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Abstract

The development of suspension cell lines is a sought after holy grail for bioprocess devel-
opment. Suspension cell lines allow for easier scale up and better volumetric productivity
for most biotherapeutics, including vaccine manufacturing. Various cell lines have readily
adapted to suspension growth through the modification of the cell culture medium, but
Vero cells have resisted the trend of becoming a suspension cell line. For Vero cells and
other cell lines that remain anchorage-dependent, researchers have found methods such
as roller bottles and microcarriers to scale up production of biotherapeutics. Although
these technologies have enabled the use of anchorage-dependent cell lines for biomanufac-
turing, the industry prefers suspension cultures and will design new cell lines, or design
their processes around existing suspension cell lines to avoid the extra complexity of using

anchorage-dependent cell lines.

Medium development has been the main method to adapt cells from adherent culture to
suspension. This was first done by reducing the amount of serum that is supplemented in
cell culture media. Serum is animal derived and contains many essential nutrients, growth
factors, and adhesion proteins that traditional basal mediums do not contain. While serum
has been essential for the establishment of many cell lines, it has safety concerns when
producing biotherapeutics. Since serums are animal-derived, they can contain viruses,
prions, or be contaminated with chemicals that the animal has ingested. Not only do these
safety concerns create problems for the biomanufacturing industry, but also the lot-to-lot
variability of serums can lead to poor product consistency. To overcome these challenges,
the industry has developed animal component-free medium supplements that can contain
plant hydrolysates or peptones. These are undefined bioactive fractions of hydrolyzed

plant proteins, and while they do not have the same safety concerns as animal derived
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materials, they also suffer for lot-to-lot variability since the raw materials can depend on
soil conditions, weather patterns, and pesticide use. Nevertheless, industry has overcome
these challenges by developing chemically defined media. Every component’s concentration
in this medium is known and therefore this reduces the lot-to-lot variability. Additionally,
many of the compounds that are commonly used in chemically defined medium can be

manufactured using animal origin-free materials.

As cell culture media have eliminated serum, cells have become more anchorage-independent
and have been slowly adapted to suspension growth. Although this has not been histor-
ically true for Vero cells, which have been grown in tight cell aggregates in serum-free
medium. More recently, however, Vero cells have been successfully grown as single cell
suspensions using two different undisclosed medium formulations that contain undefined
plant hydrolysates or peptones. While this was a major achievement, the medium formula-
tions are unknown, and they contain undefined proteins which can possibly suffer lot-to-lot
variability. This thesis seeks to develop a chemically defined medium to support suspension
Vero cells and to identify the transcriptomic differences between adherent and suspension

Vero cells.

This work began by creating a data set of the previously reported medium formulations
for Vero, CHO, HEK293, and various other commercial cell lines for adherent and suspen-
sion cell culture. Classic basal mediums that require serum supplementation were first
compared to serum-free medium formulations to identify compounds that were added to
media to replace serum. These compounds included glucose, amino acids, vitamins, trace
metals, lipids and fatty acids, along with growth factors and proteins. A second comparison
was done within the serum-free medium formulations to compare adherent versus suspen-
sion mediums. Suspension media were found to be more enriched that the adherent media

and contained higher concentrations of amino acids and fatty acids. This review resulted
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in theoretical chemically defined, serum-free medium formulations that could support the

growth of adherent and suspension commercial cell lines.

From this data set, a design space was laid out for the creation of a chemically de-
fined medium formulation that supports Vero cell suspension culture. Through this work,
recombinant epidermal growth factor was found to be essential for Vero cell proliferation
along with the addition of trace metals, lipids, amino acids, and vitamins. Even without
any serum, Vero cells continued to adhere to non-tissue culture treated flasks, while it
was found that other cell lines (CHO-K1, HEK293T and MDCK) could grow as single cell
suspension in the same novel medium. In an effort to coerce the Vero cells to grow in
suspension the concentration of calcium and magnesium was reduced 10x. While this did
cause the Vero cells to detach and form a single cell suspension, the growth rate dramat-
ically decreased. Nevertheless, this work demonstrated that a chemically defined medium
can be developed for Vero cell suspension, although compounds need to be added to ensure

that Vero cells continue to grow.

To further investigate the cause of the low growth rate of the suspension Vero cells,
RNA-seq was performed to compare the suspension Vero cells to Vero cells grown adher-
ently in the chemically defined medium, and Vero cells grown in DMEM/F12+10% FBS.
This data set demonstrated that the suspension Vero cells had down-regulated cell cycle
genes, and had begun to express kidney-associated genes. Since Vero cells were originally
isolated from a female Green African monkey’s kidney, it is hypothesized that the sus-
pension Vero cells were reverting back to kidney cells. Key genes that were found to be
differentially expressed by the suspension Vero cells included tgfbl, c-myc, and genes that

are associated with the epithelial-mesenchymal transition.

