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Abstract

The optimization of cell growth and productivity is a major concern in the produc-

tion of recombinant proteins in Chinese hamster ovary (CHO) cell cultures. Despite

the frequency of media optimization in literature, there have been few attempts to

comprehensively assess the overall effectiveness of media additives. This thesis aims

to document media optimization (of CHO cell cultures) over the last 20 years and

quantitatively assess the impact of media optimization on cell culture performance.

A review of 78 studies identified 238 unique additive components, of which, trace

elements stood out as having a positive impact on cell density while nucleosides show

potential for increasing titer, with commercial supplements benefiting both. How-

ever, the impact of specific additives was found to be more variable than commonly

perceived. With relatively few media studies considering multiple cell lines or mul-

tiple basal media, determining consistent and general trends becomes a considerable

challenge. By extracting cell density and titer values from all of the reviewed studies,

I was able to build a mixed-effect model capable of estimating the relative impact of

additives, cell line, product type, basal medium, cultivation method (flask or reactor),

and feeding strategy (batch or fed-batch). Overall, additives only accounted for 3%

of the variation in cell density and 1% of the variation in titer. Similarly, the impact

of basal media was also relatively modest, at 10% for cell density and 0% for titer.

Cell line (10% and 13%), product type (9% and 33%), and feeding strategy (22%

and 24%) were all found to have more impact on cell density and titer. These results

emphasize the need for media studies to consider more factors to ensure that reported

observations can be generalized and further developed.
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Chapter 1

Introduction

Chinese hamster ovary (CHO) cell culture serves as one of the most important plat-

forms for the production of recombinant proteins and monoclonal antibodies (mAbs)

in particular — with over 80% of approved mAbs produced in CHO cells [1]. In

1987, tissue plasminogen activator (tPA) was the first approved recombinant protein

produced in CHO cells [2]. Since then, the increasing approval of mAbs and CHO cell

products [1] continues to highlight the importance of CHO cells in the biopharmaceu-

tical industry. Overall, the biopharmaceutical industry has grown into a multi-billion

dollar industry, with over 30 billion US dollars in sales for CHO cell products alone

as of 2007 [2]. Recombinant proteins and mAbs are advantageous over chemically

synthesized therapeutics because of their high specificity and success rate [3], so they

are often used in treatments such as for cancer and arthritis [4]. However, the produc-

tion of recombinant proteins is more expensive and more complicated by its cellular

synthesis than chemically synthesized therapeutics, and their large size can prevent

efficient target localization, where target localization refers to delivering a therapeu-

tic to a particular location, for example, at a tumor site [3]. Although production

has improved substantially since the 1980s [5], achieving higher product yields is still

a cause for concern as there is demand for both more product and reduced prices

[6, 7, 8]. As media optimization is generally perceived as a significant reason for the

continuously increasing product titers [4, 5], this thesis aims to quantify the overall

importance of media supplementation.

1.1 Cell Types

A variety of cell types have been used to produce protein therapeutics, ranging from

prokaryotes to eukaryotes. Prokaryotic cells, such as E. coli, are associated with fast

production, high yields, and low cost, but their post-translational modifications are

not compatible with humans [9, 10]. For these reasons, E. coli is used to produce
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about 30% of approved proteins, but these are mostly non-glycosylated proteins [9].

Despite slower production and greater expenses, mammalian cells are preferred be-

cause they are compatible with humans [10]. Popular mammalian cells include CHO,

African green monkey kidney (COS), mouse myeloma (NS0) and hybridoma cells.

However, COS cells are more appropriate for small-scale processes because they use

transient expression and NS0 can be difficult to transfect [11]. To produce the desired

large quantities of therapeutic proteins, stable expression systems are desired for easy

scaling [12]. Therefore, CHO cells in particular are chosen because of their ability to

grow in suspension, their scalability, and their inherent safety [13, 14]. In fact, most

of the human pathogens tested do not replicate in CHO cells [2], improving the like-

lihood of regulatory approval. A general comparison of the types of cells possible for

recombinant protein production can be seen in Table 1.1. Because mammalian cells

are limited by the slower production rates, methods such as media development, pro-

cess optimization and cell engineering have all been used to improve cell growth and

production titer. And while overall protein yield is influenced by all of these factors,

media optimization is generally highlighted as a significant reason for continuously

increasing protein titers since the 1980s [5].

Table 1.1: Advantages and disadvantages of potential cell culture host cells [10].
Host Advantages Disadvantages
Prokaryotes Rapid growth, low cost Poor protein processing, release

undesired by-products
Yeast Rapid growth, secretes prod-

ucts to medium
Different glycosylation patterns

Insect Cells Complex protein processing,
no endotoxin contamination

Incapable of continuous fermen-
tation

Mammalian
Cells

Proper post-translational
modifications

Expensive, contamination risk,
slow growth

1.2 Cell Culture Media

Development of classical cell culture media began in the 1950s, with the earliest me-

dia containing only the minimum components for cell survival [15]. Over time, media

has become more refined, with additional components ranging from carbohydrates

and nitrogen sources to trace elements and vitamins. Although media was originally
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designed for use with serum, this is no longer a requirement and most media is for-

mulated without serum and animal-based products due to contamination potential

[15]. Common media categories include serum-free, animal-origin-free or chemically

defined media. While serum-free media may use animal based products or compo-

nents of serum origin, such as albumin [16], animal-origin-free media replaces those

components with non-animal based proteins (such as plants) [16]. As chemically

defined media does not contain serum or proteins, its content is more predictable,

safe, and meets regulation guidelines [17]. However, chemically defined media does

not come without disadvantages: without the complex components, cells are more

susceptible to shear stress and require extensive adaptations [16, 17]. Because of the

variety of broad cell culture media categories and the desire to optimize cell culture

on an individual basis, the continuous development and optimization of media has

led to many available media formulations for each cell line. However, unlike classical

media, many lab group formulations and especially commercial media formulations

are undisclosed. The information available for these media is insufficient for many

researchers [4], but Brunner [18] did produce a database of serum-free media available

for consumers. The database was intended to simplify media selection and facilitate

the exchange of information between researchers [18], but at this point in time the

database is no longer available at the provided url. Furthermore, the database pro-

vides potential opportunities for improvement, such as expanding to other types of

media, and including supplementation that may have further optimized media.

1.3 Research Motivation

Media optimization has remained an important component of ongoing research, which

aims to improve cell growth and product titer as new cell lines and products are de-

veloped. Indeed, Kuo et al. [14] found that media optimization studies account for

approximately 25% of all the CHO bioprocessing literature published up to 2015.

Given the continued importance of media optimization to recombinant protein pro-

duction, this thesis aims to examine recently published media optimization studies

in a more quantitative fashion than has yet been attempted. In addition, even with

the serum-free media database [18], there is interest in easily accessible media for-

mulations between lab groups [19]. Given the need for easily accessible information

3



and the quantity of research available for media supplementation, it is expected that

a database of media supplementation would be beneficial. This database would eas-

ily compile the relevant supplementation information, and it will provide the ability

to search for additives (and media) tested on a cell line as well as determine if the

supplement had a positive effect.

While many individual reports focus on media supplementation, and some may

even compare different types of additives, most studies do not compare the overall

effect of additive supplementation. Furthermore, in the reviews concerned with cell

culture media, the discussion tends to be qualitative in nature or focused on a small

subset of media components. For example, a number of reviews serve primarily as

introductions to CHO cell culture: providing the history of media development, typ-

ical components, and a general overview [15, 16]. These provide a basis for classical

media design but limited discussion of specific outcomes in the form of cell concen-

tration or protein titers. Other reviews have focused on specific media issues such as

the removal of lactate and ammonium, using both media design and cell engineering

[20, 21]. And in this context as well, there has been limited quantitative comparison

between the articles reviewed. In some reviews, the media focus is only a small sub-

section of a larger review [4, 22]. These reviews typically serve to discuss general cell

culture optimization and refer to media as a possible optimization method. In terms

of media, the additives are mentioned in a general sense in terms of effectiveness, and

do not perform a quantitative analysis. Reviews may not even address the quantita-

tive aspects behind media supplementation, and instead choose to focus on the effect

of supplements on product quality attributes [23, 24]. Furthermore, it has become

an increasingly popular opinion that the next step in media optimization requires a

more detailed understanding of the metabolic processes in order to improve media

design [14, 25, 26, 27]. This project serves to address one component of this need by

quantitatively analyzing the additives used in cell culture media to determine what

trends exist and what improvements can be made.

The overall objectives of this research will be discussed in Chapter 2; Chapter 3

provides details of current research surrounding cell culture and media supplementa-

tion; Chapter 4 describes the approaches taken to record and analyse the research.

Chapter 5 analyses the details recorded during the meta-analysis, while Chapter 6
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attempts to quantify the effect of media additives.
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Chapter 2

Objectives

This project aims to consolidate media supplementation research on CHO cell cul-

tures and determine the effect of supplementation on therapeutic production. It is

established that increased therapeutic production is necessary and can be influenced

by many variables, including media. However, up to this point, there has been no

quantification of the impact caused by these variables. The objective is to quantita-

tively determine the effect of media supplementation on the growth and productivity

of recombinant therapeutics in CHO cells. Thereby, determining the overall impor-

tance of media optimization in comparison to other forms of cell culture optimization.

Data selected from studies that focus on supplementation will be used as part of a

meta-analysis that aims to:

• Outline current media optimization practices

• Identify specific additives beneficial to cell concentration or protein titer

• Quantify the overall impact of media optimization (on cell concentration/protein

titer).

These objectives were obtained by creating a database of relevant media supple-

mentation strategies and recording the maximum viable cell density (VCD) and titer

responses. In addition, cell lines, recombinant products, basal media, media additives

and the additive concentrations were collected for the analysis. The data collected

was analysed using graphing techniques, case studies and statistical methods (mixed-

effect modelling) to determine the quantitative impact of additives in comparison to

the other variables recorded.
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Chapter 3

Literature Review

3.1 Standard Optimization Methods

The optimization of cell growth and production has been performed using cell en-

gineering, process design, and media optimization. Cell engineering edits a cell’s

genetic material, using a range of different methods, to improve cell cultures: often in

terms of cell growth, production, or product quality. Some common methods include

overexpression, gene knockout, and gene knock-in. On the other hand, process de-

sign considers the physical or chemical aspects of cell cultures — varying from feeding

strategy to culture conditions. In media design, the medium components are adjusted

to suit the needs of the particular cell culture. The following subsections will discuss

these optimization methods in more detail.

