin, BSA, and ITS in DMEM, and
demonstrated better BSC growth than in DMEM/F12 + 10% FBS over multiple passages;

however, proliferation was lower in comparison to their proliferative growth medium, which in



addition to 10% FBS also contained 10% horse serum and 1 mM sodium pyruvate?’. Finally,
instead of utilizing grain-derived nutrients or animal serum, one group formulated media with
microalga-derived nutrients and rat liver epithelial cell-secreted factors. Bovine myoblasts
successfully proliferated—likely driven by IGF-2 and other unidentified growth factors contained
in the SFM—and an increase in protein production capacity was also observed??.

Two recently developed SFM especially relevant to this project are Beefy-9 and Beefy-R;
both formulations were inspired by B8, a SFM designed for human immortalized pluripotent
stem cells that costs 3% as much as commercial media due to recombinant E.coli production of
the growth factors FGF2, TGFf1, and NRG1. In addition, B8 contains insulin, ascorbic acid-2-
phosphate, transferrin, and sodium selenite, all of which are dissolved in DMEM/F123°. Beefy-9,
the first of the two SFM developed, utilized B8 as a base to test various supplements for
increased proliferation of BSCs. While multiple components were tested—IL-6, curcumin, PDGF,
linoleic acid, and oleic acid—recombinant human albumin (rAlb) proved to be the main driver
behind most observed growth improvements. The addition of 800 ug/ml of rAlb thus resulted in
short-term growth comparable to that in 20% FBS as well as long-term growth without
sacrificing myogenicity; it was also found that 1.5 ug/cm? VTN was necessary for successful
adherence of cells to culture plates®®. The second formulation, termed Beefy-R, improved upon
Beefy-9 with regards to cost as well as growth by replacing rAlb—which was a large driver of the
cost—with rapeseed protein isolate (RPI). While other oilseed protein isolates were tested, RPI
was the only one that fully recovered and even exceeded Beefy-9 activity in both short- and
long-term experiments. Furthermore, BSC identity and myogenicity were maintained following

the switch?.
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Figure 1. Cell doublings over multiple passages of BSCs cultured in BSC-GM, Beefy-9, and
Beefy-R. (Stout et al., 2023).

While the formulations described above represent significant strides in the development
of SFM for cultivated meat applications, further optimization in performance compared to
serum-containing media is still necessary as seen in Figure 1 from Stout et al. (2023). While a
further decrease in cost of media production will be required and aid in the transition to larger
scales of production, it does not seem that significant technological advancements will be
necessary due to the inherent difference in material costs between bench-scale—where
formulations are largely developed now—and industrial scales3?.

1.4. Media Optimization Strategies

Numerous strategies have been utilized to optimize media formulations, ranging from

purely experimental to mostly computational. The most traditional and straightforward is the

one-factor-at-a-time (OFAT) approach, in which a single component is considered for its impact



on cell performance. However, many experiments are likely required and interaction effects are
completely ignored, potentially leading to suboptimal formulations32.

Design of experiment (DOE) techniques, which involve a series of experiments that test
combinations of components as well as their interaction effects, are statistically supported,
faster and more efficient at reaching optimized formulations. Designs are chosen based on
experimental goals and can generally be split into classical and modern approaches with the
latter being more customizable®3. For this project, response surface designs are most relevant
due to their utility primarily for optimization; specifically, they allow for the location of maxima
or minima of a response with regard to a certain number of continuous factors. These designs
can further be classified into central composite (an augmented factorial design with center and
axial points, up to 5 levels/factor) and Box-Behnken (which allow for estimation of first- and
second-order interactions but only contain 3 levels/factor) designs34. Other types of designs that
are widely utilized include full factorial, fractional factorial, screening, mixture, split plot, and
Taguchi array3. Drawbacks of DOE approaches include their reliance on testing of the extrema
of the component concentrations and high experimental cost, especially with more than a few
components?; as a result, their utilization is prudent for optimization of <10 variables3>. Novel
nonlinear DOE methods have been explored recently, and were found to predict optimal media
component concentrations after a fewer number of experiments than a traditional DOE
strategy; however, performance was limited to one passage due to the selection of the objective
function, so further study will be necessary before increased adoption of this method?3>.

Informatic and modeling methods such as metabolomics and metabolic flux analysis

(MFA) have also been utilized for media optimization32. Metabolomics allows for the



guantification of metabolite levels, allowing for the determination of nutrient utilization and
identification of components that could be supplemented to improve medium performance;
such an approach was utilized to rationally design a media for growth of T. brucei*¢. More
recently, a metabolomic strategy in combination with DOE was used to optimize media for
chicken embryo fibroblast DF-1 cells, informing the addition of three amino acids, two vitamins,
and two lipids®’. Spent media analysis—metabolomics on spent culture media—has also been
performed recently on cell types relevant to cultivated meat; however, this analysis was used to
rationalize the need for cell-specific media optimization rather than optimize the media itself38;
nevertheless, it proved to be a valuable tool for future exploration.

MFA quantifies the flux distribution in a given network and is primarily based off known
stoichiometry of biological reactions and mass balances of metabolites; as a result, reaction
bottlenecks as well as pathways to increase production of a specific metabolite or induce cell
growth can be identified® . These outcomes align well with media optimization goals, thus
proving useful in optimizing feed media and improving IgG antibody titer in CHO cells*® as well
as improving heterologous siderophore production via media optimization and identification of
gene KO/overexpression targets in E. coli K-12 MG1655*!. Although not applied to the
cultivated meat field yet—largely due to the lack of experimentally-validated genome-scale
metabolic models for relevant organisms— understanding species-specific metabolism can
assist with accelerated and more effective media optimization for each cell type*2.