Finally, different methods for improving the medium formulation were compared in

the final chapter. Comparing a literature search, NMR metabolite analysis and RNA-seq
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transcriptomics found that the transcriptomic data provided the most insight on the com-
pounds that were beneficial for cell growth. The literature did not have enough specific
information about Vero cell metabolism and the compounds that were identified using this
method did not result in significant improvements in the medium formulation. NMR was
more specific for Vero cells, but because it can only track relatively high concentrations
(micromolar) of metabolites, changes in vitamins and growth factors could not be tracked.
The metabolite analysis did show a disfunctional tricarboxylic acid cycle, and some com-
pounds that were identified using the analysis did significantly improve the cell’s growth
rate. Overall, the compounds that were identified using the transcriptomic data had the
largest effect on the growth rate. Through RNA-seq analysis, we identified retinyl acetate,
progesterone, b-estradiol and prostaglandin E, as growth enhancing compounds. Using the
compounds identified through RNA-seq, NMR and a literature review, the doubling time
of Vero cells was reduced from 38 hours to 32.1 hours, which is better than the animal

component-free commercially available media currently on the market today.
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Chapter 1

Introduction

Vero cells were rst established in 1962 by Y. Yasumura and Y. Kawakita from the
kidney of a female African green monkey [432, 355] and are considered a non-transformed
continuous cell line. They have been used to manufacture human vaccines for over 30
years, making them one of the most widely accepted continuous cell lines by regulatory
authorities in over 60 countries [30, 328]. Over the years, the cell line has been exten-
sively characterized; shown to be free of adventitious agents and have low tumorgenicity
at passage numbers below 191 [432]. More recently, through genome work on the Vero
cell line, many full length viral genomes have been uncovered [355]. Nonetheless, these
cells are used to make vaccines and vaccine candidates against polio (Im&vaRolio)
[327, 475, 178], rabies (Imovd&k Rabies)[327, 479], rotavirus [204, 502], Japanese encephali-
tis (Ixiaro® ) [271, 121], dengue fever [250, 357], West Nile encephalitis [264], Chikungunya
fever [166, 384, 478], Ross River fever [512], SARS [390], smallpox [30], and in uenza
(Per ucel® , Celvapar? ) [115, 147, 310, 364]. Researchers found a large deletion on chro-

mosome 12, explaining the inability of Vero cells to produce type 1 interferon, which may



be a reason why they are susceptible to infection by a plethora of di erent viruses [355].
Newer suspension cell lines such as Madin-Darby canine kidney (MDCK) cells [144] and
PER.C6 have been used as alternatives to Vero cells, but face regulatory hurdles by not
having the same long history as the Vero cells. One of the major drawbacks of using Vero
cells for virus production is their anchorage dependence. Common methods of scaling up
anchorage dependent cells is to grow them in roller bottles, cell stacks or on microcarri-
ers. Microcarriers can be used in suspension making them more attractive as they can
be scaled up using bioreactors, but they are often very costly and add extra obstacles to
manufacturing. In 1992, Litwin demonstrated that Vero cells could be grown as aggregates
in serum-free media [269]. More recently, two groups have achieved Vero cells in single cell
suspension using animal component-free media [412, 433]. Growing Vero cells in single cell
suspension greatly improves the ease of scaling up vaccine production, although Vero cells
have a higher doubling time as single cell suspension (40-44 hours) compared to adherent
cells (31-43 hours) [433, 414].

1.1 Area for Improvement

Given the wide array of viruses that can be replicated in Vero cells and the pres-
sure on industry to reduce costs, and increase speed [115], the optimization of the Vero
cells in terms of cell density and virus yields are the next major challenges associated with
producing human vaccines. The major limitation associated with Vero cells is their anchor-
age dependence, requiring a burdensome propagation strategy and large working volumes
compared to suspension cells such as Chinese hamster ovary cells (CHO) or MDCK. The
development of a robust method for adapting Vero cells for growth in suspension and at

high densities would greatly ease the scale up process for vaccine production and minimize



the risk of contamination when working with microcarriers [144].

1.2 Brief History of Vero Cells in Suspension

Methods to culture anchorage dependent cells at large scale include propagation on
microcarriers, roller bottles or stacks of tissue culture plates. Microcarriers have the bene t
of allowing for easy media exchanges during bioreactor cultivation because they can be
Itered out of solution or can be allowed to settle to the bottom of the reactor, allowing
the medium to be removed without removing the microcarriers or cells. The use of cell
factories/stacks, or roller bottles are also a common method of propagating Vero cells for
vaccine production, but these require large amounts of space and material, which are not
easily scaled up. Even with the use of microcarriers in perfusion reactors or with medium
recirculation, the Vero cell density is no greater than 5-6x£Gells/mL [475, 316] which is a
relatively low density compared to what can be achieved theoretically from closely packed,
tissue-like geometries (10cells/mL) [359]. A review of various propagation strategies for
Vero cells, along with their maximum cell density can be seen in Table 2.1. Given no
limitations in nutrients or growth inhibiting products, the maximum cell density depends
on the concentration of oxygen in the media. The theoretical maximum cell density, using
todays conventional bioreactors, is approximately £0cells/mL which has been reported
for suspension CHO cells [473]. It is possible that a higher cell density can be achieved by
increasing the available surface area on microcarriers, but this requires the use of a solid
support matrix for the proliferation of Vero cells. A suspension Vero (sVero) cell line would
allow for higher cell densities using less space and volume than conventional methods, and
ease scale up during production.