3.1.1 Cell Engineering

The overexpression of a gene of interest can be used to enhance the efficiency of

nutrient consumption, deter apoptosis, or enhance protein expression. Several studies

have shown that the overexpression of genes can reduce the production of lactate and

increase cell productivity [28, 29]. It is a common desire to lengthen cell culture

duration, and the overexpression of anti-apoptotic genes is an effective way to extend

cell life. This has been performed using a variety of different genes, such as Bcl-2

[30] or FAIM [31]. The overexpression of these genes increases the resistance to

apoptosis in the mitochondrial apoptosis pathways or in the death receptor-mediated

pathways, respectively [31]. Gene knockouts can be used to either delete or inactivate

a gene [7], which has played a large role in cell culture developments by producing

several high producing cell lines. The primary example of this is the dihydrofolate

reductase (DHFR) deficient cell lines. DHFR produces important cofactors for DNA

synthesis, so by knocking out this gene the cells need hypoxanthine and thymidine
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to grow [32]. A vector containing both the gene of interest and DHFR is transfected

into the cell, and when exposed to a medium without the proper additives only cells

containing the gene can grow. Methotrexate (MTX) is used as a selection agent

so that those producing more of the gene survive, thus creating higher producing

cell lines [33]. Gene knock-ins are used to replace a small DNA fragment, which is

selected when alterations to a specific gene are preferred over removing it completely

[34]. Improvements to gene editing tools, such as CRISPR/Cas9, have led to overall

improvements in gene editing and cell engineering [7]. In general, cell engineering is

capable of altering cell production and improving product quality, but it can be a

laborious task [35, 36], and once a cell clone has been established it still requires a

suitable media to grow properly.

3.1.2 Process Design

When determining the feeding strategy, batch and fed-batch cultures are typically

used for stable products, whereas the short residence time makes perfusion culture

more suitable for labile products [37]. Batch is the simplest method as a stand-alone

system, fed-batch processes have a fresh inlet of media, and perfusion cultures have

both a steady inlet and outlet stream. Although batch processes are the simplest

method, they are also the lowest producers and have the shortest culture duration

around 6-8 days [5]. In a fed-batch system, reintroducing media or additives prevents

important components from depleting in the media, thus extending culture lengths

to 2-3 weeks and increasing overall yield [37]. A typical batch culture is expected

to produce around 1 g/L while a fed-batch system may achieve titers of 1-10 g/L

[38]. In general, the extended culture lengths are seen as the main reason for higher

titers in fed-batch systems. In fact, Xu et al. [39] found that cultures run in different

processes (batch, fed-batch, perfusion) had similar specific productivities, and it was

the culture duration that ultimately affected the final yield. Similarly, Reinhart et

al. [40] also found that feed supplementation improved cell density and product

titer, with daily media exchange having a substantial effect on cell growth. The feed

itself is not the only factor, as the timing of the feed can impact culture duration

and production as well. A reduced number of feeds is able to maintain titer while

reducing ammonia concentrations and osmolality [41]. In perfusion cultures the inlet
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feed refreshes the media with necessary components, while the outlet removes spent

media that may contain by-products, but the cells are retained within the system.

While perfusion cultures have been around since the 90s, they still require media

optimization to reduce overall media costs and maximize productivity [42]. Perfusion

cultures are at a disadvantage in comparison to fed-batch as they produce products

with less consistency, and generally take longer for approval [43].

The cell culture conditions, such as temperature, dissolved oxygen (DO) and os-

molality, can also be altered to benefit production. Though the stress of temperature

shifts or high osmolalities can accelerate cell death [22], it may also be used to im-

prove productivity. In general CHO cell cultures are maintained at 37 ◦C, with 5%

CO2 to properly maintain pH of carbonate buffered media [44]. Temperature shifts

have often been used to increase specific productivity, and have been successful when

lowered to 33 ◦C [45], 32 ◦C [46], and 30 ◦C [47]. At reduced temperatures specific

productivity has increased up to 4-fold [45]. However, temperature reduction is not

always beneficial and can reduce viability or product quality [48]. Reinhart et al. [40]

found that using sodium chloride feeds to raise the osmolality from 310 mOsmol/kg

to 400 mOsmol/kg could improve productivity by as much as 30%. In addition, at a

highly elevated osmolality, the use of osmoprotectants, such as gycine betaine, have

been shown to improve titer over 40%, though improved productivity is dependent on

the cell clone [49]. Other parameters such as DO, pH, and CO2 levels can all impact

the growth, yield and product quality and should also be considered during process

design. In addition, agitation and aeration require careful consideration during the

scale-up portion of design to ensure that the optimization results are comparable at

the larger scale [22]. Process design must be done carefully to avoid cell death and

product quality changes since the design changes can often rely on adding stress to

the system to affect productivity.

3.1.3 Media Design

Despite the variety and availability of cell culture media, there is a large variability

in cell culture responses. In fact, the impact of media optimization is rarely uniform

— the cell line (and even clones within a single cell line) as well as the nature of the

recombinant protein can impact the cells’ response to a given medium formulation
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[5]. Determining the medium of choice is a time-consuming process due to the sheer

quantity of formulations and the need to distinguish its effectiveness on a cell clone.

Depending on the method used, media optimization can take upwards of a year to

complete [50]. Even then, media optimization studies occur frequently in literature

because of its influence on growth, productivity, and product quality. A completely

optimized cell culture requires clone selection, process design, and media development

considerations to be made together. Highlighting the importance of media design is

the knowledge that a high producing cell line still requires proper media to produce

efficiently. The following section will discuss various methods of media optimization

techniques that are seen frequently throughout literature. For the purpose of this

project, media optimization is broken down into the following general categories: ad

hoc, “design-of-experiments” (DOE), and metabolic studies.

The simplest form of ad hoc designs is “one factor at a time” (OFAT) where one

or more variables are adjusted individually. OFAT designs neglect the interaction be-

tween the two (or more) variables, which can prevent the results from calculating the

true optimum value. An example of OFAT designs is component titration. This tra-

ditional approach to media development adds media components in varying amounts

to cell cultures and measures the cell line response [51]. To reduce the length of time

spent optimizing, media blending can also be used. Instead of individual components,

this approach blends existing media formulations together to find the best medium

[51], where an individual medium is considered a single factor. In addition to the lack

of interaction, OFAT processes are generally slow [52]. Despite the limitations, these

often appear within research, likely because of their simplicity.

DOEs are a statistics based technique that systematically adjust factors to deter-

mine the effect of the factors on a given response variable. Screening style DOEs are

often used as a preliminary test to determine the additives of interest in follow up

optimization DOEs. Since screening does not consider interactions, it is important

that an optimization design is also used to visualize both individual and interaction

terms of a component. A Plackett-Burman design is often used as a preliminary

design because it can screen a large number of variables. It is a special form of frac-

tional factorial that is used when the number of experiments is a multiple of four,
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where the number of experiments must be at least one greater than the total num-

ber of variables [53]. An example of its use is Zhang et al. [54] where a variety of

additives including antioxidants, polyamines, and vitamins were tested in a single

study. Using a statistical analysis of the experiments performed, Zhang et al. [54]

was able to select three important components for further analysis in a central com-

posite design. There is larger variation in the optimization style of DOEs seen in

literature, which may include: central composite, factorial designs, and mixture de-

signs. Statistical analysis of an optimization-based design can be used to calculate the

optimum concentration of the additives of interest. This is often done using regres-

sion modelling, contour plots for multiple responses, and/or response surface plots

[55]. Both central composite [54] and full factorial [56] designs have found improved

titer results when optimum concentrations determined by their model were tested

experimentally. The central composite design is advantageous because it includes five

concentration levels, which can capture cubic responses, while mixture designs are

seen as a simple and effective approach [57]. Though full factorials can have a large

number of experiments, a fractional factorial can reduce the number of experiments

while still including lower order interaction terms [58]. In general, the main advantage

of DOEs is that it can consider interactions, where the interaction between compo-

nents can have a substantial impact on the overall effectiveness. Mixture designs

have often found that combinations of additives achieve higher cell growth and titers

than the additives individually. For example, the combination of three nucleosides

(deoxyuridine, thymidine, and deoxycytidine) was able to achieve up to 40% increase

in cell density, and almost 60% increase in mAb concentrations over individual nucle-

osides [59]. Similarly with hydrolysates, it was found that wheat gluten hydrolysates

were not effective individually, but in combination with soy hydrolysates cell growth

improved 1.8-fold and antibody production improved 2-fold for a cell line [60]. In

addition, DOEs are able to explore the entire design range with a minimum number

of experiments, showing a general improvement over OFAT designs.

Recently there has been an increase in metabolic studies, where Kuo et al. [14]

found that an additional 40% of the literature survey in 2015 included metabolic

studies. In fact, many reviews consider these methods to be the next step in media

development because the understanding of the metabolism can provide a unique view
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of the necessary components and minimum concentrations [14, 25, 26, 61]. There are

different approaches to understanding cell metabolism including spent media analysis

(SMA) and metabolic flux analysis (MFA). SMA is typically used as a preliminary

study to measure media content changes during an experiment. A comparison of fresh

and spent media is evaluated and component concentrations are adjusted to prevent

the depletion or accumulation of nutrients and metabolites [62]. SMA is often used to

measure amino acid concentrations because they are main media components and easy

to adjust [62]. For example, through SMA it was found that cysteine, asparagine, and

tyrosine frequently deplete in cell cultures [62, 63]. MFA estimates the intracellular

flux using rates of production and consumption of metabolites, thereby providing a

better understanding of the cell metabolism [15, 64]. While using metabolic studies

to design media has perceived benefits, studies are more frequently used to clarify

cell behaviour than as a development strategy. For example, MFA has been used to

develop an understanding of metabolic trends for varying cell lines under butyrate

treatment [64], and the glucose and galactose metabolism [65].

3.2 Cell Culture Cultivation Methods

Suspension cell cultures can be run in several different vessels including plates, flasks

and bioreactors. The cultivation method is often dependent on the desired scale.

Although multiwell plates have relatively small working volumes, they are easy to use

when there are a large number of experiments. Due to plate sizing, they are more

efficient than shake flasks to screen media, and it has even been found that with

proper air exchange plates produce comparable results to flasks [66]. Although shake

flasks were primarily developed for bacterial and fungal cultures, they have been used

frequently for mammalian cells [67]. These are often used in small scale culturing

because of their simplicity and effectiveness [68]. Similar in size, the spinner bottle is

an alternative to shake flasks that provides improved gas exchange [69]. In addition,

it is both cheaper and easier to use than bioreactors [67]. Bioreactors are used when

it is necessary to produce large quantities of recombinant proteins. These vessels

feature complex control systems improving both efficiency and reproducibility [44],

but are more expensive than the previously mentioned vessels. Both plates and flasks

require an external motion (ie. orbital shakers) to keep cells in suspension, while the
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spinner bottles and bioreactors use impellers to stir the medium [44].

3.3 Media Additives

Additive selection varies heavily because of the number of available additives and the

optimization goal. A typical medium can contain upwards of 50 core components,

with the main ones consisting of: carbohydrates, a nitrogen source, amino acids, lipids

and vitamins [15, 16, 17]. While the overall aim is to improve growth and produc-

tion, additives may be selected to limit by-products [70, 71, 72, 73], due to perceived

benefits to other cell lines and products [74, 75, 76], or as a small scale comparison

of similar additives [77, 78]. While both by-products, lactate and ammonium, can

inhibit cell growth and productivity, ammonium can also alter the glycosylation pat-

tern of the product [79]. In addition, ammonium accumulation is a greater concern,

as toxic effects occur at concentrations as low as at 2-10 mM as opposed to 20-40

mM for lactate [80]. Since by-product accumulation is due to the CHO cells’ high

consumption rate of glucose and glutamine [20], typically additive selection is limited

to a few additive categories: specifically, alternative carbohydrates and glutamine

replacements that are more efficiently metabolized [70]. On the other hand, previous

experimentation or additive comparisons are not limited to particular additive cate-

gories. Therefore, the following examples will discuss the rationale for the additives

that were selected more frequently in literature: hydrolysates, metals, organic acids,

and antioxidants. In the mid-2000s, as media was moving away from serum containing

media, optimization was dominated by the search for effective serum replacements.

