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Abstract

Mammalian cell culture-based processes are essential for producing effective
recombinant therapeutics such as monoclonal antibodies. A typical production process
involves the introduction of the gene of interest in the host cell, selecting a clone with
desired productivity characteristics, process and medium development for the selected
clone, followed by production runs in larger scale bioreactors, which are currently
predominantly fed-batch mode. For preclinical analysis, the material can be produced
by transient expression of the protein without selecting a clone. Each of these steps
has scope for improvement. In this thesis, I have explored three problems associated
with these steps (1) Understanding whether shear stress affects the productivity of
transient protein expression, which is of importance when scaling up such processes
(2) Developing a hydrogel-based tool for simultaneous in situ delivery of >20
nutrients in small scale culture which can enable fed-batch culture at small scale
without any additional infrastructure, and help in better identification of high
productivity clones at the screening stage (3) Evaluated whether a medium
formulation strategy of maintaining amino acids at low concentrations via continuous

feeding may be beneficial for increasing culture longevity and productivity.

Large scale TGE is a crucial method for rapidly producing a large amount of
recombinant protein for initial characterizations. Mammalian cells are subjected to
varying degrees of shear during various stages of bioprocessing. The effect of shear
has been mainly studied in adherent cells but has been studied to a lower degree in
suspension cells, especially in the bioprocessing context. Shear stress affects
transfection efficiency and increases liposomal toxicity. And this effect increases as
the magnitude of shear stress increases because of the synergistic effect of shear on

liposomal toxicity and the cells.

During cell line development, selecting a robust high producer is the primary
requirement for any successful cell line development program. Screening clones

under conditions similar to the final production process reduces the chances of sub-

xxi



par clone performance at a higher scale. I have investigated whether it is possible to
culture fed-batch mode in small scale platforms without requiring any additional
infrastructure. [ have developed a nutrient delivery system for in situ feeding of CHO
cells in small scale culture platforms, capable of delivering a large number of
nutrients such as amino acids, vitamins and trace elements. I have shown that it is
possible to modulate the delivery of 18 amino acids, improving cell culture
performance. Such a system will also aid in creating a completely closed system for

small scale platforms for cultivating CHO cells.

Medium development is another critical parameter that can affect the process. Recent
reports caution against the use of a nutritionally rich medium as a result of the
catabolic by-products of amino acids. I have investigated whether maintaining amino
acids at low concentrations through continuous feeding can improve culture
performance. Results from these experiments do not suggest an improvement in
culture performance. However, with developments in online metabolite
measurements, precise at-line control of amino acids may enable further refined

experimentation.
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Chapter |I.

Introduction

Biotherapeutics refers to therapeutic materials produced using a suitable biological
host, including recombinant DNA technology. They are the fastest-growing class of
therapeutics, with 53 approved drugs in 2020 [1]. In 2020, biotherapeutics had a
global market of over US$ 325 billion, and it is expected to increase to US$ 496.71
billion in 2026, with a compound annual growth rate of 7.32% over the period 2021-
2026[2]. Monoclonal antibodies (mAbs) account for a dominating fraction of these
biopharmaceutical approvals and comprise about 65% of the total sales[3]. Current
top-selling therapeutics on the market produced from CHO cells include Humira
(adalimumab; anti-TNF, Sandoz), Enbrel (Etanercept, Sandoz, Pfizer), Rituxan
(Rituximab, Sandoz, Celltrion, Genentech), Herceptin (Trastuzumab, Merck,
Celltrion, Genentech), Benefix (recombinant Coagulation factor IX, Genetics
Institute), Avone (Interferon B-1a, Biogen), and TNKase (Tenecteplase, Genentech),

ReFacto (recombinant Antihemophilic factor, Genetics Institute) [3].

Unlike the simpler chemically synthesized molecules, biopharmaceuticals are
complex molecules requiring complex modifications like protein folding and post
translations to be functional and efficient. Chinese hamster ovary (CHO) cell-based
system remains the most preferred mammalian cell line in use for the production of
mAbs. In 2017, 84% (57 of the 68 mAbs) were produced in CHO, with the remaining
mAbs being produced in either NSO or Sp2/0 cells (murine myeloma-based cell line)
[3]. There are multiple advantages to choosing CHO cells over the other available
expression systems. CHO cells can appropriately process the correct post-translational
modification. They can also be adapted to grow in suspension and make large-scale
production possible, increasing production capacity. CHO cells cannot host human
viral pathogens and hence offer a lower chance of transmittances and are therefore
considered safer for the production of biopharmaceuticals. CHO cells are also

preferred because of the accepted safety guidelines and the long history of being used



as the host for the production of recombinant proteins. Because of the long history of

the production of biomolecules, it can prove easier to get regulatory approvals.
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Figurel.1: Typical route for the production of any recombinant biotherapeutic
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The typical production of a recombinant biotherapeutic begins by generating a stable,
robust production cell line (Figurel.1). The first step to obtaining a robust production
cell line is the insertion of the gene of interest in the appropriate host cell line with a
suitable selection and amplification system. Robust selection systems help select
clones with the maximum number of copies of the gene of interest integrated into the
host genome. Because the high producers are crowded among low producers,
extensive screening steps involving multiple evaluation stages ensure the highest,
most robust producer cell strain selection. After insertion of the gene of interest,
selection of clones with the integrated gene of interest and amplification of the gene
of interest using various selection and amplification systems like DHFR and GS
system is performed (Figurel.2). Screening is usually performed in small-scale
culture platforms like shake flasks and spin tubes. High-throughput devices such as

CLonePix and FACS are also increasingly being utilized for screening. At this stage,

Process development



the primary criteria for clone selection include high protein expression levels with the
desired PTM and genetic stability. This makes screening one of the most resource and
labour-intensive steps in cell line development. Depending on the timelines and the
stage of drug development and the amount of recombinant biotherapeutic required,
either stable cell line generation (SGE) or transient gene expression (TGE) can be
chosen. A transient gene expression route can also be taken to produce milligram to
gram quantities of the product of interest in preclinical trials and product
characterization. TGE differs from SGE by not involving the permanent integration of
the gene of interest in the genome. Hence, large-scale TGE is utilized to produce the

recombinant product of interest rapidly.

Further development strategies for enhancing cell performance, productivity, and
product quality, are based on the medium, feed composition optimization, and process
parameters, such as pH, aeration, agitation, and temperature. Various parameters like
viable cell density, cell viability, metabolism, titre, and product quality, are used as
indicators for process development. Different medium designs, feed, and feeding
strategies are also tested to improve productivity and product quality while limiting
waste metabolite production during process development. The best cell clone with
good productivity, product quality, growth, and metabolic characteristics are stored in

a master cell bank and further in working cell banks to be used for production.

Irrefutably, the medium formulation and feeding strategy used for culturing
these cells to produce recombinant biotherapeutic products is vital because
environmental changes and nutrient availability affect cell culture characteristics. The
cell culture medium acts as a source of nutrients for cell proliferation and protein
production. A cell culture medium is an osmotically balanced mixture of a carbon
source, amino acids, vitamins, trace elements, antioxidants, and other vital nutrients.
It plays an essential role in process development as it directly affects product titre and
quality. The growth of cells can be divided into three phases. Initially, growth occurs
exponentially where a growth rate is accompanied by nutrient (high glucose and
amino acid (AA)) consumption. Higher nutrient consumption results in escalated
waste metabolite generation. After reaching a peak VCD (viable cell density), cell

growth stagnates while mAb production increases. In that phase, glucose and amino



acid consumption are reduced, lactate starts getting consumed, and ammonia

accumulation slows down. During the cell death phase, cell viability starts to drop.