Manufacturers have turned to alternatives to Vero cells such as suspension PER.C6, Baby



Hamster Kidney (BHK) or Madin Darby Canine Kidney (MDCK) cell lines, but these cells
face regulatory hurdles by not having the same extended safe history as the Vero cells and
may not produce the virus of interest as e ciently as Vero cells. Therefore, a renewed
interest in developing suspension Vero cells has occurred in the past 10 years. Attempts to
culture Vero cells in suspension were rst made using small dextran microspheres (diameter
=32 m) which cells could adhere to, but could not elongate on, to obtain cell aggregates
in suspension [153]. Later, J. Litwin demonstrated that Vero cells could be grown as cell
aggregates without microspheres in serum-free media reaching densities of 1-8g&0/mL
[269]. Unfortunately, it proved di cult to control the aggregate size causing mass transport
problems within the aggregate, which led to necrosis at the center of the aggregate. In
2007, Palllet et al, published ndings of a Vero cell line that could grow in single cell
suspension, reaching cell densities of up to 2.5%16ells/mL using in-house serum free
media (SMIF-6), in batch and perfusion reactors [363]. As the composition of the media
was not described in the paper, and there was limited characterization of the sVero cell line,
the cell line was not used further in the literature [364, 363, 90, 476]. Even though work
with this particular cell line appeared to die out for a moment, researchers did not stop
trying. In fact, in 2019 two papers from separate groups were published with Vero cells in
suspension. One paper from the National Research Council in Canada [433], and another
paper from Tunisia [412]. These groups used di erent media (both in-house media), but
the same method of adapting cells to serum-free media, and then shaking them at 90-120
rpm in 125 mL shaker ask for a considerable amount of time>8 passages)at 3T in

a 5% CQG incubator. Both groups were able to successfully amplify virus, and She

al., also con rmed that the cells were non-tumorigenic [433]. Although the ability for two
separate groups to produce single-cell suspension Vero cells is very exciting, the media

formulations and methods are not fully disclosed, which limits other academic labs from



replicating their results, but provides opportunities for commercialization.

1.3 Hypothesis Statement

Vero cells, along with other cell lines such as MDCK and BHK, were once believed to
be anchorage dependent, but with the advancement in media technology these cells lines
have been successfully adapted to suspension growth. However, many media formulations
that were developed contain unde ned protein mixtures and none of the commercially
available media formulations support the adaptation of Vero cells to suspension. The driv-
ing hypothesis of this work is that through the use of designed experiments, a de ned,
animal-component free media can be developed speci cally to adapt Vero cells to suspen-
sion. This media formulation is not solely limited to Vero cells, but can be used to grow

other industrially relevant cell lines in suspension.

1.4 Research Objectives

The primary objectives of this research can be described as follows:

1. Use design of experiments to create a de ned, animal-component free media formu-
lation for suspension Vero cells. This objective includes the screening of various dif-
ferent media components using seven Plackett-Burman styled design of experiments

and slowly adapting cells to the new media formulations over 30-180 days.

2. Compare the growth kinetics of Vero cells in the newly developed medium and
basal media supplemented with Fetal Bovine Serum (FBS) and commercial animal-

component free media. This objective is accomplished by modifying the media to

5



support adherent growth of Vero cells and other mammalian cell lines (CHO-K1,
HEK293T and MDCK) used in the production of biopharmaceuticals.

3. Analyze the di erences between adherent and suspension Vero cells by using tran-
scriptomic data acquired through RNA-seq. This objective includes evaluating over
or under expressed genes in pathways of interest that are associated with the sus-

pension phenotype.

4. Use the transcriptomic data to identify upregulated signaling and metabolic pathways
in the cell to create a better designed Plackett-Burman experiment to encourage Vero

cell growth.

1.5 Thesis Outline

This thesis is comprised of a literature review presented in Chapter 2 to inform the
readers on what media formulations have been developed for serum-free adherent and
suspension cultures and the general di erences between the formulations. The review also
brie y describes the biological relevance of each compound that is added to medium. From
the information that was gathered through the literature search, sets of experiments are
described in Chapter 3 which attempts to create a medium formulation for suspension
growth of Vero cells. RNA-seq was conducted to identify key di erences between adherent
and suspension Vero cells in Chapter 4. The last chapter (Chapter 5) uses the transcrip-
tomic data to make speci ¢ modi cations to the cell culture media to increase the growth
rate of adherent Vero cells. This nal formulation is compared to various commercially

available media for Vero cells.



Chapter 2

Literature Review

Suspension cell lines have gained widespread acceptance in vaccine manufacturing as
a platform that can increase production e ciency and yield while maintaining the strin-
gent safety standards of regulatory agencies such as the Food and Drug Administration of
the U.S.A (FDA) and the European Medicines Agency (EMA). Many cell lines have been
adapted to grow in suspension through manipulation of the cell culture medium. Commer-
cial media have been used to successfully grow a variety of cell lines in suspension, but have
so far failed to support long term growth of Vero cells in suspension, despite numerous at-
tempts. To address this gap, this review will scrutinize the suspension and adherent media
formulations that are currently available in an e ort to identify commonalities between the
formulations. We rst compared basal media formulations formulated in preceding decades
to serum-free media (SFM) formulations developed more recently to identify compounds
that are used to replace serum. Then, SFM formulations were analyzed based on the type

of growth they support; adherent, suspension, or both.