Finally, with advances in computing power and predictive capacity, more advanced
computational strategies have been utilized more frequently. For example, stochastic

optimization methods such as genetic algorithms? and Bayesian optimization tools** have both



been used for successful cultivated meat media optimization. A combination of an artificial
neural network and a genetic algorithm has also been applied towards a reduced-serum media
formulation for a zebrafish cell line, optimizing multiple objectives simultaneously important to
the cultivated meat field such as yield, environmental impact, and cost*4.
1.5. RNA Sequencing

Omics techniques such as DNA sequencing, RNA sequencing (RNA seq), proteomics, and
meta-and epigenomic analyses represent powerful new advances in the next-generation
sequencing (NGS) toolbox. Their utilization can thus help gain a better understanding about
disease states and develop insights for personalized medicine. The technology has advanced
significantly over the last two decades, greatly increasing the data output and cost-effectiveness
per run®. Here, we focus on the transcriptome specifically, which links the genomic level—
which is farthest from the cellular phenotype—and the proteomic level, which quantifies
proteins to determine biological activity. The transcriptome describes the RNA profile of a cell or
organism that has been transcribed from DNA, and is dynamic, reacting to physiological or
pathological conditions and reflecting the current cellular or organismal state. As a result,
transcriptomics serves as an effective method to characterize how external conditions such as
media formulation impact cellular functions. While multiple techniques including microarrays
and real-time reverse transcriptase PCR (RT-PCR) have been and can be utilized to characterize
the transcriptome, RNA seq in its current form represents the “gold standard” approach,
performing better in efficiency, sensitivity, precision, accuracy, and coverage than previous
approaches®®. Besides general (bulk) RNA seq that identifies and quantifies transcripts from

samples that can be mixed in composition, single-cell analyses have also emerged in recent



years as potent technologies that allow for a deeper look at cellular heterogeneity in a
population as well as identification of cell type and lineage®.

In the cultivated meat field, RNA seq has been used both to characterize differences
between cell lines or cell states as well as optimize media formulations. With regards to cell
characterization, one study generated and analyzed gene expression data of chicken fibroblasts;
namely, they compared primary and immortalized as well as adherent and suspension cell lines,
showing that immortalization did not affect cell identity and cell lines clustered together
regardless of breed*’. Another group investigated the molecular changes during chicken
fibroblast transdifferentiation into muscle and intramuscular fat, confirming an enrichment of
myogenic- and adipogenic-specific pathways and a loss of fibroblast identity*®.

Especially pertinent to media optimization is a study that examined the transcriptomic
landscape of BSCs while they were undergoing myogenic differentiation induced by serum
starvation. This differentiation protocol required serum in the media for proliferation
beforehand, so an alternative, serum-free strategy was desired. Using an RNA seq dataset that
captured molecular changes over 96 hours of differentiation at five time-points, genes
upregulated between 0-96 h were identified and found to largely encode for proteins involved
in muscle development, protein folding, and cell cycle inhibition. It was then hypothesized that
cell-surface receptors upregulated during the first 48 h could promote the initiation of
differentiation in the absence of serum; receptors in this group were found to especially
mediate signaling of insulin, transferrin, and LPA. Supplementing their corresponding ligands to
basal serum-free media created a differentiation formulation that resulted in fusion indices

comparable to those of the serum starvation controls. Furthermore, similar expression of
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myogenic markers was supported by comparing RNA seq datasets of serum-free and serum
starvation-induced differentiation from both prior to and after differentiation. It was shown that
the serum-free differentiation media resulted in 3D bioartificial muscle constructs, which are
necessary to validate media use towards cultivated meat applications*. Overall, the study
demonstrated that transcriptomic-guided optimization can be successful utilized for serum-free
media formulations.
1.6. Objectives

The aims of this study were two-fold for transcriptomic-guided optimization of serum-
free media formulations for bovine satellite cells: (1) identify components upregulated in BSC-
GM media that are instrumental in cell proliferation from transcriptomic data; and (2) optimize
existing serum-free formulations (Beefy-9 and/or Beefy-R) with previously identified

components utilizing a design of experiments methodology.
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Chapter 2. Materials and Methods

2.1. Immortalized bovine satellite cell culture

Immortalized BSCs (iBSCs) that were previously cryopreserved in liquid nitrogen were
utilized. Cells were thawed and resuspended in BSC-GM, comprised of 20% fetal bovine serum
(FBS; ThermoFisher #26140079), 1 ng/mL human FGF-2 (ThermoFisher #68-8785-63), and 1%
Antibiotic/Antimycotic 100X (Anti-Anti; ThermoFisher #15240062) supplemented to DMEM +
Glutamax (ThermoFisher #10566024, Waltham, MA, USA). The media was 0.22 um sterile-
filtered before use. 2.5 ug/ml puromycin (ThermoFisher #A1113803) was added post-filtration
to BSC-GM in order to continuously select for the engineered iBSCs. Cells were seeded at 1,500
cells/cm? in tissue-culture flasks and grown at 372C for 2—3 days until reaching 70-80%
confluence. Passaging was done using a standard protocol; briefly, the media was aspirated, and
the cells were washed in Dulbecco’s Phosphate Buffer Solution (DPBS) (ThermoFisher
#14040117). TrypLE Express (ThermoFisher #12604021) was added and cells were incubated at
379C for 4.5 min to facilitate cell detachment. Warmed BSC-GM (at 372C) was then used to
neutralize the TrypLE, and cells were spun down at 300 RCF at room temperature for 5 minutes.
Finally, the resulting cell pellet was resuspended in BSC-GM and counted using a NucleoCounter
NC-200 to inform further seeding.