The batch, fed-batch, and continuous or perfusion modes of cultivation can be
used to produce recombinant protein-based biotherapeutics. Culturing cells in batch
mode can lead to nutrient limitation, negatively affecting productivity. To overcome
the nutrient limitation, currently, production is preferentially carried out in fed-batch
mode, which utilizes concentrated bolus feeds to replenish the exhausted nutrients in
the basal medium. Bolus feeding during process development may also lock in
production processes to have intermittent feeding strategies. The value of such
feeding strategies is to achieve a multifold increase in cell growth and culture
longevity [2,5,7,8]. Various traditional approaches, one factor at a time approach
(OFAT), medium blending along with statistical techniques like Design of expedient
(DoE), Quality by Design (QbD), full factorial design, response surface methodology
(RSM) are also being used to optimize media and feed formulations [4,5]. Some
feeding strategies are based on nutrient consumption and by-product accumulation.
While the most conventional approach to developing a feed is to concentrate the basal
medium, sophisticated medium optimization strategies must balance promoting
growth and improving volumetric productivity. It has been shown that high-producing
clones selected at small-scale culture may not necessarily be high producers at the
production scale. Such differences can be attributed to differences in medium and

feeding profiles during the screening and the production stage [6,7].
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The use of powerful -omics approaches like proteomics, lipidomics, transcriptomics
and metabolomics has helped fabricate specialized media designs. This has recently
led to identifying certain amino acids such as phenylalanine, tyrosine, tryptophan,
methionine, leucine, serine, threonine, and glycine, that produce novel toxic by-
products; therefore, they should be added at lower non-limiting concentrations [8]. In
rCHO cells, transcriptome analysis using RNA-seq has been used to compare mRNA
profiles between high producers and low producers to decipher suitable target genes
that may contribute to higher ¢, [9,10]. It has been shown that nutritionally rich cell
culture medium formulations in routine use can lead to metabolic artefacts. The in
vivo metabolic environment may be better reproduced by a nutritionally leaner
medium mimicking human plasma [11,12]. Toxic metabolite accumulation and
nutrient depletion activate autophagy or apoptosis. Hence, adding autophagy
inhibitors [7,8] or apoptosis inhibitors [15—17] can improve cell longevity. However,
these inhibitors are unfavourable from a cost and regulatory standpoint. Thus,
maintaining amino acids at low concentrations presents unexplored opportunities to
devise strategies for controlling waste metabolite generations for robust

manufacturing of biotherapeutics.



The mode in which CHO cells are grown significantly impacts their growth and
productivity. Fed-batch culture is labour-intensive and, if performed manually, makes
the culture more error and contamination prone. Automation in the form of robotic
liquid handling systems is a considerable capital investment. Concentrated bolus
feeding may also lead to underfeeding or overfeeding nutrients depending on the
medium design. Fed-batch cultures also have complications related to the preparation
of concentrated feed and pH adjustment, which lead to a significant step-change in pH
and nutrient levels when added to the culture [18,19]. Such substantial step changes
can interfere with the internal metabolic homeostasis. Cell metabolism can critically
affect productivity and product quality. In perfusion culture, the medium is
continuously circulated through culture while retaining the cells to maintain higher
cell densities, allowing simultaneous waste removal and nutrient replenishment
[18,19]. Owing to operational complexity, perfusion culture is still being developed
for recombinant protein manufacturing [20]. Continuous bioprocessing is also
evolving as a novel strategy for recombinant protein production with the aim to
facilitate production and process development while limiting resource footprint.
Process development also includes scale-up to ensure attaining robust process
performance at a large scale. Various high throughput devices have also been
developed for rapid process development; these include microtiter plates and micro
bioreactors [23] Microbioreactors like Ambr, which is a 10-15 mL bioreactor with
automated feeding and sampling, and BioLector, which is a 0.8 to 2.4 mL well plate
with pH and oxygen sensors are popular high throughput system used in cell line and
bioprocess development. But such robotic systems are capital and operationally

intensive, rendering them unsuitable in many academic and industrial settings.

Bioreactor type and process control are other factors to consider that can impact
successful process optimization and process development. The bioreactors used for
biotherapeutic production include stirred tank bioreactors and airlift reactors. Process
parameters like aeration and shear stress have also been critical process parameters,
for example, as demonstrated in the large scale production of oncolytic measles virus
using Vero cells [24]. Mammalian cells, when cultured in a large-scale reactor or
under various stages of bioprocessing, are subjected to diverse ranges of shear, from
agitation due to the impellers to the bursting of bubbles. Such diverse shear stress can

impact bioprocessing, as seen by its effect on culture viability, metabolism, and



recombinant protein production. More importantly, as shown by various reports on
endothelial cells, shear can impact membrane properties which can have an impact on

processes like TGE.

For a complete understanding of recombinant protein production, it is also important
to recognize the downstream process. The downstream manufacturing process usually
includes the following steps. The typical steps include cell harvesting (using
centrifugation and depth filtration), and proteins are further purified using
microfiltration and Protein A chromatography. If the protein is expressed as an
inclusion body, cell disruption methods are employed along with solubilization and
refolding. Viral inactivation is also employed. This is followed by chromatographic
purifications like affinity and ion-exchange chromatography and diafiltration and

formulation to give an active recombinant protein.

1.1 Thesis organization

In chapter 2, literature on serum-free medium, its components, and their metabolic
functions, along with a review of literature related to their transport and regulation. In
chapter 3, common methods used across chapters 4, 5, 6, 7, and 8 are described. Any
other method specific to a chapter is described in the respective chapter. Shear stress
routinely observed due to various hydrodynamic forces that can impact processes like
TGE; in chapter 2, we understand the implications of shear for large-scale TGE and
gene therapies. A novel hydrogel-based method nutrient delivery system, NutriGel, is
described in chapter 4, the kinetics of simultaneous release of 18 amino acids through
various NutriGel formulations is described in chapter 4, and the effect of
supplementation of various NutriGels to CHO cell culture is described in chapter 5.
We demonstrate the application of this hydrogel for complete in situ feeding to a
suspension-adapted CHO cell line expressing IgG. In situ supply of a feed mixture
with a composition identical to the culture medium with the exception of glucose and
bulk salts (with bolus feeding of glucose as required) led to a significant improvement
in integral viable cell density and volumetric productivity while creating a completely
closed system for shake flasks. In chapter 6, results from the RNA-Seq study to
characterize transcriptomics changes when cells are cultured in a lean amino acid-

based environment are described. In chapter 7, using the transcriptomics dynamic, we



explore the utility of low amino acid-based condition and feeding strategy and
evaluate its effect on culture performance. In chapter 8, conclusions and future

outlook are presented.



Chapter II.

Background

Effective growth and productivity are affected by the mode of cultivation and require
media that can support growth and sustain productivity. Medium composition, its
design, and choice of feeding strategy are critical factors in the biotherapeutic space.
The understanding and evaluation of which culture medium and components define
its possible usefulness in process development, although this evaluation is still an
empirical search. This current understanding of medium composition, its evolution
and how cells utilize nutrients, along with the responses of mammalian cells to

nutrient limitation, is briefly introduced in this chapter.