2.1 Media Formulations

The ability of researchers to grow and study cells in tissue culture dishes has been
supported by the development of many specialized media. When cell culture media were
rst being developed in the 1960s, they contained unde ned supplements such as serum
and extracts from biological sources that were comprised of essential nutrients for prop-
agation of many dierent cell lines. As research progressed, scientists tried to replace
these unde ned supplements with de ned concentrations of trace metals, vitamins, pro-
teins and lipids to avoid batch-to-batch variability and possible contaminants (viruses,
prions, toxins), and to improve our understanding of cell metabolism. Recent advance-
ments in media development have been protected as trade secrets or under patents and
our understanding of cell culture media has stagnated since the development of rst basal
media. Speci cally, serum-free and animal component-free media have gained increased
attention as biopharmaceutical companies and regulatory agencies, such as the FDA and
the EMA, applied more stringent safety measures on production of biopharmaceuticals.
The potential presence of adventitious agents in serum and animal derived supplements
has fueled research into SFM and replacement supplements such as yeast extracts and plant
hydrolysates. SFM refers to media formulations that do not contain animal serums, while
animal component-free media do not contain any material derived from an animal source.
Further media development has led to chemically de ned media, which do not contain
any supplements of unknown composition such as serum, extracts or hydrolysates. Plant
extracts and hydrolysates are still considered unde ned and provide the nutrients needed
by the cells for robust growth and protein production, but like serum, su er from batch-
to-batch variability. The Gold Standard for a medium formulation would be a protein and

animal-component free chemically-de ned media so there would be limited batch-to-batch



variability, a reduced risk of adventitious agents in the nal media formulation, and less
complicated downstream processing. Chemically de ned and completely protein-free me-
dia have been developed for CHO cells (PowerCHO Advance by Westburg or CD CHO by
Gibco) and hybridoma cells (PFHM Il by ThermoFisher). PowerCHO contains peptides
(<10 kDa) and small amounts of a recombinant hormone, while CD CHO does not contain
any proteins or peptides. All of these formulations are proprietary and therefore researchers
have little understanding of the environment their cells are being cultured in. This creates
a problem for researchers that are trying to improve protein production, since the media
is essentially a black box of unknown variables that a ect cell growth and productivity. A
review conducted by Rodrigue®t al., tested 7 di erent commercial SFM on monoclonal
antibody production in CHO cells showed that there were large variations in cell viability,
max cell density, and protein production [403]. However, because the media formulations
are unknown, little could be said about what led to the di erences in cell viability, cell

density and productivity of the cells.

For Vero cells, most of the work for suspension culture was achieved using microcarriers
and serum-containing media, although more recently Vero cells were grown as single cell
suspension using in-house media. Table 2.1 summarises the media formulations, suspension
growth conditions and maximum cell densities that were achieved for Vero cells. Leibovitz-
15 (L-15) is the most common media, which was rst created in 1977 and was originally
designed for diagnostic virology [253]. This medium replaced glucose with D(+) galactose,
sodium pyruvate and DL a-alanine to reduce the pH drop that is normally seen with glu-
cose as the sole carbon source. It also replaces bicarbonate with L-arginine (free base) to
prevent the increase of pH at atmospheric conditions. Lastly, L-15 has higher amounts of
each essential amino acid (histidine, valine, leucine, isoleucine, tryptophan, phenylalanine,

threonine, methionine) to prevent their exhaustion during virus production. Although L-



15 is a useful media for virus production, it needs to be supplemented to make up for the
lack of trace metals, fatty acids, vitamins, purines, and polyamines that would normally
be supplemented through serum addition.

Another basal media that is commonly used used is Minimum Essential Medium (MEM),
which was developed by Eagle in 1959. It contains 28 essential metabolites and is sup-
plemented with 5-10% animal serum [114, 113]. This media is thought to contain the
minimum amount of nutrients needed to culture a variety of cell types (Walker carcinosar-
coma cells, rabbit broblasts, rabbit embryonic limb-bud cells, primary monkey kidney
cells, L cells, 388 cells, mouse embryonic cells, and HeLa cells). This medium formulation
was later improved upon by Dulbecco and Freeman to create a more enriched medium
called Dulbecco's Modi ed Eagle Medium (DMEM) [109]. Dulbecco increased the con-
centration of many amino acids (L-cystine, L-glutamine, L-isoleucine, L-leucine, L-lysine,
L-methionine, L-phenylalanine, L-threonine, L-tryptophan, L-tyrosine, and L-valine), all of
the vitamins, and added glycine, L-serine and ferric nitrate to the formulation. DMEM is
often mixed with Ham's F-12 Nutrient Mixture (F12). F12 contains many of the nutrients
that DMEM lacks, and contains lower concentrations of the amino acids [168]. In addi-
tion to the amino acids that are already present in DMEM, F12 also contains L-alanine,
L-asparagine, L-aspartic acid, L-cysteine, L-glutamic acid, L-proline, additional vitamins
(D-biotin, and Vitamin B 1,), metals (cupric sulfate, ferric sulfate, and zinc sulfate), and
other compounds (hypoxanthine, linoleic acid, lipoic acid, putrescine, sodium pyruvate and
thymidine). DMEM and F12 are often combined in a 50:50 mixture to create a nutrient
rich medium for cells to grow in with the addition of serum, since this basal media does
not contain any growth factors. This basal medium is recommended as a good starting

point when developing a novel medium [486].
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Table 2.1: Vero Cell Propagation Strategies and Maximum Cell Densities