For serum-free cell culture, warmed B8 (at room temperature) was utilized instead of
BSC-GM for TrypLE neutralization as well as resuspension of the cell pellet and subsequent
seeding. B8 was prepared in-house by adding 200 ug/ml 2-phospho-L-ascorbic acid trisodium
salt (Sigma #49752), 20 ug/ml recombinant human insulin (Sigma #91077C), 20 ug/ml

recombinant human transferrin (InVitria #777TRF029), 20 ng/ml sodium selenite (Sigma
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#55261), 5.8% UltraPure H,O (ThermoFisher #10977015), and 1% Anti-Anti to DMEM/F12
(ThermoFisher #11320033). After components were allowed to dissolve overnight at 42C, 0.1
ng/ml neuregulin (NRG1; PeproTech #100-03) and 0.1 ng/ml transforming growth factor
(TGFf3; R&D Systems #8420-B3-005/CF) were added. Media was stored at 42C as B7 until
necessary for use, upon which 40 ng/ml fibroblast growth factor (FGF-2; PeproTech #100-18B)
was added to make B8. In addition, 1.5 ug/cm? of recombinant human vitronectin (VTN;
ThermoFisher #A14700) was added to B8 prior to seeding for proper cell adhesion. After at least
2 hours and at most overnight post-seeding, B8 was aspirated and replaced with either Beefy-9
or Beefy-R. Beefy-9 and Beefy-R were prepared by adding 0.8 mg/ml recombinant human
albumin or 0.3 mg/ml rapeseed protein isolate to B8 respectively?.
2.2. RNA isolation

P44 iBSCs were thawed and passaged separately in BSC-GM, Beefy-9, and Beefy-R. At
P50, cells were seeded in 4 replicate T25 tissue-culture flasks per condition at 4,000 cells/cm?
for Beefy-9 and Beefy-R and 1,500 cells/cm? for BSC-GM; both SFM conditions were seeded
with 1.5 ug/cm? VTN as well. Upon reaching 80% confluence, cells were lysed with a
QlAshredder (Qiagen, #79656) column and RNA was extracted using the RNeasy Mini Kit
(Qiagen, #74104) according to the manufacturer’s directions. Cell lysates were stored at -802C in
ethanol. Upon thawing, RNA was subsequently purified. QC on purified RNA was performed
using the nanodrop method—measuring the absorbance of a 1 uL drop of the sample—to
ensure acceptable RNA quality, with ideal results being both A260/A280 and A260/A230 > 2.0°°.
Purified RNA was sent to Novogene for polyA enrichment and library preparation. RNA was

sequenced on a NovaSeq 6000 (Illumina) with paired-end, 150 base-pair (bp) reads. At least 6G
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per sample and GNU zipped (gz) FASTQ files were provided. Reads containing the adapter or
those with low quality were filtered out before data release.
2.3. Transcriptomic data analysis

Transcript counts were quantified using Salmon v1.10.1; briefly, a gentrome was
generated by concatenating the Bos taurus genome to the end of the transcriptome (ARS-
UCD2.0). A decoy file containing the chromosome names was also generated. The salmon index
was then created using the gentrome, decoy file, and a minimum k-mer size of 31°%. Salmon was
subsequently run with both paired-end FASTQ files for each of the 12 samples sequenced with
24 threads and accounting for both sequencing and GC biases. Output files were used for
differential expression analysis by DESeq2°? in R. A count matrix with gene counts from all
samples was created, and clustering via principal component analysis (PCA) and heatmap
correlations were performed to ensure that differences between media conditions were
observed. Counts were shrunk by the ashr algorithm to reduce gene-wise dispersion®?=>4,
Differential expression between serum-containing and serum-free conditions as well as
between each combination of the three conditions was performed in R. A negative binomial
Wald test with a significance cutoff of BH-FDR < 0.01 (adjusted p-value) and log2 fold change
(log2FC) cutoff of 0.585 (corresponding to a fold change difference of 1) were utilized. Finally,
gene set enrichment analysis®® (GSEA) and signaling pathway impact analysis®® (SPIA) were
performed; the genome-wide annotation for bovine®’ and gene ontology (GO), KEGG, and
Molecular Signatures Database (MSigDB) Hallmark gene sets were used to identify upregulated

and downregulated pathways between conditions.
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2.4. Ligand identification and screening

Differentially expressed genes between BSC-GM and the combined serum-free
conditions were ranked using the metric log2FC * —log(p value) in descending order. Next,
genes were filtered by searching for “receptor” contained in the full gene name; lists of top
upregulated receptors (where rank > 0) and downregulated receptors (rank < 0) were
generated. The same lists were generated for BSC-GM vs. Beefy-9 and BSC-GM vs. Beefy-R
datasets individually in order to cross-validate top receptor targets. A literature search was then
performed to identify the highest-ranked receptors with potential proliferative effects.

Screens were performed with ligands in both Beefy-9 and Beefy-R; three levels of ligand
concentration—high, medium, and low—were selected based on a literature search (Supp.
Table 1). P35iBSCs (P1 in SFM) were seeded in 96-well tissue culture plates at 6,000 cells
cells/cm?. DMEM/F12 with 2.5 ug/ml puromycin was used as seeding medium and was replaced
after 3 hours with ligand-supplemented media. Following 3 days of growth, media was
aspirated, and the cells were rinsed with DPBS. Plates were frozen at —802C for 1 day. After
allowing the plates to thaw for 1 hour, the CyQuant cell proliferation assay (ThermoFisher
#C7026) was utilized according to the manufacturer’s instructions to quantify media
performance.