Cell culture medium selected to culture cells in vitro has undeniably a
critical impact on the cells either used for the production of biotherapeutics or
physiological studies. Different types of cell culture media have evolved with diverse
purposes, like keeping cells and tissue alive for a short period for transporting
clinical samples, studying the physiology of tissues and organs ex vivo, for large-
scale production of viral vaccines, therapeutics, and recently cultivating embryos in

vitro for assisted reproductive technology.

Ringer first realized the milestone work of keeping cells alive outside the body in
1882. Ringer developed bicarbonate based buffered saline to successfully keep a
frog's heart beating post dissection for a relatively extended period, variants of which
are still in use [25,26]. This basal salt solution was the ancestor of modern cell
culture media. In order to mimic the in vivo conditions and keep cells alive for a
longer period, medium development began with the addition of tissue components
like blood clots, plasma, embryo extracts etc. [27,28]. This led to the foundational
studies by Harrison, where he successfully grew frog nerve fibre tissue alive for

weeks outside the body by supplementing it with frog lymph [29].

Various attempts to make synthetic media succeeded only with adding an

undefined component like serum or plasma from various sources. With the addition



of serum in media, a lot of cells could be cultured and expanded. Different methods
of purifying and fractioning serum were developed for use in cell culture[30]. With
the development of continuous cell lines like HeLa and the advent of hybridoma
technology, a necessity arose to industrially produce biotherapeutics where serum

had to be removed, reduced or replaced.

2.1 Replacement of serum

The serum is an excellent nutritional supplement containing vitamins, amino acids,
hormones, trace elements, and antioxidants having diverse functions. The addition of
serum in cell culture media has many advantages. It is a paradox that though some
cells cannot proliferate without serum supplementation, cells can also not grow in
100% serum [31]. Various studies conducted to scrutinize the quality of
commercially available serum revealed a lot of batch to batch variation [32,33]. The
main complication of using serum has been its ambiguous composition and difficulty
in downstream purification due to its high protein load [34]. Societal and ethical
concerns regarding the killing of fetuses and safety concerns relating to the
transmission of contaminants like mycoplasma and bovine viruses have also
discouraged the use of serum or any animal-based component [35]. Finally,
economic concerns due to the high cost of serum have paved the way for replacing
serum in cell culture medium [36]. Extensive work was done with the foresight of
replacing serum completely, either for studying the functions of various
biomolecules or cells or for large scale production of biotherapeutics. The albumin is
a 69 kDa acidic water-soluble protein found in animal sera. Albumin is the major
component of serum present at around 50 mg/mL, where it makes up about 60% of
the total serum protein [37,38]. The primary function of albumin in vivo and in vitro
is being a sacrificial antioxidant and transporter of many molecules like fatty acids,
trace elements, vitamins, and hormones. The trace metals like Cu” and Fe* routinely
present in cell culture media can react with other media components like ascorbic
acid can cause reactive oxygen species (ROS) generation in cell culture media.
Albumin has a dedicated high-affinity binding site for Cu" and Ni" that prevents their
participation in ROS production. There are 35 cysteine residues in albumin that form
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disulfide bridges, leaving, Cys-34 as a free reduced thiol that helps albumin exert its
antioxidant function. Albumin is also widely recognized for preventing lipid
peroxidation [37]. Albumin supplementation is serum sparing and effective in
enhancing cell growth. Supplementation with recombinant albumins has been
successfully employed to eliminate an animal-derived component like albumin in
cell culture media'®!®, Further albumins derived from animals are also being
replaced by recombinant human albumin (rAlb) produce using yeasts to further
improve safety issues, especially with cell therapies and stem cell applications

[38,41].

2.2 Components of serum-free media
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Figure 2.1: Overview of transport mechanisms for various media components
(A) The basic modes for metabolite transport based on the energy association (categorized into active
and passive modes) are shown (B—F) Major transport proteins involved in the transport of various
substrates belonging to the major nutrient classes in the media like carbohydrate, amino acid, lipid,

nucleoside, vitamins. Created with BioRender.com

2.2.1 Carbohydrate source
Glucose is the most frequently used carbohydrate source in cell culture media. It is
generally present at high concentrations (5 to 55 mM) in cell culture media. But

CHO cells can maintain viability at low glucose concentration (3 mM) [42]. In many
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traditional media[43], the concentration is similar to blood plasma concentrations
(5.5 mM), whereas proprietary media have higher glucose concentrations to sustain
higher cell densities?!. Other alternate sugar sources that have been used to substitute
glucose with varying degrees of success are D-galactose, D-mannose, D-ribose,
trehalose, turanose, D-maltose, D-fructose, including glucose-6-phosphate and
glucose-1-phosphate [45]. The in vivo functions of glucose are the generation of
energy in the form of ATP, NADH, NADPH, synthesis of nucleotides, fatty acids
and amino acids. It is metabolized principally by glycolysis to form pyruvate, which
may be converted to lactate or is oxidized to form CO; via the tricarboxylic acid
cycle (TCA). However, glucose can also be converted to lactate without entering the
TCA cycle. This leads to the accumulation of lactic acid in the medium, which has
harmful effects on cell growth and productivity [46]. In mammalian cell lines, only a
fraction of glucose is completely oxidized (less than 5%), about 8% of utilized
glucose is metabolized via the pentose phosphate pathway (PPP), and almost 90% is
converted to lactate. 20-30% of the utilized glucose is utilized for cellular pathways
other than glycolysis, the TCA cycle, or the PPP. An important aspect to note is that
glucose and glutamine metabolisms are interlinked and interactive with the
availability of each other [47]. At low glucose concentration, the primary function of
glucose is to provide ribosyl units for nucleotide synthesis [47]. Galactose is an
important alternative carbohydrate source that, like glucose, is also converted to
pyruvate via glycolysis. In media containing both glucose and galactose, CHO cells
prefer to use glucose first, followed by galactose consumption. This metabolic shift
leads to lower lactate production and higher lactate consumption [48]. However, a
complete replacement of glucose with galactose is not ideal as it leads to reduced
growth and viability [49]. Glucose is transported into the cells by facilitative
diffusion by two families of transporters- the GLUT and SGLT(1-6). SGLT-2 from
the SGLT family has a low affinity but high capacity for glucose and galactose
transport (Figure 2.1) [50]. Substituting the carbon source has had many advantages,
mainly lowering lactate accumulation in the medium [49,51]. Glutamine is also a
major energy source in CHO cell culture and is metabolized via glutaminolysis
entering the TCA cycle via a-ketoglutarate, and is discussed in detail in the next