This often resulted in hydrolysate selection, as their nature has production advan-

tages over simple amino acids [81]. For example, rapeseed peptides have been seen to

have a 2.4-fold increase on VCD and a 5-fold increase in product titer [82]. Metals,

or trace elements, appear frequently in literature due to their importance in regu-

lating metabolic pathways, and enzyme and signal molecule activity [15]. Examples

of the importance of metals are: copper reducing lactate accumulation [73, 83], zinc

imitating the effects of insulin [84], and iron’s roles in oxygen transfer and promoting

cell growth [15, 54, 85]. Of the trace elements, copper has been seen to improve titer

approximately 2-fold [73], and zinc has improved titer up to 6.5-fold [78]. However,

high concentrations of trace metals can be toxic to cell health, and it has been shown

13



that 25 mg/L supplementation of zinc can lower maximum VCD up to 30% [86].

The most frequently used organic acid, sodium butyrate, is known for its ability to

increase titer by improving specific productivity as a result of cell cycle arrest in the

G1 phase [15]. While sodium butyrate is also cytotoxic and can lead to apoptotic cell

death [87], it is often selected in studies because of the substantial improvements to

productivity, with Mimura et al. [88] reporting up to 4-fold increases in mAb produc-

tion. Finally, antioxidants and vitamins are selected to reduce the oxidative stress

associated with in vitro conditions [89]. Compared to control cultures, Altamirano

et al. [90] has shown that vitamins can increase cell density by about 13% and titers

by about 6%. However, vitamins and antioxidants can be neglected in cell cultures,

so it is debated whether the perceived benefits are a result of correcting a deficient

medium rather than the additives themselves [91].

3.4 CHO Cells

While this project focuses specifically on CHO cells, there are still a variety of available

CHO cell lines and clones. Theodore Puck isolated and immortalized the first CHO

cell line in 1957 [2] from which all other CHO cell lines have been derived. These

derived cell lines vary from CHO-K1 in 1968 [92] and CHO-S in the 1970s [93] to more

recent daughter lines. In Figure 3.1 several of the commonly used cell lines within

the data-set are summarized within a family tree to establish a basic understanding

of the relationships between cell lines. As well as variation between the cell lines,

there is clonal variation, which may be more prominent in cell lines that have been

around for 60 years and endured more cloning. It should be noted that some of these

groupings are more similar than others. For example, CHO-K1 and CHO-DG44 were

formed from separate branches of the primary CHO cell line, while CHO-DXB11

(which is also referred to as CHO-DUK-XB11 among other synonyms) was derived

from CHO-K1. However, it is unclear what impact the close genetic relationship

between CHO-K1 and CHO-DXB11 [92] has on media optimization. In general, the

clonal and cell line variations result in different responses to media in terms of both

production and glycosylation. Lamotte et al. [94] found that by tranfecting a cell line

with α2,6-sialyltransferase human interferon-γ (IFN-γ) sialylation could be doubled

in comparison to its parental line. And while processes such as amplification can
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Figure 3.1: The family tree of major CHO cell lines. Information gathered from Lewis
et al. [92] and Bairoch [95].

be used to select for higher producing cell lines, it is unknown how clonal variation

impacts the general response to media or additives.

3.5 Product Quality Attributes

Although quantitative aspects are the primary focus of this research, qualitative at-

tributes are addressed in relation to media supplementation. Mammalian cells, and

CHO cells in particular, are chosen because the product glycoforms are compati-

ble with humans, which indicates the importance of product quality in addition to

quantity. Indeed, an immune response can be triggered if mAbs contain glycans

not naturally present in humans [96]. The antibody glycosylation directly impacts

potency, efficacy, and antibody dependent cellular cytotoxicity (ADCC) behaviour

[97, 98]. For example, increases in sialylation often improve life span and efficacy

[98]. On the other hand, increased mannosylation can lower the efficacy of an an-

tibody and cause a loss in complement dependent cell cytotoxicity (CDC) activity

[23, 96]. Although less predictable than genetic engineering, additives may still be

used to alter product glycoforms. Examples of additives altering product profiles
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include: uridine, manganese and galactose to increase galactosylation [63], lithium

chloride or sodium butyrate to decrease overall sialic acid content [87, 99], and a

variety of sugars (raffinose, mannose, palatinose, psicose, trehalose, and lactulose)

that can increase N-linked mannose-5 glycan (Man5) [100]. Based on the effects of

increased sialylation and mannosylation, it can be seen that lithium chloride, sodium

butyrate, and the carbohydrates mentioned do not produce desired glycosylation re-

sults. A more comprehensive summary of glycosylation changes caused by additives

can be seen in Ehret et al. [101].
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Chapter 4

Methodology

4.1 Defining Literature Review Criteria

Media supplementation has been practiced for many years, so to keep this research

as up to date as possible while ensuring a large selection of studies, selected literature

must have been published within the last 20 years. Studies from journal articles,

supplementary material, and conference proceedings were included if they:

• Performed at least one study on CHO cells

• Compared the effects of media and its additives

• Recorded VCD and/or titer to facilitate comparisons between studies.

During the literature search, relevant studies that contained mammalian cell lines

other than CHO cells were included in the database for reference only and were not

included during the statistical analysis.

4.2 Literature Search

The initial review began by using electronic databases such as Web of Science,

PubMed Central, and Google scholar. Key word search terms included variations

of: CHO cells, supplementation, media, and additives. These searches also included

specific additive names, which were selected based on common media components

or from previously selected studies. This review also considered the reference lists

from studies pertaining to media supplementation, to ensure studies were not limited

by the search terms. The last literature search was completed on Nov 1, 2019. All

studies were reviewed and determined eligible based on the criteria in Section 4.1.
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4.3 Data Extraction and Setup

Data from the studies was manually extracted into an Excel spreadsheet and saved

into two separate comma-separated values (.csv) files. Where table data or exact

values were available, maximum VCD and titer was copied directly. However, when

only figure data was reported, values were read off the plot. The two .csv files were

merged in R according to a “key”—the primary author and publication year of the

paper with a letter associated with the individual experiments. The first file recorded

general information about the study, while the second recorded the specific sup-

plementation experiments. The general information includes potentially influential

factors (cell, product, basal medium, cultivation method and feeding strategy), and

experimental details (product purification and quantification methods, optimization

strategy, consistency or depletion of background components, and whether VCD/titer

are recorded). Within a paper, a new study was defined if any one of these factors

changed. These changes may not be evident within the file since clones may be spec-

ified within the paper, which were grouped according to cell line in the data-set. The

second file recorded the additive, as well as its category and concentration, according

to an experiment number and matches it with the corresponding maximum VCD and

maximum titer for the particular experiment. For consistency, units were converted

where necessary so that all VCD measurements were recorded in terms of cells/mL

and titer was recorded in g/L. Table 4.1 and Table 4.2 provide content descriptions

for the data collected from the studies.

The number of VCD doublings between an experiment and the control is calcu-

lated by dividing the difference in cell density by ln2 according to Equation 4.1. For

titer, the percentage difference is calculated using Equation 4.2, where the average of

the two titers is used to prevent errors when the control culture produced negligible

titers.

D =
lnX1 − lnXC

ln 2
(4.1)

Where: D is the number of doublings, X is the VCD and C is the control.

Diff =
|T1 − TC |

(T1 + TC)/2
× 100% (4.2)
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Table 4.1: A description of all column names included in the Experiment.csv file for
the data-set.
Column Title Description
Paper A simplified citation of the paper of interest
PID PubMed ID, which is used as an alternative method to

identify the article.
Cell The cell line used in the study.
Product The therapeutic product of interest in the study.
Basal The starting medium prior to supplementation.
Purification The method of product purification if it was specified

within a study.
Quantification The method used to measure titer.
Strategy The optimization approach chosen to introduce additives.
Consistency A simple way to record if nutrients within the system were

held constant or allowed to deplete during the experiment.
Availability Determines if both VCD and titer are recorded (not nec-

essarily reported) within the study. “Null” represents a
study that only recorded one of the metrics.

Feeding Strategy Records if the process is batch or fed-batch.
Cultivation Method The cell culture vessel.
Key This is used to merge the .csv files. Letters are used to

specify a single experiment, which is determined if all of
the columns discussed above remain constant.

Table 4.2: A description of all column names included in the Conditions.csv file for
the data-set
Column Title Description
Key As discussed for the Experiment.csv file in Table 4.1
Supplement Used to distinguish the additives used in a single treatment

of the overall experiment in a study.
Additive The additive used within a treatment.
Category One of 20 larger categories used to group additives to-

gether.
Concentration The concentration of the additives used in the treatment.
Units The additive concentration units.
VCD The viable cell density reported in the study in cells/mL.
Titer The titer reported in the study converted to g/L.
Titer (% Difference) The percent difference calculated between the control and

the treatment.
VCD Doubling The number of doublings that occur in the viable cell den-

sity between the control and treatment.
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Where: T is the titer, and C is the control.

4.4 Statistical Analysis

Statistical analysis of this data-set was performed using the open-source R software.

This software was chosen because of its frequent use in both statistics and biology

because it is capable of processing large data-sets, producing quality graphics, and the

variety of available packages [102]. For this research, ten different packages were used,

starting with the “readr” to import the .csv files into R, and the “dplyr”, “tidyr” and

“stringr” packages which are used for organizing the data for use. General plotting

was performed using “ggplot2”, but the combination of multiple plots together was

simplified using “cowplot”. The statistical analysis required “lme4” for modelling,

and “moments” for the calculation of statistical moments. As well, the “cvms” and

“groupdata2” packages were used to perform cross-validation of the models.

4.4.1 Confidence Intervals

There was effort to record all relevant papers associated with media supplementa-

tion; however, it is acknowledged that some studies may have been unintentionally

excluded. Therefore, this study provides sample estimates (instead of population),

where it is necessary to include confidence intervals. Confidence intervals are calcu-

lated using a binomial estimate according to Equation 4.3.

CI = ±z

√︃
p̂(1− p̂)

n
(4.3)

Where: p̂ is the proportion of studies with the desired statistic, n is the number

of studies, and z is the z-score associated with the target error. Since the number

of studies within the data-set is consistent, and the z-value is associated with a 95%

confidence interval (z = 1.96), only the p̂ will change the confidence intervals between

values.

4.4.2 Graphing Techniques and Modelling

Initial studies of the data were performed using a graphing analysis, where plots of

the VCD and titer are arranged using the potentially influential factors to discern
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overall patterns. The goal of this approach was to determine overall trends, such

as additives that appear more frequently for high growth. Since the additives are

variable, a case study of a single additive category was also used for this analysis

to provide a simplified data-set. This data limits the number of additives and was

used to investigate the effect of similar additives and the potential influence of other

factors, such as cell line. However, these methods are limited and cannot be used

definitively for a quantitative analysis. Therefore, a mixed-effect framework model

was used to confirm the trends found graphically and quantify the effect of not just

additives but all influential factors.