2.5. Short-term growth analysis

A three-component central composite design was used to create 20 unique
combinations to test based off the three most effective ligands from the screen; 2 center points
and an inscribed axial value of 1.667 was utilized. P72 iBSCs (P25 in SFM) were seeded in 96-

well tissue culture plates at 6,000 cells cells/cm?, again with DMEM/F12 containing 2.5 ug/ml
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puromycin that was replaced after 3 hours. Following 3 days of growth, media was aspirated,
and the cells were rinsed with DPBS. Hoechst 33342 nucleic acid stain (ThermoFisher #H3570)
was used according to the manufacturer’s instructions (diluted 1:2000 in DPBS) to quantify cell
number for each of the different formulations. A Celigo imaging cytometer (Revvity #200-BFFL-
5C) was then used to image and count the cells.
2.6. Multi-passage growth analysis

In order to evaluate the multi-passage proliferative effects of the top-performing
formulation from the DOE, 47 iBSCs (P3 in SFM) were seeded in 6-well culture plates at 4,500
cells/cm?, with three replicates for both the optimized Beefy-9 formulation from the DOE and
Beefy-9. The DMEM/F12 media containing 2.5 ug/ml puromycin used for seeding was replaced
with the optimized media and Beefy-9 respectively after 3 hours. Three replicates of P47 iBSCs
in BSC-GM were also seeded at 2,000 cells/cm?. Cells were fed after 2 days, and upon reaching
80% confluency, were passaged as described in Section 2.1 above. Each individual replicate was
counted using a NucleoCounter NC-200 automated cell counter. This process was repeated over
three passages. An overview of the complete experimental workflow of this study concluding
with the multi-passage growth analysis described above is depicted below in Figure 2.
2.7. Statistical analysis

Statistical analysis was performed with GraphPad Prism 10.2.0 software (San Diego, CA,
USA). One-way ANOVAs—both ordinary and with a Welch correction for unequal variances—
with Dunnett’s multiple comparisons test were performed to analyze the screens and short-

term growth studies. For analysis of multi-passage growth, a two-way ANOVA was performed
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with a Tukey’s HSD post-hoc test between all samples for each passage. P-values < 0.05 were

treated as significant. Errors are given as * standard deviation.

-

—
iBSC culture in RNA extraction and o
Beefy-R, Beefy-9, paired-end sequencing Identification of ligands to
and BSC-GM upregulated receptors in BSC-GM
—
Long-term Central-composite DOE Ligand screening in B9
growth in B9

Optimized B9

I' formulation

Figure 2. Overview of experimental workflow described in this study.
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Chapter 3. Results

3.1. Identification of upregulated receptors in BSC-GM

RNA sequencing was performed by Novogene on four replicates of iBSCs cultured in
each of BSC-GM, Beefy-9, and Beefy-R. Quality was deemed sufficient by Nanodrop (Supp. Table
1) and Novogene quality control for sequencing. Verification of replicate similarity and
differences in condition was accomplished by using principal component analysis (PCA) and
hierarchical clustering (Fig. 3a, b). The PCA plot confirmed that the presence of serum in the
culture media was the largest contributor to sample variability, and the heatmap showed that
replicates of each condition were most similar to each other, clustering together with
correlation scores > 0.999. Genes were fitted to a model and counts were shrunk to reduce
dispersion (Supp. Fig. 1). From differential expression analysis between BSC-GM and the two
SFM conditions and using a log2FC > 0.585 and padj < 0.01, 965 out of 29,930 genes were found
to be significant and upregulated in BSC-GM, while 1731 were significant and downregulated.
Significant genes were different between media conditions (Fig. 3c), with Beefy-9 and Beefy-R
sharing similar gene profiles. Genes were plotted on a volcano plot for visualization and the top

10 significantly upregulated receptors according to the rank metric were labeled (Fig. 3d).
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Figure 3. Quality control of samples and differential expression results. (a) Quality control

using PCA to confirm differences in media condition. (b) Quality control using hierarchical
clustering to confirm sample similarity. (c) Hierarchical clustering of significant genes identified
by differential expression analysis. (d) Volcano plot of all differentially expressed genes with top
10 significantly upregulated receptors according to the rank metric labeled. Log2FC is defined as
log2(gene expression in BSC-GM/gene expression in SFM).
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Gene set enrichment analysis (GSEA) was also performed to gain additional insights into
differences between BSC-GM and SFM-cultured cells. Significant pathways—with an adjusted p-
value < 0.01—were identified and plotted based on their normalized enrichment score, with
positive values signifying upregulation in BSC-GM and negative values downregulation; scores
were normalized to a range of [-2, 2] automatically according to mean enrichment of random
gene sets within the dataset of the same size®®>°. DNA replication and cell cycle terms were
notably found in both gene ontology (GO) and KEGG analyses to be upregulated in BSC-GM
compared to SFM, likely reflecting the increased proliferation capability of cells in serum-
containing medium (Fig. 4a, b). Additional upregulated terms such as chromosome organization,
ribosome biogenesis, and G2M checkpoint also align with this hypothesis (Fig. 4a-c). Specific
signaling pathways implicated in growth—namely PI3K-Akt, TGF-beta, and calcium signaling in
addition to others—were upregulated in BSC-GM (Fig. 4d). Expression distributions based on

fold change of most significant GO and KEGG gene pathways were also visualized (Supp. Fig. 2).
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filtering for receptors, a literature search was performed on the receptors with a rank metric >

100 (Table S2) to identify associated ligands with potential proliferative effects. 10 ligands

corresponding to 10 of the identified receptors were identified and selected for further
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screening (Table 1). Two additional ligands—PGE2 and LPA—were not identified from the

transcriptomic analysis but were available in the lab and similar to other tested ligands, namely

PGF2a and S1P respectively; both ligands also have been shown to induce cell proliferation

(Table 1). In addition, both bind to G-protein coupled receptors, many of which—including the

receptors for PGF2 and PGD2—were identified as significant and upregulated in the performed

analysis.

Receptor

Ligand

Unc-5 netrin receptor B (UNC5B)

DCC netrin 1 receptor (DCC)

Netrin-160-62

Prostaglandin F receptor (PTGFR)

Prostaglandin F2 alpha (PGF2a)®%°

ALK receptor tyrosine kinase (ALK)

Pleiotrophin (PTN)®%67

Heparin®8%°

Notch receptor 1 (Notch-1)

Delta-like ligand 4 (DLL4)7%71

Kinase insert domain receptor KDR (RTK)

Vascular endothelial growth factor

(VEGFa/VEGF165)2672-74

G protein-coupled receptor 63 (GPR63)

Sphingosine-1-phosphate (S1P)”>~"7

Retinoic acid receptor beta (RAR)

Retinoic acid (RA)7%8!