section.
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2.2.2 Amino acids

Amino acids essential for cells in vitro were first identified based on the systematic
study by Eagle [52-54]. He established all 13 essential amino acids are necessary for
culturing mammalian cells in-vitro (Arginine, Cysteine, Glutamine, Histidine,
Isoleucine, Leucine, Lysine, Methionine, Phenylalanine, Threonine, Tryptophan,
Tyrosine, and Valine) and are present in high concentrations (0.5-4 mM). However,
later the seven non-essential amino acids were also supplemented to lower the
metabolic burden [55]. Non-essential amino acids, particularly serine, have been
used to demonstrate enhanced cloning efficiency for some primary and continuous
cell lines [56]. As amino acids are the building blocks of recombinant proteins, they
have been identified as nutritional supplements for increasing productivity [57,58].
Duval et al. showed that supplementing hybridoma cell lines with four rapidly
consumed amino acids led to an increase in productivity by increasing the VCD and
culture longevity [58]. Altamirano et al. have shown that systematic medium
supplementation with proline, serine, and asparagine, along with lipid and vitamins,
led to an 80% higher t-PA production in CHO TF70R cells [49]. Sophisticated
studies designed to understand the specific amino acid requirement for increasing
productivity have used statistical tools like Plackett-Burman (PB) multifactorial
design [4]. Amino acids cannot simply diffuse into the cells are transported inside
the cell with the assistance of 10 SLC families and 17 distinct transport systems,
classically classified into transport systems ASC (neutral amino acid transporters
from the SLC1 family, Figurel) and systems A and L (SLC38 members, Figure 2.1-
2.3) based on substrate specificities [59]. Some of these transport systems are
ubiquitous (e.g., systems A, ASC, L, y" and X “ac ), and some have tissue-specific
transport systems (e.g., systems B, N™, and b>" )[60]. With the advent of "omics
technology", these systems were refined and renamed based on their SLC gene, and

further intricate regulation mechanisms were confirmed.
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Figure 2.2: Representation depicting the mechanism of system ASC for amino acid
transport
System ASC is a stereoselective, sodium-dependent antiporter that is powered by a sodium gradient
and is involved in the uptake of amino acids with linear side chains like alanine and glutamine but
also has a preference for some polar amino acids, such as cysteine, serine and threonine. Reproduced

from [61]. System ASC is the SLC1A4/5 family of the transporter.
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Figure 2.3: Representation depicting the mechanism of systems A and L for amino acid
transport

System A is a sodium-ion dependent secondary active transport system responsible for importing

unbranched amino acids and imino acids (proline). System L is a tertiary active transport system that

imports amino acids against their concentration gradient (e.g. leucine) by expelling amino acids

accumulated by other systems (e.g. glutamine). Reproduced from [61]
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2.2.3 Glutamine

Eagle identified the 10-100-fold higher glutamine requirement by cells in vitro. He
further investigated how nutrients could reduce this higher demand for glutamine.
Arginine, ornithine, a-ketoglutaric acid, and proline could not substitute for
glutamine [62]. Glutamate only at a higher concentration of 20 mM in the presence
of ATP and NH4 could substitute for glutamine in HeLa cells. With radiolabelling
experiments, the carbon chain of glutamine was confirmed to give rise to aspartic
acid and proline, probably via glutamic acid [63]. Glutamine is the main respiratory
fuel and can be catabolized using the following three pathways. The first one is by
the complete oxidation to CO» through the TCA cycle. The second and the third are
the partial oxidation to lactate or aspartate by aspartate or alanine (via
aminotransferases). In HeLa cells, 70% of ATP is produced from glutamine
metabolism, even in the presence of glucose. HeLa cells, when grown in the absence
of glucose and the presence of alternate carbon sources like fructose, obtain 98% of
their energy requirement from glutamine metabolism. The carbon from fructose is
exclusively directed to the pentose-phosphate pathway for nucleotide synthesis
[47,64]. On the other hand, glutamine supplies only up to 40% of the energy
requirements of fibroblast cells [65] and of CHO cells [66]. Glutamine is an essential
nutrient in CHO cell culture, and its absence delays the start of the exponential
growth phase [67]. Glutamine supplementation has been previously reported to
improve cell viability, reduce lactate accumulation and increase productivity, even in
the case of CHO-GS cells which produces glutamine via transfected glutamine
synthetase [68,69]. During glutaminolysis, however, glutamine is converted to
glutamate, leading to ammonium accumulation in the medium [70]. High ammonium
concentration are known to have a detrimental effect on the cell culture by reducing
cell growth rate, increasing the glycoform heterogeneity, and affecting the
consumption rate of other amino acids [71,72]. Glutamine is hydrophilic and water-
soluble, and hence the import of glutamine into cells is mediated by specific SLC
families of transporters. There are fourteen transporters that accept glutamine as a
substrate. Transporters are not specific for a particular amino acid, and multiple
transporter families are involved in the uptake of particular amino acid. These
transporters are not specific for glutamine, and not all of these transporters function
in the influx of glutamine under normal physiologic conditions. These fourteen

transporters belong to four SLC families: SLC1, SLC6, SLC7, and SLC38 (one
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transporter in SLC1, two transporters in SLC6, five transporters in SLC7, and six
transporters in SLC38) (Figure 2.1) [73,74]. The members of the SLC38 gene family

are generally regarded as the major glutamine transporters in mammalian cells.

Table 1. Plasma membrane transporters for glutamine.

Gene Protein name Amino acid substrates The direction of
name glutamine flux
SLC1A5S ASCT2 Neutral Influx/Efflux
SLC6A14 ATB®* Neutral & Cationic Influx
SLC6A19 BYATI Neutral Influx
SLC7A5S LATI1 Neutral Influx/Efflux
SLC7A6  y"LAT2 Neutral & Cationic Influx
SLC7A7  y"LATI Neutral & Cationic Influx
SLC7AS LAT2 Neutral Efflux
SLC7A9  b%" AT Neutral & Cationic Efflux
SLC38A1 SNATI1 Neutral Influx
SLC38A2 | SNAT2 Neutral Influx
SLC38A3 SNAT3 Neutral Influx/Efflux
SLC38A5 | SNATS Neutral Influx/Efflux
SLC38A7 | SNAT7 Neutral, Cationic & Anionic Influx
SLC38A8 | SNATS Neutral, Cationic & Anionic Influx

2.2.4 Protein Hydrolysates

Hydrolysates are protein digests constituting amino acids, peptides, carbohydrates,
vitamins, growth factors and minerals obtained by hydrolysis of proteins by various
enzymes, acids, and alkali that provide nutrient supplements to the media [75]. They
are sourced from animal tissues (Primatone RL, tryptose broth, etc.), plants (soy,
wheat etc.), milk (lactalbumin, casein, etc.) or yeasts. Plant-based hydrolysates from
soy, wheat and yeast are also commonly used to support cell growth in serum-free
cell culture media. Protein hydrolysates are used to deliver amino acids and small
peptides. There are contradictory reports on the effect of a protein hydrolysate; some
studies report a beneficial effect [76—79], while other studies demonstrated no effect
or detrimental effect on cell density and product quality at higher concentrations
[80]. Protein hydrolysates are chemically not defined and may cause problems in
reproducibility because of their compositional complexity and lot-to-lot variations. A

few possible explanations for the beneficial effect of protein hydrolysates are that
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they provide free amino acids and low molecular weight nutrients. Large
oligopeptides can also be growth factors for cells or mimic in part sequences of
growth-promoting factors [76,81]. These speculations have led to the development of
synthetic peptides that show a positive effect on cell density and productivity
[82,83]. Hydrolysates provide a large number of oligopeptides as a source of amino
acids for CHO cells. However, proteins and long peptides have to be digested into
shorter di- or tripeptides before being available for CHO cells to be utilized. Such
peptides are transported by peptide transporters that have been grouped in the
Proton-coupled Oligopeptide Transporter (POT) superfamily, also known as the
Peptide Transporter family. Two peptide transporters, designated peptide transporter
1 (PEPT1, SLC15A1) and peptide transporter 2 (PEPT2, SLC15A2), several new
POT members, including Peptide/Histidine Transporter 1 (PHT1) and
Peptide/Histidine Transporter 2 (PHT2) and their splice variants have also been
identified that are involved in peptide transport (Figure 2.1) [84,85].