Traditionally, the effects in a model are considered fixed, but the definition of a

fixed effect can vary depending on the source or research intent [103]. For the purpose

of this thesis, an effect is considered fixed if it is constant among all individuals,

while a random effect varies between groups of individuals [103]. The random factor

therefore groups together elements that are assumed to be from the same distribution.

For example, if cell line is considered a random factor then each cell line (e.g. CHO-K1

or CHO-320) is considered more closely related to each other than the cell line is to

another factor (e.g. additives). Mixed-effect models consider both fixed and random

effects, and are beneficial for complex data-sets that may have different grouping

levels or are not independent. These models are used to account for the correlations

between observations in a data-set, and they separate overall variation into differing

coefficients for each factor level [104]. As with the definition of random effects, the

general guidance for determining the type of effect varies based on the source. While

some suggest that a random effect is dependent on the number of levels in a group,

others suggest that all effects may be considered random because they extract more

information than fixed effects, and they essentially revert to fixed effects if there is no

group-level information [105]. Each random effect has its own coefficient representing

the intercept for the individual factor. These can be compared using a coefficient

plot, where the x-axis is representative of the conditional mode, which is the difference

between the response of the fixed effect and the individual. Linear mixed effect models

follow the assumptions associated with linear models. These assumptions include:

• The model is linear

• The residual errors are normally distributed
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• The residuals have constant variance.

Modelling the VCD and titer using the data-set can be used to determine how

much of the variation in data is associated with each effect. From the data-set, all

recorded variables that may influence the VCD or titer were considered as an effect.

Models of varying complexity and effects were considered, and the final model was

selected based on the Akaike information criterion (AIC). The AIC value is calculated

using the goodness of fit and number of parameters according to Equation 4.4 [106].

As seen in the equation, the AIC tends to penalize models with more effects. Since

the lowest AIC is representative of the best model [107], the final model was selected

by comparing the AIC values. While models can consider interactions between ef-

fects, these must be reviewed carefully to prevent confounding as the combination of

effects can be representative of a single study. Due to the variation in data, combina-

tions of factors were rarely repeated between studies. In another attempt to prevent

confounding, any factor level that had less than three studies associated with it was

removed from the model data. The residuals were also analysed to determine the

model’s prediction capability. The skewness is a measure of the distribution tails,

and the kurtosis is a measure of how peaked a distribution is [108]. By reviewing

the skewness and kurtosis of the model residuals it can be seen where the model best

predicts results based on the distribution of the data.

AIC = −2 lnL+ 2k (4.4)

Where: L is the maximum likelihood, and k is the number of parameters.
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Chapter 5

General Overview

Based on the criteria mentioned in Section 4.1, a comprehensive and open-ended re-

view of media supplementation literature identified 78 studies within the last 20 years

that recorded VCD and/or titer. Although VCD and titer are not the only metrics

of recombinant production, they do serve as a common quantitative output of media

optimization (broadly representative of the general push for higher product yield)

and serve as a point of comparison between the reviewed articles to determine rela-

tionships between recombinant production and media additives. 76 studies reported

VCD and only 58 reported absolute titer despite 74 of the studies claiming to measure

both VCD and titer. The following subsections will consider each of the observations

mentioned in Section 4.3 in more detail.

5.1 Optimization Strategies

Of the studies considered in this review, 37%1 considered the impact of only one

additive (consisting of one or more components held in a fixed composition), 37%

considered two or more additives in an OFAT design, 6% modified multiple compo-

nents at the same time, 15% considered multiple additives using a DOE approach,

and the remainder performed a metabolic study. The prevalence of OFAT over DOE

strategies is not particularly surprising, as OFAT experiments are considered to be

the traditional approach to media design [51]. However, it does suggest that the inter-

action of multiple additives is rarely factored into experimental design or subsequent

analysis. Infrequent use of DOE techniques may be reflective of broader engineering

practice, with Lundkvist et al. [109] suggesting that limited statistical knowledge

may be to blame.

It should also be noted that the vast majority of studies do not explicitly consider

1As per Equation 4.3 discussed in Section 4.4.1, confidence intervals for the following statistics
range from 5% to 11% for p̂ values between 0.95 and 0.6, respectively.
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which media components or additives are limiting to growth or productivity. Only

13% of studies attempted to maintain the concentrations of basal components in some

fashion (generally with a media replacement or addition strategy), with a further 3%

maintaining the concentration of glucose alone. This is less of an issue for large DOE

studies (which inherently consider a large number of media components at once),

where half of the DOE studies began with an initial broad screening experiment that

was followed by a more detailed design. While Coronel et al. [110] suggested that

nutrient depletion was a likely factor for the decrease in productivity seen in their

experiment, Gramer et al. [63] saw a direct correlation between amino acid depletion

and the decline in antibody production rate, which shows that neglecting the other

components in the media may limit the overall effects seen for a given test medium.

5.2 CHO Cell Lines

Overall, the studies considered in this review featured a large variety of different

CHO cell lines. Although some of these were unique to specific laboratories or used

non-standard names [93], seven general groupings were considered as part of this

review: CHO-DG44, CHO-DXB11, CHO-K1, CHO TF 70R, CHO-DHFR, and CHO-

320 along with a catch-all group for less common or unspecified CHO cells. Within the

studies, CHO-DG44 was the most commonly used cell line, in 24% of studies, followed

by CHO-DXB11 and CHO-K1 both in 22% of studies, the catch-all “CHO” group

(10%), CHO-320 (9%), CHO-DHFR (7%), and CHO TF 70R (5%). The general

relationship for many of these cell lines was specified in Figure 3.1; however, not all

studies specified parental lines. Only 13% of articles considered an additives impact

on different cell lines despite the high variability between CHO cell genomes [93].

To develop a more thorough understanding of cell line impact, the literature search

would need to be expanded to include studies that focus primarily on the differences

between cell lines instead of additives.

5.3 Cultivation Methods

Approximately 70% of the studies used shake flasks or spinner bottles for cell cul-

tivation, 20% used bioreactors, and 10% used well plates. The frequent small scale
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selection is likely due to the size of the experiments. While as many as 36 experi-

mental runs were performed within a single study using flasks or plates, reactors were

often used for less than three experimental runs (with a maximum of eight runs in a

single study). In addition, although cell culture behaviour can vary between cultiva-

tion methods (in particular, between small scale vessels and bioreactors as discussed

in Section 3.2), only about 15% of studies tested multiple scales. Batch growth made

up 80% of the recorded data, with the remainder as fed-batch. Of the fed-batch pro-

cesses, approximately one third were performed in bioreactors, while the remainder

were performed in shake flasks. Given the difference in production titers for batch

and fed-batch processes (discussed in Section 3.1.2), it is expected that fed-batch

studies will stand out in the data-set. Specific productivities are more closely related

than absolute titer for batch and fed-batch processes, thus providing an opportunity

to compare additives with less influence from the cultivation method. Therefore, it

is recommended that specific productivities are incorporated in future comparisons.

5.4 Products

The diversity among cell lines was matched by the diversity of recombinant prod-

ucts. The most popular recombinant products were mAbs (accounting for 44% of the

studies); non-enzymatic proteins, such as cytokines, were 2nd in popularity (27% of

studies), followed by enzymes (14%), and hormones and growth factors (10%), with

the remainder of articles accounting for no product at all. It should be noted that

only half of all unique recombinant products were considered in more than one study,

with Immunoglobulin G (IgG) as the most common product (accounting for 22% of

all the studies reviewed).

Product quantification methodology was found to be considerably less variable

than the range of products themselves. The enzyme-linked immunosorbent assay

(ELISA) is the most common method to determine product concentration (account-

ing for 54% of the studies with a specified method), and high performance liquid

chromatography (HPLC) accounts for 17%. Of the articles that used an ELISA,

three-quarters of the articles used a direct ELISA, where the product is immobilized

to the surface of a well plate, and it is incubated with an antibody conjugated to an
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enzyme that enhances the product signal [111, 112]. The remainder of ELISA arti-

cles used the sandwich ELISA, which uses two antibodies: one for capture and one

for detection of the product [112]. It is suggested that ELISAs are often chosen be-

cause of their reasonable price along with high specificity and sensitivity [112]. HPLC

and ELISA methods have been compared frequently for different substances, but the

general consensus is that the two methods correlate well [113, 114] — meaning that

improvements in product titer should be comparable between different studies.

5.5 Product Quality

In addition to product titer, a number of reviewed studies considered product quality

attributes, with a predominant focus on glycosylation. Of the studies considered in

this review, 26 articles measured the glycosylation profile of the product. Nine of the

articles aimed to determine the effect of media additives on the glycosylation pro-

file, while the rest aimed to keep the glycosylation profile constant while improving

titer. Five of the articles concerned with product quality attributes tested carbohy-

drates and nucleosides, which Blondeel and Aucoin [23] discuss is common for those

directly focusing on glycosylation profiles. Another five papers looked into the effect

of sodium butyrate on glycosylation, while the majority, at 10 papers, looked at the

effect of hydrolysates. With the exception of dextran sulfate [115], the additives that

were tested in the glycosylation studies were commonly used additives to increase

cell growth or titer. Overall, 15 studies reported no significant change to the glyco-

sylation profile, and ten reported a change. The studies that discussed glycosylation

charateristics are presented in Table 5.1. Six studies that reported a change sought

to maintain a constant glycosylation profile, highlighting the importance of assessing

product quality even when the primary goal is increasing product titer.

Table 5.1: A summary of the articles discussing glycosylation and whether or not
additives affected the glycosylation profile.

Article Goal Glycosylation Change Reference
Remain Constant No Change [40, 46, 71, 88, 99, 115, 116,

117, 118, 119, 120, 121, 122,
123, 124]

Remain Constant Change [56, 75, 81, 83, 87, 125]
Desire a Change Change [63, 100, 126, 127]
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5.6 Media

Overall, the majority of studies did not reveal the composition of their basal media2,

which makes it challenging to draw general conclusions about the effectiveness of

specific additives or final additive concentrations. 40% of studies used a proprietary

commercial medium as the starting point of their supplementation, 5% used an un-

defined in-house medium, and 25% of studies did not specify the starting media at

all (without specifying whether it is an in-house or commercial formulation). Only

30% of the studies reported the full media composition. All the reported classic and

commercial media used in the studies is presented in Table 5.2. While there is some

repetition among media, 60% of recorded basal media was only used in one study.