Angiotensin Il receptor type 1 (AGTR1)

Angiotensin Il (ATI1)8278>

Glutamate ionotropic receptor AMPA type
subunit 3 (GRIA3)

Glutamine (Gln)887

N/A

Prostaglandin E2 (PGE2)%8°

Lysophosphatidic acid (LPA)?%°!

Table 1. Receptors and associated ligands selected for screening to improve SFM. Sources
indicating potential to induce proliferation are cited.

3.2. Ligand screening

The identified ligands were screened as supplements to Beefy-9 and Beefy-R to

determine respective effects on short-term (3 day) growth of iBSCs. The first screen performed

22



included both Beefy-9 and Beefy-R but resulted in low CyQuant values across all conditions (Fig.
5a, b); in combination with the fact that there was large variability between replicates, it was
determined that the best path forward would be to redo the experiment. Utilizing this data as a
rough approximation however, three of the worst-performing ligands—netrin-1, PGF2a, and
retinoic acid—were eliminated for ease of future experiments. Unfortunately, even seeding with
a sufficient number of iBSCs was not able to be achieved for Beefy-R screening experiments
over multiple attempts; as a result, ligands were only further screened in Beefy-9 for
optimization. A successful Beefy-9 screen (n = 3) resulted in sufficient CyQuant fluorescence
values to draw accurate results from; both an ordinary one-way analysis of variance (ANOVA)
and a Welch ANOVA test were performed to capture differences in mean with both equal and
unequal variances between ligand conditions respectively (Fig. 5¢c, d). In addition, Dunnett’s
multiple comparisons test was performed to compare the control Beefy-9 with each individual
experimental condition. From this test, it was observed that formulations with each of 0.125
mM glutamine, 10 ng/ml VEGF165, and 100 ng/ml S1P resulted in statistically significant
increased growth relative to Beefy-9. As a result, these three components were taken forward

for a DOE optimization approach.
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Figure 4. Results from screening experiments in Beefy-9 and Beefy-R. n = 3 distinct
samples for all screens. (a) Initial three-day screen in Beefy-9 with complete set of ligands. (b)
Initial three-day screen in Beefy-R. (c) Second screen in Beefy-9 with reduced set of ligands
determined from initial screen. Statistical significance was calculated by an ordinary one-way
ANOVA with Dunnett’s multiple comparisons test and is indicated with p < 0.05 (*). (d) Second
screen in Beefy-9 with reduced set of ligands. Statistical significance calculated by Brown-
Forsythe and Welch ANOVA with Dunnett’s multiple comparisons test, assuming unequal
variances; significance indicated with p < 0.05 (*) and p < 0.001 (****).

3.3. Short-term growth analysis with DOE

Following a successful screening experiment in Beefy-9, a central composite design was
utilized to further elucidate effects of glutamine, S1P, and VEGF165 on cell proliferation; this
design was chosen due to its ability to test multiple factor levels per ligand in a relatively

controlled range around the best-performing screening concentrations. 20 formulations were
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tested in replicate over a period of 3 days, with the three screening formulations containing just

the individual ligands being added to 16 DOE-generated combinations and one control (Fig. 6a).

a b
Condition Pattern Glutamine (mM) VEGF165 (ng/ml) S1P (ng/mi) 5000
A —_— 0.05 4 40
B —+ 0.05 4 160 4000
c 4+ 0.05 16 40 .
D — 0.05 16 160 S 3000-
E 4 0.2 4 40 8
F - 0.2 4 160 = i
G e 0.2 16 40 3 2000
H 4+ 0.2 16 160
I 00 0 10 100 1000
J A0O 0.25 10 100
K 0a0 0.125 0 100 0-
L 0A0 0.125 20 100 TROOLL O N IEVIR0R 09
M 00a 0.125 10 0 &
N 00A 0.125 10 200 00
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P 000 0.125 10 100
Q N/A 0.125 0 0 e
R N/A 0 10 0 d
s N/A 0 0 100 5000 [
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c 3 3000 -
° L ]
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. . 3 2000-
Comparison p-value Mean Difference o
Hvs. Control  0.1757 915.7 1000 - -
E vs. Control  0.4036 544.7 *
G vs. Control  0.2966 647 s, R
Condition

Figure 5. Results from short-term DOE in Beefy-9. (a) Three-component central composite
design with inscribed axial value of 1.667. (b) Cell counts following three-day culture in
corresponding media conditions. n = 6 distinct samples; no statistically significant differences
were observed through calculation by an ordinary one-way ANOVA or a Brown-Forsythe and
Welch ANOVA, both with Dunnett’s multiple comparisons test. (c) Comparison of top three
performing formulations with mean difference from control and p-value. n = 6 distinct samples;
p-values were calculated from an individual Welch’s t-test. (d) Comparison of condition H (0.2
mM Glin, 16 ng/ml VEGF, 160 ng/ml S1P) to control with overlayed data points; n = 6 distinct
samples. No statistical significance was observed as calculated for Fig. 6b.

Although multiple experimental difficulties were faced due to uneven seeding or lack of
enough iBSCs for accurate CyQuant quantification, a valid experiment was eventually performed

(n =6). Instead of CyQuant however, live-cell DAPI imaged on the Celigo was utilized to quantify
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cell proliferation in an effort to reduce variability in measurement. While none of the
combinations from this experiment proved to be statistically significant by either the ordinary or
Welch ANOVA tests with Dunnett’s multiple comparisons (Fig. 6b), three formulations resulted
in considerably higher mean cell counts. Performing Welch t-tests with between these
formulations and the Beefy-9 control identified that condition H was the most significant
supplement combination (Fig. 6¢). This formulation also resulted in consistently higher cell
counts across replicates and a mean across replicates of 3196 cells compared to 2281 cells in
control Beefy-9 (Fig. 6d). This media consisted of Beefy-9 supplemented with 0.2 mM
glutamine, 16 ng/ml VEGF165, and 160 ng/ml S1P. Despite the lack of statistical significance,
this formulation was selected to test in multi-passage growth due to time constraints and its
clear performance advantages over other tested combinations.
3.4. Multi-passage growth analysis