2.2.5 Vitamins

Vitamins functions as enzyme co-factors in a wide variety of metabolic reactions; for
example, Riboflavin, niacin, and vitamin C are essential in maintaining the redox
balance; thiamine and biotin are involved in macronutrient metabolism; and folate,
vitamin B12 or cobalamin (Cbl), pyridoxine, and riboflavin play important roles in
nucleotide synthesis. Initially, 7 vitamins were established as essential by Eagle for
cell growth and proliferation: choline, folic acid, nicotinamide, pantothenate,
pyridoxal, riboflavin, and thiamine and cytopathic effects of vitamin deficiency were
reversible[86]. As Eagle used dialyzed serum-supplemented basal media, it was later
realized that many vitamins could be supplied by serum. Biotin and Inositol were
found to be essential under specific conditions. Hence all B-vitamins are necessary
for cell culture in-vitro and are included in DMEM as well as in Ham-F-12 [55].
However, the vitamin requirement has been found to be strain-specific and
dependent on the complex interactions with other nutrients in the medium. For
example, biotin routinely present in serum-free media NCTC 109 was found
essential only when the number of other vitamins is reduced to 7 instead of 18, and
nucleic acid derivatives from 5 to 2 along with the absence of sodium glucuronate.

When cells were cultured in a medium devoid of all nucleic acid derivatives except
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deoxycytidine, an essential requirement for folic acid was demonstrated [87,88].
Myo-Inositol was an essential growth factor for the survival and multiplication of a
wide variety of normal and malignant human cells [89]. The folic acid requirement
of cells is also found to be dependent on the origin of cells, with primary cell lines
showing a higher requirement [90]. Vitamins are susceptible to heat, strong light, and
long-term air exposure. Among the vitamins present in CHO cell culture media,
ascorbic acid and tocopherols are vulnerable to oxidation; thiamine, riboflavin,
cobalamin, and ascorbic acid are sensitive to light; and thiamine and pantothenic acid
are thermolabile [91]. As a result, protection from light and heat is important during

the storage of culture media affecting the shelf life and reproducibility.

With the exception of folinic acid, coenzymes are generally able to replace their
constituent vitamins [92]. The water-soluble vitamins also have specific membrane
transporter families responsible for their transport across the plasma membrane. The
absorption of Cbl is complex, requiring multiple processes involving four different
binding proteins. Interestingly, vitamins like folate, biotin, and riboflavin can be
transported across colonic epithelial cells in the human body. Four SLC families are
involved in vitamin or co-factor transport. SLC19 participates in folate and thiamine
transport, whereas SLC46 is responsible for folic acid transport (Figure 2.1) [93].
The molecular identity of thiamin uptake systems thiamine transporter (THTR)-1
(SLC19A2) and THTR-2 (SLC19A3) has been recently elucidated [2]. Thiamin-
mono- and di-phosphates , Monoglutamyl folates, including folic acid, are
transported by Riboflavin transporters-1, -2 and/or -3 (RFT-1, -2 ,SLC19A1
SLC52A1/3 respectively), whereas 5 Methyltetrahydrofolate is transported by folate
receptors FOLR1,2,3 and PCFT. Sodium-dependent multivitamin transporter
(SMVT) transports the vitamins pantothenic acid, biotin and lipoate. SVCT family of
transporters (SLC23A1 and 2) is responsible for ascorbic acid transport, whereas
dehydroascorbic acid transport is facilitated by GLUT1 and GLUT3 (Figure2.1).
Cobalmine is also transported by GIF, CUBN, and AMA. Riboflavin is transported
by RFT3 (SLC52A2). SGLT-6 (SLC5A11) and SMIT (SLC5A3) are myo-inositol
transporters (Figure 2.1) [86].
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2.2.5.1 Vitamin C

Ascorbic acid is a routinely used water-soluble vitamin in a cell culture medium. It is
highly unstable. It acts as an antioxidant that protects unsaturated fatty acids from
peroxidation by converting lipid peroxyl and alkoxyl radicals to stable lipid
hydroperoxides and hydroxides, respectively. Alpha-tocopherol donates hydrogen to
lipid peroxyl radicals and gets reduced. Ascorbic acid also regenerates the oxidized
lipid peroxyl radicals and indirectly limits lipid peroxidation in cell membranes
[94][95]. Ascorbic acid facilitates the import of copper from ceruloplasmin in the
serum into cells. It is involved in the catabolism of amino acids (phenylalanine and
tyrosine) to acetyl-CoA and the synthesis of collagen. It was found to be a potent
antioxidant in L929 fibroblast that could mitigate glutathione toxicity. However,
these cells were also shown to grow in the absence of any reducing agent, including

vitamin C [87]. SLC23 is involved in ascorbic acid transport (Figure 2.1) [93].

2.2.6 Lipoic acid

Lipoic acid (LA) is a media component that functions primarily as an antioxidant
[96,97]. LA was first introduced into the cell culture medium by Ham in Ham's
Nutrient Mixtures for the clonal growth of CHO cells, where its utility is

uncertain. Lipoic acid can be synthesized by eukaryotic cells [98]. As lipoamide, it
functions as a co-factor in the pyruvate decarboxylase multienzyme complex [96].
As LA and its reduced form, dihydrolipoic acid (DHLA) is closely involved in
amino acid metabolism (glycine, leucine, isoleucine and valine), as well as in
defence against oxidative stress and apoptosis. LA and DHLA regenerate
endogenous antioxidants, remove transition metals from redox reactions by chelation
and scavenge reactive oxygen species [98]. The availability of cysteine is a rate-
limiting step in the synthesis of glutathione which is an important intracellular
antioxidant. LA stimulates glutathione synthesis by improving cystine utilization by
reducing cystine to cysteine, which can be taken up by cells [99]. Lipoic acid has
been established to be transported by SMVT and also by MCT (Figure 2.1)
[100,101].
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2.2.7 Hormones

Supplementation of hormones began with the hypothesis that the primary function of
serum is delivering hormones to cells. Hormone supplemented serum-free cultures
could be used to grow a variety of cell lines, both primary cell lines and continuous
cell lines like HeLa-S. Hormone supplemented media could be used to select specific
cell types from primary cultures or help cells express cell-specific functions [102].
The hormone requirement of cells is different for various types of cells; for example,
five components- Epidermal growth factor (EGF), Fibroblast growth factor (FGF),
transferrin, insulin, hydrocortisone (aldosterone)-can replace the serum requirement
for HeLa cells [103]. While transferrin, Insulin, EFF and Thrombin are required for

serum-free propagation of cell line Chinese hamster lung fibroblast [104].

2.2.8 Lipids

Lipids can be classified into triacylglycerol, phospholipids, and sterols. These lipids
are broken down into free fatty acids, monoacylglycerols, and cholesterol, which are
subsequently absorbed in vivo. The principal function of lipids is to provide
structural units for the permeability barrier of membranes (The main forms of lipids
present in cell membranes are phospholipids and cholesterol). It is also used as a
stored metabolic fuel (triglyceride) for the synthesis of hormones (Cholesterol acts as
a precursor for steroid hormones and bile acids) and, to a lesser extent, as signalling

molecules (Lipids also act as precursors for second messengers).