Overall, I have identified 238 unique media components used as additives in this

data-set — with additives often containing more than one of these components in

fixed ratios. Approximately 70% of these 238 components appeared in only one study,

significantly limiting robust comparison. To simplify identifying general trends, the

additives were broken down into 20 subcategories, as presented in Table 5.3. For

an exhaustive list of the additives with their respective articles see Appendix A. As

with media, additive composition is not always known. 10% of the additives in the

studies are “premade”, which is defined as a supplement containing multiple compo-

nents. The majority of these premade additives are undefined, and are produced as

commercial feeds for basal media. For example, CHO CD EfficientFeed is designed

for use with the CD OptiCHO medium [123]. However, selenium-insulin-transferrin-

ethanolamine (SITE), or insulin-transferrin-selenium (ITS), are two examples where

both components and concentrations are known. Although the majority of the multi-

component additives are grouped as premade, it was decided that additives with a

specified supplement type would be placed in its respective supplement category (eg.

lipid supplements Cell-Ess and Gibco 11905). Overall, the most common additives are

hydrolysates (15% of studies), followed by metals (9%), and amino acids, antioxidants

and organic acids (each at 8% of studies).

2Where “basal” medium will be defined as the initial growth medium prior to supplementation
regardless of whether this starting medium is complex in nature.
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Table 5.2: Summary of commercial and classical basal media.
Medium Count Supplier

ActiCHO P 1 GE Healthcare
ActiPro 1 GE Healthcare
α-mem 3 Gibco
BalanCD 1 Irvine Scientific
BioGro-CHO 2 Biogro Technologies
BIOPRO1 4 Bio Whitaker Europe
BME 1 Gibco
CD CHO 5 Gibco, Invitrogen, Life Technologies
CD OptiCHO 4 Gibco, Life Technologies, Invitrogen
CHO-S-SFM II 1 Life Technologies
CDM4CHO 4 Hyclone
CDM4PERMAb 1 Hyclone
Cellvento CHO-100 1 EMD Millipore
CHO-III-A 1 Gibco
DMEM 1 Gibco
DMEM:F12 6 Invitrogen, Gibco, Inoclone, HiMedia Laboratories
Ex-Cell 325 1 SAFC Biosciences
Ex-Cell CD CHO 3 SAFC Bioscience, Sigma Aldrich
F-10 1 Gibco
Fisher’s medium 1 Gibco
FMX-8 2 Dr. Messi Cell Culture Systems
FortiCHO 3 Thermo Life, Thermo Fischer, Life Technologies
Ham’s F12 2 Dainippon, Gibco
HyQ PF-CHO 1 Hyclone
IMDM 5 Gibco, Invitrogen, Lonza
ISF-I 1 Biochrom
Keratinocyte SFM 1 Gibco
LG-SFSH 2 LG Life Science
McCoy’s 5A 1 Gibco
NCTC 135 2 Sigma
PowerCHO2CD 4 Lonza
ProCHO5 3 PANBiotech, Lonza
RPMI1640 6 Gibco, Sigma, Inoclone, Lonza
SAFC 1 Sigma
SFM4CHO 2 HyClone
UC212 1 Nissui Pharmaceutical
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Table 5.3: Summary of media additives categorized to facilitate analysis with more
repetition among the additives.

Category Additives

Amino Acid The 21 common amino acids, citrulline, gycine betaine
Antibiotic Penicillin, streptomycin
Antioxidant α-ketoglutarate, ascorbic acid 2-phosphate, β-

mercaptoethanol, baicalein, catalase, citric acid,
glutathione, NAC, sinapic acid, sodium selenate, sodium
selenite, succinic acid, tropolone

Buffer PBS
Carbohydrate Fructose, galactose, glucose, lactose, lactulose, maltose,

mannose, melezitose, palatinose, psicose, raffinose, su-
crose, trehalose, turanose

Growth Factor EGF, Hydrocortisone, IGF-1, insulin, LongR3 IGF-1
Hydrolysates Animal, cotton, broadbean, pea, rapeseed, rice, soy,

wheat, and yeast hydrolysates, Ex-Cell CD hydrolysate
Inorganic Acid HCl
Inorganic Salt KCl, MgCl2, NaCl
Lipid Albumax, Cell-Ess, cholesterol, cod liver oil fatty acids,

ethanolamine, Gibco 11905, linoleic acid BSA, LPA, oleic
acid, phosphatidic acid, phosphatidylcholine

Metal Calcium, cobalt, copper, iron, lithium, magnesium, man-
ganese, molydenum, nickel, vanadium, zinc

Nucleoside Nucleobases (A,G,C,U), adenosine, cytidine, guanosine,
and uridine phosphates, deoxycytidine, deoxyuridine,
FAD, hypoxanthine, NAD(H), NADP(H), thymidine

Organic Acid Butyric acid, pyruvic acid-Na, valeric acid, valproic acid,
pyruvate, sodium butyrate, sodium lactate, sodium pro-
pionate, sodium pyruvate

Other Aurintricarboxylic acid, DMSO, MTX
Polyamine Putrescine, spermidine, spermine
Polysulfate Dextran sulfate, polyvinyl sulfate, suramin
Premade 486F, Acticho Feed A & B, Cell Boost 7A & 7B, CHO CD

EfficientFeed A & B, CHO Xtreme feed, FunctionMAX,
Panexin NTS, Power feed, Sigma supplement, SITE/ITS,
Xtreme feed

Serum dFBS, FBS, NBS, newborn-calf serum
Surfactant Pluronic F-68, Tween 80
Vitamin Ascorbic acid, choline, cyanobalamin, D-a-tocopherol

acetate, D-calcium pantothenate, folic acid, I-inositol,
niacinamide, pyridoxine HCl, riboflavin, Sigma M6895,
thiamine HCl, vitamin K1
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Chapter 6

Results

6.1 Overall Trends

The overall effect of the heterogeneity in cell line, product, and basal media across the

various studies is that both VCD and titer observations range across approximately

6 orders of magnitude, with the impact of any one specific additive seen as relatively

small in comparison. However, focusing analysis on the ranges of VCDs or titers

observed in a given study, it becomes possible to visualize the effect of a given addi-

tive with less interference from factors such as cell line. For the studies that found

positive changes in the VCD, cells doubled an average of approximately 0.6 times in

comparison to the control; however, this could reach as high as 5 times in exceptional

cases [128]. Figure 6.1A presents VCD observation from all reviewed studies as a

function of publication year, while Figure 6.1B presents the corresponding interquar-

tile range1 VCD values, organized in order of increasing magnitude. Focusing on the

VCD ranges makes it possible to dissociate the effect of additives from other factors

such as basal media or cell line. The three studies with the largest ranges correspond

to those of Reinhart et al. [123], Kim and Park [78], and Ho et al. [119]. Reinhart et

al. [123] found that premade additives, EfficientFeed A and B, and FunctionMAX,

can greatly increase cell concentrations, although there were substantial differences in

the VCD depending on the basal media. Kim and Park [78] tested different concen-

trations of several trace elements, including copper, zinc, vanadium, manganese and

molybdenum, and found that zinc in particular causes significant impact. Finally, Ho

et al. [119] focused on hydrolysates, and found yeast provided the most consistent

positive effects. However, it is important to highlight that both Kim and Park [78]

and Ho et al. [119] found that the impact of specific additives varied considerably

based on initial basal media and cell line. Additives found to be of interest with larger

interquartile ranges include: premade additives (Cellboost 7A and B) [40], maltose

1The range of observations excluding the top 25% and bottom 25% of the values.
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(or glucose and maltose combinations) [71, 72], lipid supplements (Cell-Ess) [129],

and long-term passaging with iron [130].
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Figure 6.1: A summary of all recorded VCD observations organized by both A pub-
lication year and B interquartile VCD range.

For the titer, the percentage difference was calculated between the experiment

and control to estimate the improvement (or lack thereof) within a study. For studies

reporting an increase in titer, the mean percentage difference was 65% though it could

reach as high as around 180% in extreme cases [128]. However, many of the studies

that produced the highest percentage differences had low producing controls (in the
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mg/L or µg/L range), which often produced changes less than a mg/L. Similarly to

VCD, all reviewed titer ranges are presented in Figure 6.2, with Figure 6.2A data

sorted by publication year and Figure 6.2B data sorted by observed titer range. As

compared to VCD, the titer ranges observed in Figure 6.2 generally account for a

smaller fraction of the overall observed range, suggesting that on the whole, specific

additives have less influence on titer than VCD (as will be explored in more detail

Section 6.1.1). On the other hand, reported titers appear to have a more pronounced

increase year-over-year, a trend that has been noted frequently in literature [2, 5, 52].

It is therefore not surprising that the three articles reporting highest product titers

were published within the last five years [59, 123, 126]. Of these, both Takagi et

al. [59] and Niu [126] focused on nucleoside additives in their studies. It should be

noted that not all studies that produce the highest titers are the same as those that

produce the largest range, with Niu [126] as one such paper. Reinhart et al. [123]

reported both a large titer range and a high maximum titer through the addition

of premade supplements and commercial media as discussed for VCD previously.

Larger interquartile titer ranges were observed for premade additives [40], and yeast

hydrolysates [119] as with VCD above, but other additives of interest also included

copper [83], lithium chloride [87], and antioxidants (baicalein) [131]. However, even

more so than with VCD, there is evidence that factors other than media additives

play a significant role in product titer.

6.1.1 Range Distributions

Whereas the discussion in Section 6.1 focused on a number of specific studies, it

is worth considering the overall range of VCD and titer observations as a general

benchmark for how much impact a specific additive is likely to have (with the caveat

that increased cell death may also contribute to increased ranges). As individual

observations may be liable to large variations such as unexpected cell death, in-

terquartile ranges were calculated for each study and are presented in Figure 6.3. For

VCD, the average difference achieved through media supplementation was found to be

1.7·106 cells/mL with a median of 0.8·106 cells/mL. On the other hand, the titer was

found to have a mean difference of 0.24 g/L and a median of 0.02 g/L. The difference

between average and median values was due to a small number of studies with very
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Figure 6.2: A summary of all recorded product titer observations organized by both
A publication year and B interquartile titer range.

large ranges causing a positive skew in the distributions, which reinforces the idea that

while some additives have a pronounced impact on VCD and titer, most outcomes

are much more modest. For studies that reported both VCD and titer observations, I

also determined an effective ratio of titer range vs VCD range by calculating the slope

of titer versus VCD. The full distribution of these slopes is presented in Figure 6.3C.

The slopes have a mean value of 5.5·10−5 g/106 cells and a median of 0.8·10−5 g/106.

Overall, it seems clear that additives that result in increased VCD have only very
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modest impact on titers, meaning that VCD should not be used as a general proxy

of additive impact if the overall goal is to actually increase productivity.
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Figure 6.3: The distribution of A VCD interquartile ranges B titer interquartile
ranges and C the slope of titer versus VCD. The slope distribution is limited to
studies that recorded both VCD and titer, while the other distributions summarise
all studies that recorded their respective variables.
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6.2 Hydrolysates as a Case Study

Amid the plethora of additives listed in Appendix A, the single biggest group cor-

responds to hydrolysates (also referred to as peptides, peptones, and lysates), which

were used in 15% of the studies within the literature survey. With their ability to

increase both cell growth and titer, as well as protect against shear stress [17], hy-

drolysates are commonly seen as an effective replacement for serum as well as an

effective additive for media optimization more generally [81]. Within the hydrolysate

studies, approximately 76% used plant-based, 52% used yeast-based, and 28% used

animal-based hydrolysates. In general, non-animal derived hydrolysates are preferred

because they avoid the potential for contamination that can come from animal prod-

ucts [82]. Of the non-animal derived hydrolysate sources, yeast was the most common

at 54% of studies, followed by soy (50%), wheat (46%), other (33%), and rice (21%).