Media Suspension Method Cell Density Ref
IHMO3 Single Cell Suspension 2.2x10°6 cells/mL [433]
IPT-AFM with 20% Ca 2* and Mg?2* Single Cell Suspension 2.9x10° cells/mL [412]
DMEM+5% FBS 100-360  m aggregates 2x10° cells/mL [153, 378]
HyQ SFM4Mega Vir Cytodex 1 (6 g/L) 4.5x10 5 cells/mL [69]
OptiPro SFM Cytodex 1 (6 g/L) 1.2x10 © cells/mL [69]
VP-SFM Cytodex 1 (6 g/L) 1.2x10 8 cells/mL [69]
Provero-1 SFM Cytodex 1 (6 g/L) 1.2x10 © cells/mL [69]
EX-CELL Vero SFM Cytodex 1 (6 g/L) 2.6x10 6 cells/mL [69, 233]
SFM Cell aggregates 1-3x108 cells/mL [269]
VP-SFM+ 4mM Glutamax Cytodex 1 (3 g/L) 1.77x10 6 cells/mL [297]
ﬁ M-VSFM Cytodex 1 (2 g/L) 1.0x10 © cells/mL [57]
a SMIF-6 Single cell suspension 2.5x10°8 cells/mL [363]
VP-SFM + 1% FCS Cytodex 3 (2.7 g/L) 3.3x10 6 cells/mL [131]
L15+5% FCS Cytodex 3 (2.7 g/L) 1x10 6 cells/mL [131]
L15+0.9g/L D-galactose+0.3g/L L- Cytodex 1 (2 g/L) 1.76x10 © cells/mL [314]
glutamine+5%FBS
L15+5% FCS+2mM L-GIn Cytodex 1 (10 g/L) 1.4x10 6 cell/mL [316]
L15+5% FCS+2mM L-GIn Cytodex 1 (10 g/L) 2.7x10 8 cel/mL [315]
M199+10% FBS Cytodex (5 g/L) 1.9x10 © cells/mL [514]
VP-SFM with 10mM glucose and 2 mM glu- Cytodex 1 (3 g/L) 1.0x10 8 cells/mL [475]
tamine feeding
MEM+10% FCS+0.2 mM serine +0.2 mM Cytodex 1 (3 g/L) 2.2x10 © cells/mL [479]
methionine
ﬁ L15+5% FCS+2mM L-GIn 1/3 vol/day Cytodex (10 g/L) 4.0x10 6 cells/mL [316]
ig L15+5% FCS+2mM L-GIn 1/2 vol/day Cytodex 1 (2 g/L) 2.5x10 5 cells/mL [315]
¢ VP-SFM with 20mM glucose and 2 mM glu- Cytodex 1 (3 g/L) 1.8 6 cells/mL [475]
tamine feeding 1/3 vol/day
-; IHMO3 1 vol/day Single Cell Suspension 6.8x10 6 cells/mL [433]
‘E) Modi ed L15 (galactose replaced with 10mM Cytodex 1 3x107 cells/mL [339]

fructose)
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Table 2.1: Vero Cell Propagation Strategies and Maximum Cell Densities

Media Suspension Method Cell Density Ref

4mM L-glutamine and 5% FBS) Fed with 50%
diluted L15 with PBS at 8 vol/day

VP-SFM, recirculation of media 5 vol/day up Cytodex 1 (3 g/L) 5x10 © cells/mL [475]
to 10 vol/day
SMIF-6 Single cell suspension 1.9x107 cells/mL [363]
L15+5% FCS+2mM L-GIn 1.5 vol/day Cytodex 1 (10 g/L) 6x10 6 cells/mL [316]
L15+5% FCS+2mM L-GIn 1 vol/day Cytodex 1 (2 g/L) 2.5x10 6 cells/mL [315]
-% VP-SFM 3 vol/day Cytodex 1 (2 g/L) 2.6x10 6 cells/mL [414]
5 MDSS2 0.91 vol/day Superbead (6.25 g/L) 3x10 6 cells/mL [321]
* EGB2 no dilution data given Biosilon (30 g/L) 3x10 6 cells/mL [539]
MEM+10% FCS+0.2 mM serine +0.2 mM Cytodex 1 (3 g/L) 4.73x10 © cells/mL [479]
methionine 0.5 vol/day
L15+10% FBS Cytopore (0.5 g/L) 2.1x10 6 cells/mL [528]
L15+10% FBS Cytodex 1 (2 g/L) 2.2x10 © cells/mL [528]
L15+10% FBS Cultispher G (1.7 g/L) 1.8x10 6 cells/mL [528]

The goal of this review is to collect media formulations for mammalian cell lines over the
past 60 years to show trends and improvements that have been made from basal, serum-
containing media to serum-free and suspension media. Over 35 media formulations were
catalogued from literature and patents from over the past 60 years [56, 79, 80, 109, 112, 113,
120, 128, 158, 157, 162, 168, 189, 198, 230, 253, 295, 294, 309, 330, 332, 334, 366, 367, 368,
387, 386, 396, 427, 1, 3, 435, 499, 506]. The components in media formulations have been
categorized into 4 major sections of this chapter: lipids and fatty acids, amino acids, trace
metals, and vitamins, with smaller sections on purines and pyrimidines, osmolarity and
reducing agents. Within each section, we compare the basal media formulations to serum-
free formulations to show changes in component concentrations that can be used to replace

serum. We then look further into SFM and discern whether the component concentrations
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support adherent or suspension growth. This review should give the reader a framework
of a basic media formulation that can support serum-free growth of most mammalian cell
lines, which researchers can then optimize for robust cell growth or productivity for their

speci c cell line.