Most cells in vitro are known to employ fatty acids in the medium. Human skin
fibroblasts (GM-10 cells) proved that cells could use fatty acids to synthesize
triacylglycerol when fatty acids were included in a lipid-free medium [105]. Cells
have also been shown to grow in serum-free media (SFM) lacking any lipid
supplementation and yet have been found to sustain indefinite cell growth and
complete function. It appears that fatty acids essential in vivo are not critical for cell
proliferation in vitro [106,107]. Some cultured cells can be auxotrophs for particular
lipids, the most famous being NS0, a myeloma cell line that requires
supplementation with cholesterol [108]. Supplementing lipid has been a long-
standing problem due to its low solubility and instability in the cell culture medium.

This issue has been resolved with limited success with the help of carrier molecules
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like albumin and cyclodextrin [108]. Supplementation of the medium with
unsaturated fatty acids can improve cell yield and volumetric monoclonal antibody
titre (58%), as illustrated in the case of B-lymphocyte hybridoma [109]. Lipids can
diffuse across the plasma membrane due to their hydrophobic nature. But specific
transporters also exist (1) fatty acid transport proteins, including FATP1-6
(SLC27A1-6), (2) the membrane-associated fatty acid transporters FABPpm (GOT2)
and fatty acid translocase FAT (CD36) (3) ATP binding cassette transporters (ABC)
(4) various lipoproteins (i.e., chylomicrons, low-density lipoprotein, and high-density
lipoprotein) and (5) lipid transporters, such as non-specific lipid-transfer protein
(SCP2), acyl CoA binding protein (DBI), fatty acid-binding proteins/ cytoplasmic
fatty acid-binding proteins [i.e., FABPc (FABP1-9)] (Figure 2.1).

2.2.9 Ions

The ions demonstrably essential for survival and growth in vitro are Na*, K*, Ca*",
Mg?*, CI, and H,PO4~[92]. The bulk ions are primarily required for homeostasis and
physiological roles, such as maintenance of membrane potentials and osmotic
balance, rather than any nutritive requirement. However, some ions can act as co-
factors for various enzymatic reactions [92]. The bicarbonate ion is also required for
a number of biosynthetic reactions such as urea synthesis [110] and helps to buffer
the medium pH, and must be supplied exogenously when the cellular population is

sparse [111].

2.2.10 Trace metals

Initially, trace elements were supplied to the cells through serum and as
contaminants from water used for preparing media. Selenium was the first trace
element demonstrated to be essential in human fibroblast in 1976 [112]. Selenium
acts as an antioxidant as part of the enzymes like glutathione and thioredoxin
reductases, glutathione peroxidases, and selenoprotein P as the amino acid
selenocysteine [113—115]. Trace elements like copper and iron are essential for the
growth and survival of cells in-vitro. But trace element management in serum-free
media is a double-edged sword owing to trace metal toxicity. Some trace elements

can be toxic to certain cell lines; for example, manganese is toxic to GHs cells [116].
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Iron is required by cells as heme or a non-heme component of various enzymes. As a
heme component of enzymes like catalase and peroxidase, it prevents oxidative
damage. It participates in cellular respiration by forming the heme-containing part of
cytochrome located in the mitochondria [117]. The transfer of electrons by
cytochromes for the generation of ATP involves oxidation and reduction cycling of
iron. As the non-heme form, it is a part of succinate dehydrogenase. As an enzyme
co-factor, iron prevents cellular oxidative damage. It is frequently added to cell
culture media as a nitrate or sulfate salt to replace transferrin [104]. Copper in serum
is delivered by albumin and ceruloplasmin. Copper is a part of various copper
oxidases like cytochrome ¢ oxidase, superoxide dismutase, and tyrosinase [118]. The
copper oxidases; ceruloplasmin, ascorbate oxidase, and lactase are the only know
oxidases capable of reducing molecular oxygen to water along with the transfer of
four electrons. Zinc is found in Zn and Cu superoxide dismutase and helps protect
cells from superoxide radical damage. Zinc is a part of several enzymes like alcohol
dehydrogenase, glutamic acid dehydrogenase, carbonic anhydrase as a coordinating
cation and several NAD-dependent dehydrogenases as zinc proteins [118][119].
Other trace elements Cr, I, Co, Mn, and Mo, are also added to various proprietary
formulations. Trace metals are transported into the cells by 6 SLC families, with
SLC 31linvovled in copper influx SLC31, SLC39 involved in Zn**, Fe**, Cu*" and
Mn?*, SLC40 and 41 involved in iron and magnesium transport, respectively (Figure

2.1)[93].

2.2.11 Miscellaneous

Serum-free medium are often supplemented with Insulin, transferrin, ethanolamine
and selenium (ITES), combined with mercaptoethanol (BITES) or hydrocortisone
(HITES) for the cultivation of a wide range of cells. Ethanolamine was reported to be
an essential growth factor for hybridomas in serum-free culture [120]. Glutathione is
a water-soluble tripeptide antioxidant that can be synthesized by cells. Glutathione is
the preferred substrate of a number of selenoproteins to cope with the intra- and
extra-cellular oxidative stress [37]. Glutathione can regenerate ascorbate and inhibits
the copper-mediated autoxidation of ascorbate. Glutathione may serve as a reservoir
of cysteine for protein synthesis [121]. Nucleosides and nucleic acid bases are

transported across membranes by concentrative nucleoside transporters (CNT) [122],
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equilibrative nucleoside transporters (ENT) [122], and members of the ABC

transporter family

Table 2: Basic functions of components in serum-free medium

Components
Carbohydrate
source
Amino acids

Glutamine
Vitamins
Hormones
Protein

Hydrolysates
Ions

Lipids
Trace elements

Miscellaneous

Functions

Generation of energy in the form of ATP, NADH, NADPH,
synthesis of nucleotides, fatty acids and amino acids

Protein synthesis, cell signalling, oxidative stress management,
nucleotide synthesis

Generation of TCA metabolites, nucleotide synthesis, amino
acid and vitamin synthesis

Required as co-factors/ precursor of co-factors. Vitamin C is
required as an antioxidant

Required for cell proliferation of a variety of cells

Supply vitamins, amino acids, peptides, growth factors

Maintaining osmotic balance and membrane potential

structural units for membranes, stored metabolic fuel, synthesis
of hormones, and signalling molecules

Required as co-factors for enzymes. Se is required for the
management of oxygen toxicity

Reductants are added to maintain the intracellular redox
balance

2.3 Designing serum-free medium for biotherapeutic production

All cell lines do not have identical nutritional needs, and an important step in the

optimization of mAb production is the optimization of media formulation that is

tailored to meet the specific growth and productivity requirements of any given

industrially production cell line. Medium development is a complex process aimed at

achieving maximum cell growth and or productivity. It involves optimization of

numerous interacting components to their final concentrations with the aim of

achieving robust cell growth and productivity. The traditional approach to medium

development described in the previous chapter was pioneered by Ham and co-

workers'. It is an iterative approach, also known as one factor at a time (OFAT)

strategy, where a series of titrations of individual medium component while keeping

all other components at a constant concentration is performed. At the end of the first

round of titrations, a working optimum is set for the selected component. Then the

next round of titrations is performed for each component while keeping the first

component at optimum. It is the simplest systematic approach with drawbacks like
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being low throughput, time and labour intensive, and lack of an ability to optimize
interacting components [123]. With factorial designs, concentrations of several
components can be varied simultaneously, and thus one can identify interacting
components and find the optimal combinations of components. Factorial designs
have been used as medium development tools for bacterial and mammalian systems
[124-126] and for mammalian cells such as CHO cells [127—-131]. Petiot et al.
[132], by using fractional factorial design to rapidly screen serum-free medium
components for Vero cells, Deshpande et al.[133] used central composite design to
optimize the concentrations of media components like glucose, glutamine, and
inorganic salts for the cultivation of CHO cells. Plackett-Burman statistical design,
which is used for screening a large number of medium supplements combination, has
also been demonstrated to develop serum-free medium [4,134]. An innate drawback
of factorial designs is the large number of experiments required to be performed,
which can make the process potentially time-consuming and error-prone. Alternative
approaches for medium optimization, such as metabolic flux analysis, consumption
profile study [135-138], medium blending [139] and DOE, have also been
demonstrated [131,140]. Medium blending is a strategy to quickly generate newer
formulations as it relies on mixing existing formulations, but technically the
components having beneficial or adverse impacts are not identifiable. Spent medium
analysis allows rational medium development by understanding the nutrient

consumption profiles along with metabolites that are accumulating.