Formulation H was utilized for a multi-passage growth analysis, which included 3
passages over a period of 10 days in 6-well culture plates. Morphology of BSCs were
comparable between Beefy-9 and supplemented Beefy-9, but both are observably different
than BSCs cultured in BSC-GM; microscopy images were taken on Day 2 of the third passage
(Fig. 7a). While the supplemented Beefy-9 media showed an increase in growth compared to
control over the first passage—similar to the short-term experiment—the second and third
passages did not exhibit this same trend and the supplemented Beefy-9 was outperformed by
the control with regards to cumulative cell doublings. This difference was only statistically
significant following the third passage (Fig. 7b). The lower doubling time of the supplemented

Beefy-9 formulation over the first passage was statistically significant in addition to the
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following performance shift over the second passage; while one replicate had a clearly higher
doubling time than the other two, this was determined to not be an outlier and left in the
analysis. BSCs cultured in supplemented Beefy-9 recovered slightly with regards to doubling
time over the third passage—no significant difference was observed between the supplemented
and control media—but the experiment was stopped upon basis of the cumulative cell doubling

results.
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Figure 6. Multi-passage growth of iBSCs in Beefy-9 + supplement H compared to Beefy-9
control and BSC-GM. (a) Brightfield images of BSCs in day 2 of growth during the third passage
of the experiment; supplemented and control Beefy-9 morphology was almost identical, but
both were different than BSCs in BSC-GM. Scale bars are 200 um. (b) Multi-passage growth over
10 days in supplemented and control Beefy-9 and BSC-GM. n = 3 distinct samples; statistical
significance was calculated by two-way ANOVA and is indicated for the final timepoint with p <
0.01 (**) and p < 0.001 (****). (c) Doubling time calculated per passage for each of the three
conditions in (b). n = 3 distinct samples; statistical significance was calculated by two-way
ANOVA and is indicated with p < 0.05 (*), p < 0.01 (**), p < 0.005 (***), and p < 0.001 (****).
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Chapter 4. Discussion

Effective serum-free media for muscle cell proliferation is necessary for the
advancement of cultivated meat research, as focus in the field shifts towards adequate scale-up
to reach a wider consumer base and come closer to achieving cost parity with conventional
meat production. Cultivated cattle production is of particular focus, as conventional beef
farming is the largest contributor to greenhouse gas emissions and land use compared to other
livestock such as pork and chicken!?. Although formulations such as Beefy-9 and Beefy-R have
been developed and successful in promoting a certain degree of iBSC growth, they still lag
significantly behind serum-containing BSC-GM in multi-passage culture. In this study, a
transcriptomics-guided approach was utilized to attempt to further optimize iBSC SFM;
specifically, ligands of receptors upregulated in cells cultured in BSC-GM were supplemented to
Beefy-9, and short-term and multi-passage growth were analyzed to determine the efficacy of
the supplemented Beefy-9 formulation.

From the RNA seq analysis, we observed that gene profiles differed significantly between
cells cultured in serum-containing BSC-GM and SFM Beefy-9 and Beefy-R; upregulated gene sets
largely pointed to increased cell growth, with many GO terms relating to various nucleic acid
replication and processing activities in the cell cycle. This result was expected, given that the
major observable difference between BSC-GM and SFM and the one of most interest in this
study is the resulting rate of cell growth. Upregulated KEGG and MSigDB terms and gene sets
also aligned closely with this result; notably, the 4 upregulated gene sets identified within the
MSigDB hallmark database—E2F targets, MYC targets v1, G2M checkpoint, and MYC targets

v2—represent 4 out of 6 defined by the MSigDB to be cell proliferation-related, with the other
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two being mitotic spindle and p53 pathway sets. Furthermore, E2F targets and G2M checkpoint
genes are strongly correlated to each other®?, which aligns with the large positive enrichment
scores and high statistical significance observed in this study. Signaling pathways associated with
proliferation were also identified through SPIA, with those of note including the PI3K-Akt and
TGF-B pathway. TGF-g is one of the main ingredients in B8%° (and subsequently Beefy-9 and
Beefy-R as well), and induces the expression of various growth-promoting factors in smooth
muscle cells and some fibroblasts at low concentrations®>. The PI3K-Akt pathway—which also
involves mTOR—mediates cell survival, migration and proliferation, and has been shown to be
activated by KDR, one of the receptors targeted in this study®*. In this experiment however,
although both KDR (identified as RTK in Supp. Fig. 3) and AKT were activated, PI3K class 1A—
which is contained in the pathway—was surprisingly downregulated; thus, activation of AKT
may not have necessarily been via KDR, but rather through PI3K class 1B, which is shown to be
upregulated (Supp. Fig. 3). Effects of the KDR receptor may instead be propagated through the
MAPK/ERK pathway, which also has been shown to generally promote cell proliferation®. is
more difficult to interpret the downregulated terms, with many of the pathways identified
associated with specific diseases and not necessarily relevant to cell proliferation or even
differentiation; however, it is interesting to note that some terms related to lipid and fatty acid
metabolism were downregulated in both GO and KEGG analyses. In contrast, lipids have been
observed by microscopy within cells cultured in SFM. Further analysis into the specific genes
contained within these pathways would help to better understand their prevalence in SFM-