2.1.1 Basic Needs of the Cell

It is instrumental to understand how the nutrients support cell growth and how the
cell uses these nutrients. A cell culture medium surrounds the cells with the correct en-
vironment that helps stimulate proliferation and protein production. As a starting point
for any medium development, the basic culture conditions for mammalian cells need to be
met such as correct pH, bu ers to help maintain the pH, temperature, and an adequate
carbon source. Mammalian cell culture is typically done at 3€ in a humidi ed incuba-
tor. Incubators can be equipped with a C® injector, which helps maintain pH around
7.4 when coupled with a bicarbonate bu ered medium. Depending on the concentration
of bicarbonate in the medium, CQ levels are maintained from 5-10%. Bicarbonate and
CO, work in conjunction to maintain the proper pH using the equilibrium reaction listed

below:
CO, +H,0 == H,CO, == HCO,l +H*

When larger amounts of bicarbonate (HC@) are added to media, the above equation
shifts to the left and increases the pH (becomes more basic). For media containing 1.2-2.2
g/L of sodium bicarbonate, CQ levels should be kept at 5% and for 3.7 g/L of sodium
bicarbonate, incubators should be set to 10% CG24]. There is no di erence between the

average concentration of sodium bicarbonate in classical media and SFM (1.8 g/L sodium
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bicarbonate). Other types of biological bu ers that are commonly used are listed by N.
Good, et al. (including HEPES,MES, and TES) [156]. In addition to the optimum pH
and temperature, cells require a carbon source. The carbon source is usually supplied by
glucose, but cells can also use galactose, which is the main carbon source in Leibovitz
L-15 medium [253]. Classic media formulations on average contain approximately 17 mM
of glucose, while SFM formulations have approximately 22-25 mM (see Appendix A for

median values for various categories of media).

2.1.2 Fatty Acids, Steroids and Phospholipids

Fatty acids are long carbon chains (containing 4 to 28 carbon atoms) that have a car-
boxylic acid group at one end and a methyl group at the other end. The chains can contain
carbon-carbon double bonds (unsaturated fatty acids) or no double bonds (saturated fatty
acids) and their structure strongly in uences how they will be used by the cell. Mammalian
cells do not have the ability to synthesize fatty acids that have a double bond between the
39 and 4" carbon atoms from the terminal methyl group (called n-3 fatty acids or n-6 type
fatty acids). Therefore, these fatty acids have to be supplied in the media, usually in the
form of linoleic or linolenic acid. Linoleic and linolenic acid are important building blocks
for other fatty acids and are precursors for prostaglandins, prostacyclins, thromboxanes,
phospholipids, glycolipids and vitamins [15, 58, 449]. In general, fatty acids are used by
the cell for ve main functions; building phospholipids or glycolipids, hydrophobic linkages
to target proteins to membranes, to store energy as triglycerides, to make hormones, or
to make cell signaling molecules [37]. For the production of phospholipids and glycolipids,
cells combine two non-polar fatty acids with a polar head group (serine, ethanolamine,

inositol, choline, sphingosine and glycerol). The inner side of the plasma membrane (the
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part facing the cytosol) has a higher abundance of speci c phospholipids such as phos-
phatidylethanolamine and phosphatidylserine, while the outer side is mainly made up of
sphingomyelin, phosphatidylcholine and glycosphingolipids [521] There are hundreds of
possible dierent kinds of phospholipids because of the variability in the carbon chain
length and location of carbon double bonds in the fatty acids, as well as the di erent head
groups. The composition of the membrane can vary depending on components available in
the medium and environmental factors such as temperature [13, 450, 456]. For example,
cells can alter the permeability and uidity of their membrane by incorporating cholesterol
into the lipid bilayer in response to changes in its environment [195]. Cholesterol is clas-
sied as a steroid, but it makes up a large portion of the plasma membrane (30-40% in
some mammalian cells [298]) and is a precursor to make steroid hormones (testosterone,
progesterone, estradiol, cortisol) and Vitamin D in the cell [323]. Most basal media are
supplemented with FBS and do not contain linoleic acid or linolenic acid (with the ex-
ception of DMEM/F12 and William's E media). Typical ranges of fatty acid composition

in FBS are listed in Table 2.2, along with total cholesterol, phospholipid, free fatty acid
content and total lipids. The most abundant fatty acids include palmitic, stearic, oleic,
linoleic and arachidonic acids. In the presence of free iron or copper, peroxyl radicals can
be generated via Fenton chemistry, which initiates peroxidation of the fatty acids [141]. If
fatty acids begin to oxidize, it can create a chain reaction that can lead to destabilization
of the cell membrane and cell death [283]. In serum-containing media, proteins such as
transferrin and albumin protect and transport fatty acids to the cells [345]. In protein-free
media formulations anti-oxidants such ag-tocopherol (Vitamin E) [283], lipoic acid, urate
[164], cyclodextrins, liposomes and micelles are used to stabilize unsaturated fatty acids

long term in culture media [94, 126, 396, 503].
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Table 2.2: Percent Composition of Fatty Acids in various lots of FBS determined by
gas chromatography measurement. The chain length is written as (a:bn-c), where a is the
number of carbon atoms in the chain, b is the number of double bonds and c is the location
of the rst double bond from the methyl end of the fatty acid. * indicates essential fatty

acids that cannot be synthesized in animal cells

Chain Length Common Name % Composition [160, 456]
14:00 Myristic acid 0-0.8
16:00 Palmitic acid 20.1-23
18:00 Stearic acid 12.6-18.8