Since the number of components is large, an automated high throughput system is
preferable. For example, systems like bioLector, Ambr or micro bioreactors are
becoming increasingly useful in accurately representing the production process. It is
also to understand other factors to be considered during media development, like
regulatory requirements and choosing appropriate models for the media development

experiments (scaled-down cell culture methods and using appropriate end-points).

2.4 Effective feeding strategy for the production of biotherapeutics

During the batch mode of cultivation, generally, a nutrient-rich medium is chosen to
culture cells. The cells consume nutrients from the medium that leads to growth and

protein production, but this also results in nutrient depletion and accumulation of
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inhibitory metabolites. The fed-batch mode is currently the most frequently used
mode for operation for the production of biotherapeutics. The fed-batch mode relies
on optimizing a feed and a feeding regimen in order to maximize both cell culture
performance and productivity. The type of mode and the timing of feeding, and the
methodology employed to deliver the feeds is an important consideration in
producing the desired therapeutic product. It is well established that under-feeding a
culture has a negative impact on its performance; likewise, a process that over-feeds
can also have deleterious effects on the culture. The amount of feed, as well as the
frequency of feeding, are important factors to be considered when devising a robust
fed-batch process. Optimal feed concentrations and feeding regimes should be
determined experimentally. Though this evaluation method is the most effective and
gives detailed results, it is resource-intensive and may be limited by the number of
individual parameters that can be evaluated simultaneously. Again, because
individual parameters are evaluated independently from others, the potential
interaction of one experimental variable on another may not be detectable using this
evaluation method. Experimentation by a statistical DOE approach is another
screening method utilized in process development to optimize feeding regimens. The
advantage of this screening method over an iterative approach is that it results in
comprehensive results (including potential interactions between experimental
conditions)—however, this knowledge of advanced statistical methods and
computational and technical expertise. However, fed-batch cultures improve on them
in principle by supplying key nutrients to prevent depletion, but this increases the
culture volume. Continuous cultures employ a similar feeding strategy, but an equal
volume is removed beforehand to avoid increasing the working volume and diluting
the culture; however, this results in a decrease in total viable cell number at the time
of feeding. Perfusion culture techniques improve upon this by filtering out spent
media and cell debris while retaining whole cells. A comparison of these culturing

methodologies is shown in Figure 2.4.

Fed-batch

B N

Viable cell density

Batch Fed-Batch Continuous Perfusion (cell retention) Time
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Figure 2.4: Modes of cell culture routinely used for the production of biotherapeutics
Various modes of operation are used to produce biotherapeutics- batch, fed-batch, continuous, and

perfusion cultures. Created with BioRender.com

2.5 Conclusion

The development of serum-free cell culture media has encouraged the understanding
of nutritional requirements, physiology, and functions of various types of cells.
Removing an incredibly complex component like serum requires an extensive
understanding of the diverse array of functions it performs and the imperfections it
conceals in the basal medium. But the advantages of serum-free media come with a
cautionary note of an in-depth understanding of the nature of the components, their
functions and interactions in the medium. Various components like cysteine, vitamin
C, iron and copper are involved in complex redox reactions and can have a pro-
oxidant or antioxidant role depending on given redox conditions. Rational media
design and feeding strategy require an understanding of the specific cell line and
finding a middle ground between toxicity and nutrient insufficiency. Omics
approaches can help provide better insights and develop and optimize media
enabling efficient and consistent cell culture process development for

biotherapeutics.
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Chapter lll.

Methods

This chapter describes common methods used across multiple approaching chapters.
Any other methods specific to a particular chapter are described in the methods

section of its chapter.

3.1 Materials

Suspension CHO-DG44 based cells producing recombinant IgG were provided by
Inbiopro Solutions (Bengaluru, India). They were regularly passaged custom-made
DMEM:F12 based HDFE medium (composition in Appendix 1). Unless otherwise
mentioned, all chemicals were purchased from Merck (Kenilworth, NJ, USA).
Lipofectamine 2000 (11668027) was purchased from Invitrogen Corporation
(Carlsbad, CA, USA). CHO-S- SFM II and DMEM were purchased from Invitrogen
Corporation (12052-114 and 12320-032, respectively).

Fetal Bovine Serum (RM1112, FBS) was purchased from Hi Media Laboratories
(Mumbai, India). Cell culture compatible silicone tubing ID 2 mm 9 OD 4 mm was
purchased from Ami Polymers (Mumbai, India). 24 well plates were purchased form
Nest Scientific USA (Rahway, NJ, USA) and used for seeding K562 cells. Ultra-low
binding 24 well plates were purchased from Sigma-Aldrich (St. Louis, MO, USA) and
used for CHO-S cells.

3.2 Cell culture

All cultures were incubated in a humidified incubator set at 37 °C and 10% CO, and
shaken at 110 rpm or 130 rpm for high density cultures. No antibiotics or serum was

used in any of the CHO cultures. Culture volume of 20 mL, in a 100 mL glass conical



flask with a screw cap, was used for all cultures. Cultures were sampled regularly for

cell density and extracellular metabolite measurements.

3.2.1 CHO-S cells

CHO-S cell line was purchased from Invitrogen Corporation (Invitrogen, CA, USA).
Cells were seeded at a density of 0.2x10° cells/mL in CHO-SFM II and passaged
every second day. Cells were maintained at 37 °C, 10 % CO; and 110 rpm, and used
from passage 9—40.

3.2.2 K562

K562, human chronic myelogenic leukemic cell line was obtained from National

Centre for Cell Sciences (NCCS, Pune, India). K562 cells were maintained in DMEM
(Invitrogen, CA, USA) supplemented with 10 % FBS and cultured at 37°C, 10 % CO>
and 110 rpm. K562 cells were used from passage 39—50. Plasmid containing mCherry

gene was used for transfection with fluorescent mCherry protein used as a reporter.