“Other” encompasses the less commonly used hydrolysates, such as rapeseed [82, 132],

cotton [124], peas [132], and broadbeans [133].

Although hydrolysates represent the single most popular group of additives in this

review, there is still a considerable degree of heterogeneity in hydrolysate products

— of the 52 hydrolysate additives used across the reviewed studies, 32 are unique

products. On top of differences due to source material (such as soy, yeast, or wheat),

these complex additives are also known to suffer from batch variability [134]. And

while ultrafiltration can be used to reduce some of this variability, only 13% of the hy-

drolysates in the reviewed studies were specifically labelled as ultrafiltered. The small

number of relatively parallel comparisons that are possible underline the challenges

of drawing general trends. For example, a series of studies examined the impact of

adding rice peptones (HyPep 5115) to CHO-320 cells producing IFN-γ and cultured

in similar basal media [118, 116, 135]. In general, hydrolysates were able to improve

both VCD and protein titer by approximately 30%, however, rice peptones from two

different manufacturers resulted in dramatically different titers due to the presence

of residual proteolytic enzymes [116]. In another example, a similar set of yeast, soy,

and wheat gluten hydrolysates produced very different results for CHO-DG44 and

CHO-DXB11 cell lines [99, 119].
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6.3 Mixed Effect Modelling

6.3.1 Available Models

The data-set collected a wide variety of variables as stated in Section 4.3. To ef-

fectively explain the data, several models ranging from simple (limited variables) to

complex (interactions) were considered. The following variables were considered in

the models:

• Additive category

• Basal media

• Cell line

• Cultivation method

• Feeding strategy

• Product.

Given that variability of cell cultures, and the number of levels associated with

each factor, the effects considered in the model are all considered random. Both basal

media and additives are considered variables since the focus of this research is media

supplementation. However, both variables were grouped to limit their diversity. For

additives, the categories are those specified in Section 3.3, while the basal media

was grouped according to classic, commercial, undisclosed, and known. A known

media has a defined formulation, but it is not considered either classic or commercial.

Interaction terms were initially considered, including the relationship between cell

line and basal media, cell line and additive, and product and additive because it is

known that the impact of media or additives can depend on the cell line or product

[5]. The addition of interaction terms between factors often resulted in a better fit;

however, this is because interaction terms often accounted for individual studies. To

avoid confounding, interaction terms between factors were excluded from the final

model.

The simplest model was used to determine the general effect of main variables on

VCD and titer responses. This model (referred to as Model 1) contained only three

variables — media, cell line, and product. Figure 6.4 presents the fit of Model 1 by
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comparing the observed and predicted results for both VCD in Figure 6.4A and titer

in Figure 6.4B. There is evidence of a linear trend for both variables, but there is

large variation in the data — more so in the titer plot. It is interesting to note that

these three variables are able to introduce a trend to the model; however, because of

Model 1’s simplicity it is not surprising that the fit is limited.
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Figure 6.4: Determining the fit for Model 1 using a comparison of observed versus
predicted values for A viable cell density and B titer.

The next model, henceforth referred to as Model 2, introduced the additive cate-

gory as a possible variable. The fit for Models 2-5 can be seen in Figure 6.5 for the

VCD and Figure 6.6 for the titer. Model 2, seen in Figure 6.5A and Figure 6.6A,

was capable of predicting more VCD and titer values as there are more variables to

distinguish between studies. The linear trend is still evident, with more clustered

data than seen in Model 1. However, there are still deviations from the 45◦ line,

and the additives did not affect the model fit as strongly as was hoped. In Model 3

(Figure 6.5B and Figure 6.6B), the addition of the cultivation variable was able to

reduce deviation in the points above the 45◦ line, with higher titers predicted in the

titer model as well. Despite specifying the cultivation method as the cell culture ves-

sel, the variable inherently incorporates other factors including bias associated with

lab equipment and experience level, and the feeding strategy. While some of these

variables cannot be accounted for because they are not specified within the studies,
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the feeding strategy can be included in the model separately. To determine the sig-

nificance of the individual variables, Model 4 includes both cultivation and feeding

strategy, while Model 5 replaced cultivation with feeding strategy. Model 4 (Fig-

ure 6.5C and Figure 6.6C) was capable of predicting higher VCD ranges than Model

3, indicating the relevance of fed-batch cultures to achieving higher cell density. On

the other hand, smaller titer values (in the mg/L range) clustered more in Model 4

than Model 3. In Model 5, seen in Figure 6.5D and Figure 6.6D, the removal of cul-

tivation coincided with an increase in deviation from the diagonal with less predicted

values available. Although there are differences in all of the models, these can appear

subtle in both Figure 6.5 and Figure 6.6.

As the interpretation of the fit through graphics is somewhat limited, an ANOVA

and the AIC values are used to further compare the models. The results of the

ANOVA can be seen in Table 6.1. The model with the lowest AIC value for both

VCD and titer is Model 4, where all six factors (cell type, product, basal medium,

additive category, cultivation method, and feeding strategy) are considered significant.

A factor was considered significant if the ANOVA showed a significant difference

between models with and without the factor of interest and the AIC was lower for

the model with the factor. The predicted VCD and titer are treated as a sum of the six

factors, with a unique effect calculated for each factor component. While Figures 6.4-

6.6 provide a general indication of improved fit between Model 1 and Model 4, the

AIC values are able to confirm that Model 4 is best suited for the data-set.

Table 6.1: The main mixed-effect models and the corresponding AIC values for both
VCD and titer models.

Model VCD AIC Titer AIC
Model 1 6043 5954
Model 2 5917 5894
Model 3 5806 5750
Model 4 5654 5525
Model 5 5749 5645

In Figure 6.7 the mean of the predicted values is plotted on top of the observed

values for VCD in Figure 6.7A and titer in Figure 6.7B. In general, the model shows

reasonable predictions for most studies, though the residuals will be covered in more

detail in Section 6.3.4. The evaluation of model predictions is performed using a
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Figure 6.5: Determining the fit for VCD models using a comparison of observed versus
predicted values for A Model 2, B Model 3, C Model 4, D Model 5.

k-fold cross-validation procedure, which splits the overall data-set into several train-

ing and test sets for model fitting and evaluation, respectively. The cross-validation

is performed using 10 folds because it lowers the variance in the error estimate by

limiting the correlation associated with using repeated data while also limiting the

bias [136]. The relative root mean squared error (RMSE) is calculated during the

cross-validation as a measure of error between the predicted and observed values,

which can be used to determine the quality of the model. For the VCD model, the
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Figure 6.6: Determining the fit for titer models using a comparison of observed versus
predicted values for A Model 2, B Model 3, C Model 4, D Model 5.

relative RMSE is less than 10%. For the titer model, the relative RMSE is approx-

imately 30%. While the titer model has a larger error associated with predictions,

these models are not intended for predictions outside of the data-set, but instead to

determine the contributions to data variance. Since the predictions are a sum of the

effects, it is likely that errors appear larger for studies where a random effect was

eliminated to prevent confounding. This has a greater effect on the titer model than

the VCD model because the smaller number of studies resulted in the removal of more
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random effects (five additive categories, known basal media, and CHO TF 70R cells),

therefore resulting in a larger RMSE than the VCD model.
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Figure 6.7: Model prediction results plotted with the observed values for both A
VCD, and B titer.

6.3.2 Model Variance

Despite the simple approach to the selected model, it is able to account for 70% of

the variance in the VCD and 85% of the variance in the titer. Table 6.2 presents

the percent variance covered by the factors in the data-set. Although the primary
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focus of this project, and the papers included in the data-set, is to test the impact

of additives, less than 5% of the variance accounts for the additives for both VCD

and titer. This supports the trends that have been discussed in Section 6.1, where

additives may have significant impacts on an individual study, but the overall impact

is rarely consistent. Media as a whole only accounts for 10% of the VCD variance

and is practically negligible for titer. It appears that while an optimized commercial

formulation is likely to outperform a classical formulation for a specific cell line or

product type, this impact is unlikely to be consistent with a different cell line and a

different product type. While media appears to have a minimal impact, its greatest

impact appears in terms of feeding strategy, i.e., batch or fed-batch cultivation. In

fact, the feeding strategy is the highest source of variance for VCD and second highest

for titer. Although it is well known that fed-batch cultivation is more productive than

batch [37], it is nonetheless interesting to note how much more impact is has than

the choice of basal medium (at least for the studies reviewed here). The impact of

cultivation in comparison to both media and additives indicates that the prevention

of nutrient depletion (and the choice of additive) may be of greater importance than

simple media addition. In addition, the product type has the greatest overall effect on

titer. Therapeutic proteins have differing expression levels and may be more difficult

to express than others [137], which even includes sub-classes of the same mAb [138].

Table 6.2: Percent variance of the main random effect variables used to create the
prediction model.

Random Effects VCD Titer
Additive Category 3% 1%
Product 9% 33%
Basal Medium 10% 0%
Cell 10% 13%
Cultivation Method 14% 14%
Feeding Strategy 22% 24%
Residual 30% 15%
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6.3.3 Model Coefficients

Each factor that is included in the model can be broken down into sub-factors (or

levels) which each have a corresponding coefficient determined by the model. The co-

efficients are represented in Figure 6.8, the coefficients for both VCD, in Figure 6.8A,

and titer, in Figure 6.8B, are displayed in terms of their deviation from the overall

effect (where a large positive value can be interpreted as a large positive effect on the

final VCD or titer). Overall, the production of mAbs was the single biggest predictor

of high VCD and titer. And while it is possible that this stems from lower metabolic

burden of mAb production when compared to other products, it is also likely that

mAb-producing cell lines have been subject to additional selection pressure due to

the general popularity and high adoption of mAb production. Following mAbs, the

next biggest impact is fed-batch cultivation, which has a pronounced impact on both

VCD and titer. The cell lines display a wide range of effect, and the most positive

for titer include CHO-DHFR, CHO-DG44, and CHO-K1. Both CHO-DHFR and

CHO-DG44 are deficient in the DHFR gene, and the CHO-K1 cell line includes its

daughter line GS-CHO, which is deficient in glutamine synthetase (GS). The knock-

out and amplification process associated with these cell lines, better equips them to

be higher producers. A number of additives can be seen as having a general positive

effect, although these results should be considered within the context that additives

as a category do not account for a particularly large fraction of the overall variance.

The additives that appear to have a more positive impact include vitamins, metals

and premade additives for VCD and serum, nucleosides and premade additives for

titer. The metals, premade additives, and nucleosides were all seen in Section 6.1

previously. And while the basal media also has a minimal impact on the overall vari-

ance, it should be noted that classical media tended to have a negative effect, whereas

undisclosed (for VCD) and commercial media were more inclined to positive effects.