16:1n-7 Palmitoleic acid 0-1.3
18:1n-9 Oleic acid 15.3-28.1
18:1n-7 Vaccenic acid 0-2
18:2n-6 *Linoleic acid 6.2-7.6
18:3n-6 g-Linolenic acid 0.3
20:3n-6 Dihomo-g-linolenic acid 0-3.4
20:4n-6 Arachidonic acid 9.9-104
18:3n-3 *a-Linolenic acid 0
20:5n-3 Eicosapentaenoic acid 0-0.3
22:6n-3 Docosahexaenoic acid 4-4.1
Total Cholesterol (mg/ 100mL) [45] 45
Phospholipids (mg/100mL) [45] 35
Free Fatty Acids (mEg/L) [45] 0.21
Total Lipids (mg/100mL) [45] 310
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Figure 2.1 shows the range of fatty acids concentrations used in SFM (SFM) based
on the type of growth (adherent, suspension or both types). Both adherent and suspen-
sion media contain linoleic and linolenic acids, although suspension media contain higher
concentrations of these fatty acids along with many other types of fatty acids. Butlest
al., reported that higher amounts of linoleic acid improved cell growth and viability with
increasing agitation speeds for murine hybridoma cells [58]. There appears to be limited
attention paid to optimizing the concentration of fatty acids in cell culture media, and this

could prove to be an area that can be improved upon in future media formulations.
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Figure 2.1: Comparison of media formulations on their fatty acid composition. This plot also includes other common additives that are found in

lipid supplements such as Pluronic —F68 (also known as poloxamer 188) and Tween ® 80 (also known as polysorbate 80).



2.1.3 Amino Acids

Amino acids are the building blocks for proteins, and can also be used to make neu-
rotransmitters, polyamines, and nucleotides [341]. They consist of 20 organic compounds
that contain an amine and carboxyl functional group, along with a specic side chain
group. The side chain group gives the amino acids speci c characteristics, such as be-
ing polar or non-polar, aromatic or aliphatic, and acidic or basic at physiological pH.
Cells have the ability to synthesize many amino acids, but they are supplied in excess
concentrations in media to enhance cell growth. Some amino acids, however, cannot be
made by the cell and are considered essential amino acids' (arginine, cystine, histidine,
isoleucine, leucine, lysine, methionine, phenylalanine, threonine, tryptophan, tyrosine and
valine) [114]. These amino acids must be provided in the medium [114]. Most basal media
contain all 20 standard amino acids at various concentrations (Figure 2.2). Serum contains
a mixture of amino acids or short peptides that can be broken down by the cells. In animal
component-free media, yeast extract or plant hydrolysates can be used to supplement the
amount of amino acids or short peptides that are normally supplemented using serum. In
de ned media, all the amino acids can be individually supplemented, or supplemented as
dipeptides (e.g. L-alanyl-L-glutamine or glycyl-L-glutamine). SFM contain greatly ele-
vated levels of most amino acids including arginine, glutamine, isoleucine, leucine, lysine,
methionine, phenylalanine, proline, serine, threonine, tryptophan and valine (Figure 2.2).
Figure 2.3 demonstrates that within SFM, suspension media have even greater amounts
of most amino acids, compared to adherent media. Suspension media speci cally have
much greater amounts of asparagine, aspartic acid, glutamine, glutamic acid, histidine,
isoleucine, leucine, lysine, proline, serine, and threonine. This section will focus on the

amino acids that are supplemented in higher amounts for SFM.
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Figure 2.2: Amino Acid concentration for basal media and SFM formulations
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Figure 2.3: Amino acid concentrations for SFM formulations. Media formulations were categorized based on the type of culture they supported

(suspension, adherent or both)



Arginine and Polyamines

Arginine is an extremely versatile amino acid that is utilized to produce nitric oxide
(NO), polyamines, proline and glutamate [513]. Arginine metabolism is controlled by a
multitude of enzymes, often interacting in a complex manner [333]. NO has been shown
to modulate the proliferation of cells by inhibiting arginase and ornithine decarboxylase
(ODC) in vascular smooth muscle cells [194]. The inhibition of these two enzymes interfere
with the production of cellular polyamines. ODC is known to be highly regulated and is the
rst step in the polyamine biosynthesis pathway [373], and its degradation has been demon-
strated to result in reduced polyamine levels and subsequent inhibition of cell proliferation
[36]. The natural polyamines (putrescine, spermidine and spermine) are organic cations
that are typically found in millimolar concentrations and are known to be involved in cell
cycle progression [474]. Polyamine levels uctuate during the cell cycle [353]. Researchers
have found that when polyamines are replaced with inhibitors or ODC is inhibited, the cells
are unable to continue their cell cycle [374] and cell proliferation resumes once polyamines
are added back into the media or when the inhibitors are removed [474]. Polyamines are
not only associated with cell cycle, but also iron uptake [135], and translation initiation
and elongation of the cell [243, 287]. Spearmat al., achieved similar viable cell densi-
ties in CHO cells when yeast extract was replaced with a combination of the polyamines
putrescine, spermidine and spermine, and the related compounds, ornithine and citrulline
[448]. Similarly, Burnette et al. found spermidine to be a critical component in the long
term culturing of Drosophila insect cell lines in a chemically de ned medium [53]. The
exact role of polyamines within the cell is still not comprehensively understood [324], how-
ever it is clear that they are an important group of compounds in cell culture. SFM has
increased concentrations of arginine compared to basal media (Figure 2.2). All media

formulations included in this review contained arginine. The majority of the media formu-
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lations also contained putrescine (60%), but only 8% contained spermine, 11% contained
ornithine, 3% contained citrulline and none contained spermidine. Given the necessity of
the polyamines in cell cycle progression, this class of compounds should be included in
more media formulations. Due to the highly regulated nature of cellular polyamine levels,

care should be taken to determine appropriate formulation concentrations.