cultured cells in contrast to BSC-GM.
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Although all of the ligands selected have been shown to induce proliferation to some
degree, the performances of glutamine, VEGF, and S1P align based on activation of similar
pathways. Glutamine has been shown to promote proliferation through activation of the
mTOR/S6 and MAPK/ERK pathways, of which the former is closely associated with the PI3K-Akt
pathway found to be upregulated in BSC-GM. The latter has also been shown to influence
proliferation, with downregulation resulting in decreased proliferation in multiple cases®. In this
study, glutamine was selected over glutamate—even though glutamate is the specific ligand for
GRIA3, which was identified from RNA seq—due to these alternative modes of encouraging
proliferation, given the fact that glutamine naturally metabolizes to glutamate within the cell.
Furthermore, glutamine is already commonly provided as a media supplement in basal media in
the form of GlutaMax, which is a dipeptide that is less sensitive to pH and less likely to
degrade”’. It was interesting though that only the lowest concentration of glutamine resulted in
statistically significant increased growth, but high concentration was better than an
intermediate one; replacing it with either GlutaMax—which has shown to be more stable,
leading to increased performance®’ —or glutamate could be helpful to explore. VEGF has also
been found to induce proliferation through both the PI3K-Akt®® and ERK’2 pathways depending
on whether VEGFR-1 or VEGFR-2 are targeted; in this experiment, the latter is likely due to the
identification of KDR (equivalent to VEGFR-2) as one of the top upregulated receptors. S1P can
also activate ERK’>°?; it is unsure whether the mechanism of action in this study occurred
through this pathway though or if the corresponding receptor—GPR63—is involved in another

pathway.
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With regards to short-term proliferation, the fact that supplement H proved to be the
most optimal makes sense since it contains all three ligands that proved to be statistically
significant individually. In addition, the concentrations of all three were slightly above the
concentration levels identified in the screen as best-performing, but still significantly lower than
the middle concentration level—which resulted in worse performance for all three ligands—due
to the dilution factor of 4. Unfortunately, an improvement in BSC growth not observed in multi-
passage growth. While the shift in performance was surprising between the first and second
passages, it should be noted that there was a replicate with a markedly increased doubling time
compared to the other two for the supplemented Beefy-9 condition; although this was not
statistically found to be an outlier, the statistical significance of the calculated mean doubling
time could have been affected. A doubling time closer to those calculated for the other two
replicates may have resulted in a lack of significance in the difference between the
supplemented and control Beefy-9 conditions, in accordance with what was observed in the
third passage. Although the experiment was terminated after the third passage on the basis of
increasingly diverging cell doublings, the recovery in doubling time between the second and
third passages provides motivation for a longer-term redo of the study. It is unclear as to the
reason why the supplement worsened growth performance after one passage though, and
further investigation into molecular mechanisms of action would be helpful. One hypothesis is
inefficient uptake of provided nutrients; it was observed in earlier screens that higher
concentrations of all three metabolites provided in the supplement led to worse growth in
comparison to lower concentrations. S1P in particular was especially harmful at high

concentrations. Thus, buildup of nutrients or oversaturation of receptors could lead to these
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effects that were observed when metabolites were supplemented in bolus at higher

concentrations.
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Chapter 5. Future Work

In this study, a transcriptomic-guided workflow for the optimization of SFM for iBSC cell
proliferation was utilized; while increased proliferation compared to Beefy-9 in short-term
growth studies was observed, the resulting formulation consisting of Beefy-9 supplemented
with 0.2 mM glutamine, 16 ng/ml VEGF165, and 160 ng/ml S1P unfortunately did not result in
an improvement over Beefy-9 in multi-passage growth. As a result, multiple next steps can be
considered.

First, experiments performed in this study can be repeated for greater accuracy; even
though statistically significant supplements were identified through ligand screening, error bars
were still relatively large across experiments regardless of quantification method. For future
studies, live-cell DAPI should likely be utilized due to advantages in clarity of results—direct
quantification of cell number, in comparison to fluorescence capturing the DNA content of the

whole samplel®

—as well as lower cost. An increased number of replicates for screening and
more even cell seeding could be objectives in order to obtain more reliable results. For the
latter, letting cells incubate at room temperature following seeding has been shown to
significantly reduce cell clustering in edges of wells!%!, a problem that was present in multiple
experimental runs in this study. While this technique was adopted for short-term and multi-
passage experiments, plates were only incubated for 15-30 min at RT in contrast to one hour
suggested by the paper; using a longer incubation time could lead to more consistent seeding.

For multi-passage experiments, although results were more consistent across replicates than for

screening or short-term experiments, some replicates were quite different from others without
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being classified statistically as outliers; thus, repeating this experiment with more replicates may
also lead to more consistent and significant results.

Running the same experimental workflow with Beefy-R would also be a logical next step,
given that the receptors identified from the transcriptomic analysis was based on a combination
of genes in both SFM formulations. While testing supplement H in Beefy-R could be worth a try,
the results from the initial screening of ligands—albeit with low CyQuant values—suggest that
different ligands have different effects between Beefy-R and Beefy-9; as a result, starting from
scratch would likely result in a more optimized formulation. In fact, using individualized
differential expression analysis between Beefy-9/Beefy-R alone and BSC-GM allows for
identification of upregulated receptors specific to that medium only and would likely lead to
better results for optimization of both SFM.

Experiments to confirm the activation of the targeted receptors—via qPCR or a similar
analytical method—would help to determine whether the short-term growth increase and long-
term inhibitory effects of the supplement were due to the expected activation of the glutamine,
VEGF, and S1P receptors or additional mechanisms of action. Comparing to a control with just
SFM would allow for the determination of up- or downregulation of these receptors. Looking at
alternative receptors that could be activated by glutamine, VEGF165, and S1P could also help to
elucidate the reasons behind the growth patterns that were observed upon supplementation.
Furthermore, additional experiments testing the supplement with components removed from
the SFM basal media—such as insulin, FGF2, or TGF33—would be interesting to explore, as
these components may share similar activation pathways and could thus potentially be

competing or oversaturating receptors; as a result, the potential growth effects imbued by the
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supplement could either be masked or even negated by the effects of these growth factors
already present in the media. Testing the supplement in a B8 basal media instead of a Beefy-9
or Beefy-R base could also help inform if competing effects are observed due to either albumin
or RPI respectively. Finally, looking deeper into the terms identified as upregulated with
pathway enrichment analysis (GO, KEGG, MSigDB, and SPIA) would be a helpful area of future
exploration; since many of these gene sets were associated with cell replication or cell cycle—
likely corresponding to the increased proliferation observed in BSC-GM—it would be helpful to
confirm if the receptors identified in this study belonged to those gene sets. In addition, the
other genes contained in these gene sets could also be investigated further for their potential
ability to induce increased proliferation; if these genes are able to be modulated easily,
experiments could then be performed to further test these hypotheses.