6.3.4 Model Residuals

While this model can cover a large portion of the variance, there are residuals in the

data. The VCD residuals have a slightly negative skew, with a residual skewness of

-0.44. Therefore, while the model captures a greater portion of the high VCD values

in the positive region, it is less able to predict the lower VCD values. However, I am
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Figure 6.8: Summary of the model coefficients for A VCD and B titer, with error
bars spanning ±1 standard deviation.

less concerned with the lower VCD values as these are more likely categorized by cell

death, which are inherently less predictable than the intended cell growth. While the

residuals are leptokurtic (represented by long tails), many of the large residuals are

negative as described by the skewness. The three articles with the highest positive

VCD residuals were Ha et al. [87], Spearman et al. [139], and Kim et al. [49];

however, there is no common trend among these three studies that the model may

be consistently underestimating. Ha et al. [87] used lithium chloride (LiCl), which
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at low concentrations extended the culture viability, while Spearman et al. [139]

tested a variety of fractions and types of hydrolysates and found varying levels of

improved VCD responses. However, Kim et al. [49] had both some of the most

positive and most negative residuals, where the highest VCDs were associated with

the non-supplemented medium and the lowest VCDs associated with a hyperosmolar

medium.

The titer residuals have a slightly positive skew (residual skewness of 0.64). These

residuals are also leptokurtic; however, the positive skewness indicates larger positive

residuals. The model is more easily able to predict the lower titer values, which

is due to the frequency that mg/L results were achieved within the data-set. The

higher g/L changes are less common and are treated as more of an anomaly within

the model. The highest positive titer residuals are associated with Ha et al. [87] and

Choi et al. [140]. In both studies, higher titers were achieved due to extended culture

lengths. These two studies are an example of the benefits of high productivity and

long culture, but these are not the only studies that used this approach. Within the

data-set, many additives were selected based on their ability to improve productivity

although it was often at the expense of cell growth.

6.3.5 Testing Model Assumptions

6.3.5.1 Linearity

As discussed in Section 4.4.2, there are a few different assumptions that are made in

relation to the mixed effect model. The first assumption of linearity can be determined

by looking at a residual plot. In this plot, the residuals are plotted against the

observed values, where random points indicate that a linear trend is reasonable. The

residual plots for both the VCD in Figure 6.9A and titer in Figure 6.9B. Though

there is some randomness to the data, there also appears to be some linearity in the

residuals. Both vertical and diagonal lines that are visible are a result of individual

studies. For the vertical lines, any data point with the same observed value may

have different factors and result in a variety of residual values for a given VCD or

titer response. This often occurs for studies that use multiple additives within the

same experiment. The diagonal lines that appear are associated with the additives in

an individual study. If between several experiments the only change is the additive
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concentration (which is not considered in the model), the predicted value will be

constant despite the differing response value, which creates a slight trend in the

residuals. However, if the paper is included as a factor in the model, the trend is not

removed from the residual plot, and it creates confounding in the coefficients due to

the large influx of coefficients from the studies. The plot does not show a pattern

indicating that the data is non-linear, but the slight trend in the lines mentioned may

be an indication of a missing factor. This factor is likely an interaction with additives,

which cannot be included due to confounding. Although this is a limitation of the

model, to solve this issue a data-set with more overlap in factors between studies is

required.

6.3.5.2 Residual Distribution and Variance

A quantile-quantile (q-q) plot can be used to determine if the residuals follow a normal

distribution. The q-q plot for the VCD is presented in Figure 6.10A and the titer

is presented in Figure 6.10B. As well the Chi-square test for normality can be used,

where the null hypothesis is that the residuals are normally distributed. For both

VCD and titer, residuals have a p value less than 0.05, so the null hypothesis is

rejected and there is sufficient evidence the residuals are not normal. This can also

be seen in the q-q plots, where deviation in the tails (which is more extreme for titer)

indicate values deviating from normality, though, the center of the distribution does

approximately follow the 45◦ line. For the VCD, the deviations are on the left side of

the data due to the negative skew in the residuals. On the other hand, the titer model

more heavily deviates on the right side due to the positive skew in titer residuals. The

deviations in the titer residuals indicate that the model is not able to capture the

higher positive titer values, which, as discussed in Section 6.3.4 is likely due to how

infrequently these values are produced in literature. Since most studies produced

titers in the µg/L to mg/L range, and factors in these studies will overlap with those

producing g/L titers, it is expected that the model will predict a smaller titer on

average for higher producing studies. Despite the deviations, the model is able to

capture a large portion of the data; however, there should be careful consideration of

studies producing highly positive titers. Mixed-effect models have been found to be

quite robust for models that do not fully observe the distribution assumptions [141],
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Figure 6.9: Residual plot of the final model (Model 4) for A VCD and B titer.

so these models can be used even with the deviations from normal. The deviation

from normality does not affect the random effect estimates, but it can impact their

standard errors [142]. Due to the likely inaccuracy of the error estimates, confidence

intervals have not been provided for the random effects.

The Levine’s test can be used to determine the heterogeneity of the residual vari-

ance by testing the null hypothesis that the variance is equal [143]. To perform this

test in R first the absolute value of the residuals is squared and a linear model of the

squared residuals and response variables is compared using an ANOVA. For the VCD
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Figure 6.10: Quantile-Quantile plot of A VCD andB titer to visualize the distribution
of the model residuals.

model the p value is less than 0.05, so the null hypothesis is rejected and there is suffi-

cient evidence that the variances are not equal. On the other hand, the titer ANOVA

produces a p value greater than 0.05, so the null hypothesis cannot be rejected. While

the VCD model does not meet the variance homogeneity assumption, this is not a

large concern due to the general robustness of mixed effect modelling, where the af-

fect of variance violations on bias and error appear minimal [141]. Since the residual

assumptions are not met (with the exception of titer residual homogeneity), residuals

were considered in more detail in Section 6.3.4.
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Chapter 7

Conclusion

A comprehensive review of the CHO cell media optimization literature identified 238

unique media components that have been supplemented over the last 20 years. Among

these additives, zinc stood out as having a positive impact on VCD and nucleosides

show potential for increasing titer, while both showed further promise with the addi-

tion of premade commercial supplements. However, systematic analysis also identified

a number of serious gaps that make it very challenging to draw general conclusions

from the available literature. Of the 238 unique media components, approximately

70% appear in only one study. Furthermore, only 30% of the studies revealed the

composition of the basal media that the additives are supplementing. Finally, ap-

proximately 70% of the studies tested only a single additive or multiple additives in

a one-factor-at-a-time design, meaning that the interaction of various factors is of-

ten ignored. Drawing general conclusions is likely to remain challenging unless more

studies consider the impact of additives on multiple cell lines and multiple basal me-

dia (ideally including some with a published composition) using experimental designs

that can account for additive interaction. Despite the aforementioned challenges, a

mixed-effect modelling framework was able to tease out some potentially interesting

trends. Based on the available data, both additives and media on the whole con-

tribute to a relatively low fraction of overall variability in both VCD and titer. In

contrast, fed-batch cultivation appears to have a consistent positive effect, meaning

that the impact of additives should be considered within the context of cultivation

mode. Both the nature of recombinant product and specific cell line were also found

to have a significant and much more consistent impact than media as a whole, mak-

ing cell line development the more attractive target for achieving large titers. While

media optimization may also contribute to this end, generalizing the results of media

optimization to other cell lines or product types may be a challenge. In this context,

it may be more fruitful to focus media optimization on targets other than raw titer,
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such as increasing batch-to-batch consistency, facilitating downstream purification,

and improving product quality through glycosylation or other metrics.

Due to the focus of the literature included in this data-set, only broad conclusions

can be made about factors such as cell line. In the future, this can be addressed by

expanding the literature search to include studies that focus on comparisons between

the cell lines as opposed to just media supplementation. The additional recording

of specific productivity may provide a source of production changes more relevant

than VCD. In its current state, this project was able to determine the general impact

of media additives, though it was determined to be minimal in comparison to other

factors. It also provides a database of available literature on media supplementation

in CHO cells that may be used as a guideline for those looking to optimize their cell

line.
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Tomáš Roubal. A comparison of ELISA and HPLC methods for determina-
tion of ochratoxin A in human blood serum in the Czech Republic. Food and
Chemical Toxicology, 62:427–431, 2013.

[114] Fernando Rubio, Linda Veldhuis, B Clegg, James Fleeker, and J Hall. Compar-
ison of a Direct ELISA and an HPLC Method for Glyphosate Determinations
in Water. Journal of Agricultural and Food Chemistry, 51:691–696, 2003.

[115] Jin Hyoung Park, Myung Sin Lim, Ju RangWoo, JongWon Kim, and Gyun Min
Lee. The molecular weight and concentration of dextran sulfate affect cell
growth and antibody production in CHO cell cultures. Biotechnology Progress,
32(5):1113–1122, 2016.

[116] J Mols, C. Peeters-Joris, S. Agathos, and Y.-J. Schneider. Origin of rice pro-
tein hydrolysates added to protein-free media alters secretion and extracellular
proteolysis of recombinant interferon-γ as well as CHO-320 cell growth. Biotech-
nology Letters, 26:1043–1046, 2004.

[117] J. S. Ballez, J Mols, C. Burteau, S. N. Agathos, and Y. J. Schneider. Plant pro-
tein hydrolysates support CHO-320 cells proliferation and recombinant IFN-γ
production in suspension and inside microcarriers in protein-free media. Cy-
totechnology, 44(3):103–114, 2004.

[118] C. Burteau, Francis Verhoeye, J Mols, J. S. Ballez, S. Agathos, and Yves-
Jacques Schnieder. Fortification of a protein-free cell culture medium with plant
peptones improves cultivation and productivity of an interferon-γ-producing
CHO cell line. In Vitro Cellular & Developmental Biology - Animal, 39:291–
296, 2003.

61



[119] Steven C.L. Ho, Rui Nian, Susanto Woen, Jake Chng, Peiqing Zhang, and
Yuansheng Yang. Impact of hydrolysates on monoclonal antibody productivity,
purification and quality in Chinese hamster ovary cells. Journal of Bioscience
and Bioengineering, 122(4):499–506, 2016.

[120] Dongdong Hu, Yating Sun, Xuping Liu, Jintao Liu, Xintao Zhang, Liang Zhao,
Haibin Wang, Wen-Song Tan, and Li Fan. Understanding the intracellular
effects of yeast extract on the enhancement of Fc-fusion protein production in
Chinese hamster ovary cell culture. Applied Microbiology and Biotechnology,
99, 2015.

[121] J.-F. Michiels, J. Barbau, S. De Boel, S. Dessy, S N Agathos, and Y.-J. Schnei-
der. Characterisation of beneficial and detrimental effects of a soy peptone, as
an additive for CHO cell cultivation. Process Biochemistry, 46:671–681, 2011.

[122] J.-F. Michiels, S. Sart, Y.-J. Schneider, and S. Agathos. Effects of a soy peptone
on γ-IFN production steps in CHO-320 cells. Process Biochemistry, 46:1759–
1766, 2011.

[123] David Reinhart, Lukas Damjanovic, Christian Kaisermayer, and Renate
Kunert. Benchmarking of commercially available CHO cell culture media for
antibody production. Applied Microbiology and Biotechnology, 99:4645–4657,
2015.

[124] Do Yun Kim, Muhammad Arshad Chaudhry, Malcolm L. Kennard, Mario A.
Jardon, Katrin Braasch, Ben Dionne, Michael Butler, and James M. Piret.
Fed-batch CHO cell t-PA production and feed glutamine replacement to reduce
ammonia production. Biotechnology Progress, 29(1):165–175, 2013.