Asparagine and Aspartate

Asparagine, aspartic acid and glutamic acid are all non-essential amino acids and have
been used to replace glutamine in cell culture. Asparagine can be made from aspartate
using the asparagine synthase enzyme, which takes an ammonium group from glutamine
and transfers it to aspartate to create asparagine [463]. Glutamate and aspartate are neg-
atively charged at physiological pH and can be degraded into Kreb's cycle intermediates
oxaloacetate anda-ketoglutarate, respectively [491]. Glutamate can then be used to build
other amino acids such as glutamine, aspartate, ornithine, proline, arginine, and is impor-
tant for the formation of neurotransmitters [491]. Aspartate is used by cells for protein
production, and as the backbone for pyrimidine synthesis, and is required for the conver-
sion of inosine 5'-monophosphate (IMP) to adenosine monophosphate (AMP) for purine
synthesis [244, 462, 491]. Due to cancer cells' dependence on glutamine, many researchers
have looked at targeting it for therapeutic purposes [507]. Through this vein of research,
it was discovered that asparagine played a large role in rescuing cells from death after glu-
tamine starvation. Zhanget al. found that cancer cells could be rescued from glutamine
starvation by the addition of asparagine, although they did not restore cell proliferation
[536]. Asparagine is essential for CHO-GS cell lines that are not supplemented with glu-
tamine and the addition of higher concentrations of asparagine in the medium improves

cell viability, and productivity but not growth [108, 517]. Krall et al. attempted to elu-
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cidate the mechanism of asparagine on cancer cell survival through asparagine synthase
knockdown and altering asparagine media concentrations [236]. They were able to nd that
asparagine can act as an amino acid exchange factor, especially for serine, arginine and
histidine. Cells would import asparagine into the intracellular space, only to export it as

it imported other essential amino acids. Asparagine was also used to promote mammalian
target of rapamycin complex 1 (mTORC1) activation, protein and nucleotide synthesis
and cell proliferation under normal feeding conditions. The mTORCL1 protein promotes
growth in response to many di erent amino acids using a two-step mechanism that consists
of a priming step followed by activation [111]. The activation of mTORCL1 is a two-step
process, where it is rst sensitized by asparagine, glycine, glutamine, threonine, arginine,
proline, serine, alanine or glutamic acid, and then leucine is used to activate the complex.
The activation of this complex promotes growth in the cell. The recent ndings clarify that
asparagine plays a larger role than simply being a substrate for protein synthesis and that
it can in uence cell growth and amino acid transport into the cell. Figure 2.3 shows that

the concentration of asparagine is greatly increased for suspension media formulations.

Recently, in cancer cells where respiration via the electron transport chain (ETC) is
chemically inhibited, aspartate or pyruvate have been shown to restore cell proliferation
[44, 462]. Under normal conditions, aspartate is made in the mitochondria and exported out
using the malate-aspartate shuttle, but when there is a reduction of electron acceptors in
the mitochondria, aspartate can no longer be made in the mitochondria, and cells attempt
to make aspartate by consuming oxaloacetate in the cytoplasm (Figure 2.4). Birsey
al., found that in Jurkat cells with the gotl gene knocked out and ETC inhibited, high
amounts of aspartate (10 mM) could rescue the cells and allow them to proliferate (Figure
2.4) [44]. Further studies were done to elucidate how aspartate is made in cells where

the ETC is dysfunctional and there is a lack of electron acceptors, such as low oxygen
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levels, in the mitochondria. Sullivanet al. and Birsoy et al. both found that the loss of

a functional ETC a ected the NAD*/ nicotinamide adenine dinucleotide (reduced form)
(NADH) ratio, and cells will attempt to produce more NAD* in the cytosol by converting
pyruvate into lactate, or a-ketobutyrate (AKB) to a-hydroxybutyrate (AHB) [44, 462].
NAD™* could then be used as a substrate, along with malate, to produce oxaloacetate,
which could then be converted to aspartate. In rapidly growing cancer cells, where there
is a greater need for purine and pyrimidine synthesis, the ability to quickly produce large
amounts of aspartate by replenishing NAD pools may be one of the reasons for the
ine cient conversion of pyruvate to lactate. These ndings also give rise to the idea that
the purpose of the ETC may not be for adenosine triphosphate (ATP) production, but
rather to act as a source of electron acceptors during aspartate synthesis. Cells still require
a functional ETC for uridine synthesis since the dihydroorotate dehydrogenase enzyme
transfers electrons directly to the ETC when dihydroorotate is converted to orotate [159].
Given that aspartate is such an important substrate, increasing aspartate in the media
formulation should increase cell growth, but aspartate is poorly transported into the cell
using the SLC1A3 transporter [139, 463]. Garcia-Bermudez al., found that when cancer
cells were overexpressing SLC1A3, they could overcome ETC inhibition or low oxygen
conditions, which allowed them to import more aspartate. Researchers add very high
concentrations (10-20 mM) of aspartate to get su cient levels of aspartate in the cells
[44, 462].

25



9¢

Figure 2.4: Aspartate Synthesis in the cell
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