Pairing the transcriptomic analysis with additional -omics datasets could result in more
effective optimization. For example, proteomics was utilized by Stout et al. (2023) to
characterize differences in oilseed protein isolates that improved iBSC growth in B8 and identify
potential proteins contributing to the efficacy of specific isolates. Furthermore, it can be a
useful complementary technique to RNA seq to validate the presence of protein products
predicted by mRNA transcripts since regulation of translation may result in differing protein
expression. Post-translational modifications—some of which can be detected with proteomic
techniques—are also especially important with regards to protein activity but cannot be
detected on the transcript level. Finally, since proteins are the effectors of physiological change
in the cell, monitoring these as closely as possible can allow for a greater understanding of

cellular processes. Proteomics has already been performed for iBSCs cultured in Beefy-9, Beefy-
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R, and BSC-GM, and experiments are underway following the identification of significantly
expressed proteins between BSC-GM and the SFM; combining effective supplements found
using proteomics with the results from this study could thus lead to a more optimized SFM
formulation.

Originally in the scope of this study, a metabolomics approach using spent media
analysis is a potential area of exploration. Spent media analysis (SMA) allows for the
understanding of the utilization of various nutrients present in media3®. Recently, the technique
has been applied to cultivated meat cell lines—namely primary embryonic chicken muscle cells
and fibroblasts as well as murine C2C12 myoblast cells—to determine if there were significant
species- or cell-type differences in nutrient utilization. It was found that utilization of glucose,
glutamine, FGF2, and other amino acids, growth factors, and vitamins differed between the
three cell types, implying inherent metabolic differences between cell types. Furthermore,
many nutrients were not noticeably depleted, suggesting they may not be necessary in
formulations for cultivated meat32. Results from SMA would most directly lead to identification
of metabolites either present at greater quantities at BSC-GM or depleted quicker in SFM that
can be supplemented. Combining metabolite levels with genome-scale annotation and
experimental pathway information could also lead to the generation of a genome-scale
metabolic model (GEM), which are largely lacking for cultivated meat-relevant cell types!®? but
are critical to performing metabolic flux analysis (MFA) in order to quantify the flux distribution
in a given network. MFA could help identify reaction bottlenecks as well as pathways to induce
cell growth3 guiding further media optimization or even genetic engineering of cell lines, which

has already been utilized to eliminate FGF2 growth factor requirements in engineered bovine
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cells03

and could work alongside media development for optimized cell growth or
differentiation.

Finally, the consideration of both cost and environmental life cycle analysis of any SFM
developed or optimized further in the future is necessary. Neither of these factors were

considered in this study, but they will be increasingly important to look at in order to determine

feasibility at larger, industrial scales that will eventually be necessary.
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Chapter 7. Supplementary Tables and Figures
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Supp. Figure 1. Gene-wise dispersion and shrinkage. (a) Plot of estimated gene dispersion
vs. mean of normalized counts, fitted model, and final dispersion estimates. (b), (c) MA plot
(log2FC vs. mean of normalized counts) for unshrunk and shrunken fold changes.
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KEGG pathways. (a) Distributions of GO terms. (b) Distributions of KEGG terms.
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Sample Concentration (ng/ul) | A260/A280 A260/A230
GM-1 382.4 2 1.77
GM-2 287.3 2.06 1.92
GM-3 345.8 2.08 1.74
GM-4 233.2 2.02 1.32
BR-1 254.2 2.07 1.96
BR-2 605.8 2.04 1.57
BR-3 280 2.06 1.94
BR-4 264.8 2.08 1.83
B9-1 376.3 2.07 1.13
B9-2 287.8 2.07 1.98
B9-3 479 2.03 1.83
B9-4 215.2 2.06 1.75

Supp. Table 1. RNA nanodrop data for all samples showing quality of RNA.

Receptor Log2FC Adjusted p-value Rank
GPR68 9.185 7.793E-144 3077
UNC5B 6.616 2.251E-98 1521
RARB 7.970 5.040E-62 1160
PTGFR 6.547 1.188E-74 1144
MEG8 10.26 2.895E-41 998.9
ALK 5.410 3.555E-60 764.5
GRIA3 3.291 9.533E-80 614.2
PPARG 8.572 1.054E-27 563.9
CRLF1 6.559 4.497E-35 544.2
RARRES1 5.252 2.149E-39 488.6
NOTCH1 2.068 4.495E-83 402.0
LOC100298064 4.320 1.707E-36 372.7
KDR 5.522 7.003E-17 223.2
LOC101905194 6.358 5.920E-14 213.3
LIFR 4.756 5.866E-14 159.6
FLT1 5.969 1.018E-10 154.6
GREBI1L 3.060 1.728E-19 142.4
AGTR1 3.867 1.086E-13 127.2
GPR63 4.685 3.369E-11 126.7
LOC101906312 4.680 1.816E-10 118.3
DCC 4.642 1.816E-10 117.4
LOC101905257 5.102 4.534E-09 1119
SPSB4 4.026 1.982E-11 1111
MINAR1 5.119 2.975E-08 102.4

Supp. Table 2. Top 25 receptors upregulated in BSC-GM ordered by rank metric.
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PI3K-AKT SIGNALING PATHWAY
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Supp. Figure 3. Genes from RNA seq differentially expressed between BSC-GM and SFM
in PI3K-Akt signaling pathway; color corresponds to relative up- or downregulation on a scale

from [-2, 2].
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