[125] Tae Kwang Ha and Gyun Min Lee. Effect of glutamine substitution by TCA
cycle intermediates on the production and sialylation of Fc-fusion protein in
Chinese hamster ovary cell culture. Journal of Biotechnology, 180:23–29, 2014.

[126] Huijie Niu, Jiaqi Wang, Mengjuan Liu, Miaomiao Chai, Liang Zhao, Xuping
Liu, Li Fan, and Wen-Song Tan. Uridine modulates monoclonal antibody charge
heterogeneity in Chinese hamster ovary cell fed-batch cultures. Bioresources and
Bioprocessing, 5(42), 2018.

[127] Anuja Prabhu and Mugdha Gadgil. Nickel and cobalt affect galactosylation of
recombinant IgG expressed in CHO cells. BioMetals, 32:11–19, 2019.

[128] Chi-Hsien Liu, I-Ming Chu, and Shiaw-Min Hwang. Factorial designs combined
with the steepest ascent method to optimize serum-free media for CHO cells.
Enzyme and Microbial Technology, 28:314–321, 2001.

62



[129] Adam Elhofy. Novel Cell-Ess supplement used as a feed or as an initial boost
to CHO serum free media results in a significant increase in protein yield and
production. Computational and Structural Biotechnology Journal, 14:319–324,
2016.

[130] Jianlin Xu, Matthew S. Rehmann, Xuankuo Xu, Chao Huang, Jun Tian,
Nan Xin Qian, and Zheng Jian Li. Improving titer while maintaining qual-
ity of final formulated drug substance via optimization of CHO cell culture
conditions in low-iron chemically defined media. mAbs, 10(3):488–499, 2018.

[131] Tae Kwang Ha, Anders Holmgaard Hansen, Stefan Kol, Helene Faustrup Kilde-
gaard, and Gyun Min Lee. Baicalein Reduces Oxidative Stress in CHO Cell Cul-
tures and Improves Recombinant Antibody Productivity. Biotechnology Jour-
nal, 13, 2018.

[132] B. Farges-Haddani, B. Tessier, S. Chenu, I. Chevalot, C. Harscoat, I. Marc,
J.L. Goergen, and A. Marc. Peptide fractions of rapeseed hydrolysates as an
alternative to animal proteins in CHO cell culture media. Process Biochemistry,
41:2297–2304, 2006.

[133] Ji Young Lee, Bok-Hwan Chun, Yong Kwon Lee, Jang Han Lee, Jason Ahn,
and Namhyun Chung. Influence of Mixed Protein Hydrolysates on the Growth
and Viability of Chinese Hamster Ovary Cells. Journal of the Korean Society
for Applied Biological Chemistry, 52(6):607–612, 2009.

[134] Ying Luo and Guoxiang Chen. Combined approach of NMR and chemomet-
rics for screening peptones used in the cell culture medium for the produc-
tion of a recombinant therapeutic protein. Biotechnology and Bioengineering,
97(6):1654–1659, 2007.
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Appendix A

Media Additives

Category Additives Paper

Amino Acid Alanine [82], [99]

Arginine [82], [144]

Asparagine [90], [65], [82], [62], [145]

Aspartate [145]

Aspartic Acid [82]

Citrulline [139]

Cysteine [60], [62]

Essential Amino Acid [146]

Glutamate [70], [65], [145]

Glutamic Acid [82], [125]

Glutamine [70], [82], [125], [60],

[124], [62]

Glycine [82]

Glycine betaine [49]

Histidine [82]

Isoleucine [82]

Leucine [82], [99]

Lysine [82], [144]

Lysine HCl [99]

Methionine [82], [60]

Non-essential Amino Acid [146]

Ornithine [139]

Phenylalanine [82]

Proline [90], [65], [82]

Serine [90], [65], [82], [62]
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Category Additives Paper

Threonine [82], [60]

Tryptophan [99]

Tyrosine [82], [62]

Valine [82]

Antibiotic Penicillin [147], [148]

Streptomycin [147], [148]

Antioxidant α- ketoglutarate [125]

Ascorbic Acid 2- Phosphate [149]

β- mercaptoethanol [148]

Baicalein [131]

Catalase [128]

Citric Acid [125]

Glutathione [54], [149]

Na2SeO3·5H2O [60], [99]

NAC [56]

Sinapic Acid [82]

Sodium Selenate [150]

Sodium Selenite [118], [78], [151], [152],

[150], [54]

Succinic acid [125]

Tropolone [150]

Buffer PBS [77]

Carbohydrate Fructose [70]

Galactose [70], [65], [63]

Glucose [70], [65], [72], [71], [145]

Lactose [100], [72]

Lactulose [100]

Maltose [72], [71]

Mannose [70], [100]

Melezitose [100]
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Category Additives Paper

Palatinose [100]

Psicose [100]

Raffinose [100]

Sucrose [72]

Trehalose [100], [72]

Turanose [100]

Growth EGF [153]

Factor Hydrocortisone [60], [128], [54]

IGF-1 [153]

Insulin [132], [60], [153], [154],

[152], [99], [84], [148],

[155]

LongR3 IGF-1 [151], [154]

Hydrolysate BSA [156], [132], [128]

Casein Peptone Plus [157]

Human Serum Albumin [146]

Peptone [128], [146]

Primatone [81], [139]

Transferrin [132], [152]

Tryptone N1 [157]

Cottonseed Hydrolysate [77]

Cottonseed Hydrolysate

(7504)

[124]

animal component-free

hydrolysate

[151]

Ex-Cell CD Hydrolysate [119]

Lucratone Broadbean [133]

Pea Peptone (7401) [118]

Rapeseed Peptide [132], [82]

SR3 [151]
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Category Additives Paper

Rice hydrolysate [158]

Rice hydrolysate (CWBI) [116]

Rice Peptone (5115) [135], [118], [116], [99]

Bacto Soytone [158]

Glycine max Soybean

Peptone

[119]

Hy-Soy [121], [122]

Hy-Soy UF [158], [99]

HyQ Soy hydrolysate UF [158]

Phytone Peptone [158], [81]

Lucratone Soy F [133]

Lucratone Soy P [133]

Select soytone [158]

Soy Hydrolysate [158],[159], [133]

Soy Hydrolysate (1510) [60], [151], [124], [81]

Soy Hydrolysate UF [158]

Soy Peptone E110 [157]

Soy Peptone UF [81]

Soy Plus UF [81]

Wheat-rice Hydrolysate [158]

Wheat Gluten Hydrolysate [158], [159]

Wheat Hydrolysate [158], [133]

Wheat Hydrolysate (4601) [119], [60], [124], [81],

[99]

Wheat Hydrolysate (4602) [151]

Wheat Hydrolysate (4605) [117], [118]

Wheat Peptone 2a [81]

Wheat Peptone 2b [81]

Yeast extract [158], [120], [128], [146],

[160], [139]
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Category Additives Paper

Yeast extract (7455) [151]

Yeast extract UF [158], [81]

Yeast hydrolysate [158], [133]

Yeast hydrolysate UF [119]

Yeast lysate [139]

Yeast lysate (3KF) [139]

Yeast lysate (3KR) [139]

Yeast Peptone [160]

Yeastolate [158], [60], [159]

Yeastolate UF [81],[99]

Inorganic Acid HCl [154]

Inorganic Salt KCl [161]

MgCl2 [63]

NaCl [49], [40], [140]

Lipid Albumax [128]

Cell-Ess [129]

Cholesterol [156],[128], [54]

Cod liver oil fatty acids [54]

Ethanolamine [156], [60], [151], [152],

[99], [148], [54]

Gibco 11905 [65]

Linoleic acid BSA [156], [128]

Lipid Concentrate [90], [128]

Lipid mixture [156]

Lipid supplement [146]

LPA [153]

Oleic acid [156], [128]

Phosphatidic acid [152]

Phosphatidylcholine [60], [151], [99]

Metal (NH4)6Mo7O24 ·4H2O [78]
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Ca2+ [162]

Cobalt Chloride [127]

Copper [163], [83]

CuCl2 [60], [151], [99]

CuSO4 [73]

CuSO4·5H2O [78], [150]

Fe [130]

Fe(NO3)3·9H2O [99], [151]

Ferric chloride [150]

Ferric citrate [118], [60], [151], [99],

[150]

Ferrous Sulfate [150]

Lithium Chloride [87]

Mg2+ [162]

MnSO4·H2O [78]

NH4VO3 [78]

Nickel Chloride [127]

ZnCl2 [150]

ZnSO4·7H2O [86], [60], [78], [151],

[99], [84], [148]

Nucleoside Adenine [164]

Adenosine [164]

ADP [164]

AMP [164]

ATP [164]

CDP [164]

CMP [164]

CTP [164]

Cytidine [164]

Cytosine [164]
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Deoxycytidine [59]

Deoxyuridine [59]

FAD [164]

GDP [164]

GMP [164]

GTP [164]

Guanine [164]

Guanosine [164]

Hypoxanthine [165], [166]

NAD [164]

NADH [164]

NADP [164]

NADPH [164]

Thymidine [165], [166], [59]

UDP [164]

UMP [164]

Uracil [164]

Uridine [164], [63], [126]

UTP [164]

Organic Acid Butyric Acid [110]

Pyruvate [145]

Pyruvic acid-Na [60]

Sodium Butyrate [64], [46], [94], [88], [56],

[74], [75]

Sodium Lactate [140]

Sodium Propionate [167]

Sodium Pyruvate [124], [54]

Valeric acid [110]

Valproic acid [76]

Other Aurintricarboxylic acid [86], [153]
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DMSO [131], [168]

MTX [49], [162], [147]

Polyamine Putrescine [60], [128], [139], [99],

[54]

Spermidine [139]

Spermine [139]

Polysulfate Dextran Sulfate [60], [155], [115]

Polyvinyl Sulfate [155]

Suramin [155]

Premade 486F [151]

ActiCHO Feed A [123]

ActiCHO Feed B [123]

Cell Boost 7A [40]

Cell Boost 7B [40]

CHO CD EfficientFeed A [119], [124], [123], [169]

CHO CD EfficientFeed B [119], [169]

CHO Xtreme feed [119]

FunctionMAX [123]

ITS [146]

Panexin NTS [146]

Power feed [146]

Sigma Supplement [146]

SITE [128]

Xtreme feed [146]

Serum dFBS [49],[99]

FBS [118]

NBS [149]

NCS [147]

Serum [151]
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Surfactant Pluronic F-68 [118], [156], [60], [151],

[152], [99], [148]

Tween 80 [54], [152]

Vitamin Ascorbic Acid [60], [54]

Choline [156]

Choline Chloride [54]

Cyanobalamin [54]

D-a-tocopherol acetate [54]

D-Calcium Pantothenate [54]

Folic Acid [54]

I-inositol [54]

Niacinamide [54]

Pyridoxine HCl [54]

Riboflavin [54]

Sigma M6895 [90], [65]

Thiamine HCl [54]

V-3FB [90]

Vitamin K1 [162]
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