3.2.3 CHO cells expressing IgG

A suspension CHO cell line expressing IgG, provided by Inbiopro Solutions
(Bangalore, India), was used to evaluate the effect of the addition of the hydrogels to
increase culture longevity and productivity. Cells were inoculated at a density of 0.3 X
10 cells/mL in 25 mL culture volume in 100 mL Erlenmeyer flasks (Borosil). Cells
were regularly passaged in our in-house medium formulation based on DMEM:F12
containing 3 g/L glucose and 5 mM glutamine. The complete medium formulation is
provided in Supplementary Table 1. For fed batch experiments, shake flasks cultures
were incubated at 37°C, 10% CO, 110 rpm. Glucose was fed to bring its
concentration back to 2 g/L: at viability above 85%, glucose was fed when its
concentration decreased below 2 g/L, while at viability below 85%, glucose was fed
when the concentration decreased below 1.5 g/L. For cultures supplemented with
NutriGelL,"VTT, cells were inoculated at 5 x 10° cells/mL in 50 mL culture volume.
These cultures were incubated at 37°C, 10% CO, 130 rpm. Glucose was fed to bring

its concentration back to 4 g/L: at viability above 85%, glucose was fed when its
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concentration decreased below 4 g/L, while at viability below 85% glucose was fed
when the concentration decreased below 2.5 g/L. The hydrogel was added on day 3
for all the cultures and at day 0 for the NutriGel,''VT-T cultures. For bolus fed cultures
the composition of the bolus liquid feed was the same as NutriGelr. While
standardizing the payload, cultures were fed with 50 mg of the corresponding feed on
day 3 and 6 and a total of a total of 2.5 mL liquid feed was added to 25 mL culture
volume of the bolus fed cultures. This resulted in the addition of 100 mg of the feed.
For other bolus fed culture 0.5X of the corresponding feed (20X) was fed on day
3,6,8,10 or day 3,4,6,8. A total of 2X of the feed was added, where 1X corresponds to
medium concentration without the bulk salts. A total of 2.5 mL liquid feed was added
to 25 mL culture volume of the bolus fed cultures. The hydrogel is added as a pre-
swollen solid, so there is no volume change due to hydrogel addition. The
composition of the bolus liquid feed was the same as NutriGelr. The amount of
payload in NutriGelr was 250 mg, while the liquid bolus feed addition resulted in the
addition of 125 mg of the feed, both to the same initial culture volume. The hydrogel
payload was kept higher due to loss of payload during the initial washing and pre-
incubation of the hydrogel for at least 2.5 days to remove unpolymerized monomers.
The loss of payload was variable for the different components. Glucose was fed to
maintain glucose concentration between 2-2.5 g/L, and a total of 7 mM of glutamine
was also fed to the cultures. Samples were taken on alternate days for measuring cell
density, viability, glucose concentration. Cell density was quantified by manual
counting using a hemocytometer. Viability was assessed using the trypan blue dye
exclusion assay. Glucose concentration was measured using a Y SI Biochemistry

Analyzer.

3.3 Adaptation to HDFE 3 without hydrolysate

CHO-IgG GC cells were adapted to DMEM/F12 based formulation without
vegetable-based protein hydrolysate present in the original medium formulation.
Adaptation was carried out by passaging the cells on every 3™ day and seeding at a
density of 0.5 x 10° cells/ mL by resuspending in fresh medium. At every passage the
percentage of hydrolysate in the media (gradual decrease in hydrolysate was from

75,50,25,25 and 0 percent) was reduced.
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3.4 Adaptation to low amino acid media

To adapt suspension adapted CHO cell line expressing IgG, provided by Inbiopro
Solutions (Bangalore, India), grown in DMEM/F12 media without hydrolysate, to an
inhouse low amino acid media (0.1 mM amino acid concentration and 0.5 mM
glutamine, this media will be henceforth referred to as LAA: Low amino acid
medium) cells were passaged every 3 days and seeded at 0.3 x 10° cells/ mL. Cells
being adapted to low amino acid media showed no significant growth for 30 days with

eventually the cells death.

3.5 Single amino acid supplementation

A suspension adapted CHO cell line expressing IgG, provided by Inbiopro Solutions
(Bangalore, India), was used to evaluate the effect of individual amino acid
supplementation, on cell growth and productivity. Cells were inoculated at a density
of 1x10° cells/mL in 20 mL culture volume in 100 mL Erlenmeyer flasks (Borosil).
Cells were allowed to acclimatize to nutritionally limited medium by culturing them
in a custom made low amino acid (LAA) medium containing all amino acids at 0.1
mM, glutamine at 0.5 mM, glucose at 2 g/L for 24 hours. Post 24 hours cells were
resuspended in fresh LAA medium, along with 2mM of individual amino acids and an
supplemented control culture. To minimize carryover from the previous medium, at
each resuspension an additional wash with LAA medium was included. Cells were
sampled at alternate days for 6 days and viable cell density and viability was
measured using trypan blue dye exclusion assay on a hemocytometer. The supernatant
was used to perform glucose assay using GOD/POD based kit according to the

manufacturers instruction (Beacon diagnostics).

3.6 Bioreactor experiment

In order to test if feeding continuously at a constant lower rate can maintain amino
acids at a low concentration while improving culture longevity (unlike the hydrogels
where the release rates of amino acid reduces over time) we utilized a bioreactor. To
feed amino acids to try to maintain low amino acid concentration to restrict amino

acid overflow metabolism, we created a feed comprising of amino acids, vitamins and
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trace elements based on NutriGel experiment. The culture was seeded at 1x10°
cells/mL and fed the same amount of amino acids as supplemented through the
NutriGel, through a pump throughout the entire culture duration in a controlled

environment using the bioreactor.

A benchtop bioreactor with a working volume of one-litre (Celligen 115, New
Brunswick Scientific, Edison, NJ, USA) was used for bioreactor cultures. An initial
culture volume of 500 mL was used. Identical basal medium, seeding density,
inoculum, feed and feeding strategy was developed from E85 shake flask cultures.
Culture temperature was maintained at 37 °C. Dissolved oxygen was maintained
above 30% (of saturation) using cascaded control of agitation and gas flow. The
culture was agitated using a marine blade impeller between 100 and 130 rpm. Culture
pH was maintained at 7+0.02 for cultures. CO> gas and 0.1 mM sodium bicarbonate
were used as acid and base, respectively, for pH management. Increase in culture
volume and increase in cell density was accounted while feeding the bioreactor.
Simethicone was added to control foaming whenever necessary. Clustered heatmaps

were plotted using Datawrapper.

Amino acid quantification was carried out using HPLC. Briefly the samples were
subjected to precolumn derivatization with phenylisothiocynate (PITC) and the
derivatized amino acids were quantified on HPLC (Agilent 1200 infinity series) with
reverse phase C18 column (Purosphere star RP18 (5 um) end-capped, Merck,

Darmstadt, Germany).

3.7 RNA seq library preparation

For creation of RNA seq library, suspension adapted CHO cells producing IgG
regularly passaged in a custom DMEM: F12 based medium without hydrolysate were
resuspended in LAA. The different conditions tested were a low amino acid
background containing amino acids at 0.1 mM, a high amino acid background
containing most amino acids at 1 mM and the passage medium. After 24 hours of
adjustment period, the cells were again resuspended in the respective low or high
amino acid media along with the routinely used passaging medium. The cells were

seeded at 1x10° cells/mL in a 20 mL culture volume. To minimize carryover from the
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previous media, additional washing step was included with the respective media. Post
24 hours of growth the cells were counted and 1x10° cells were pelleted by
centrifugation at 1000 rpm for 5 mins. The pellet was then washed with PBS once.
About 100 pL of fresh PBS was added to loosen up the pellet and resuspend the cells
followed by addition of 500 pL of RNA later. The cell pellet was then stored at -80°C
till RNA extraction.

3.8 Specific metabolite consumption

Specific glucose consumption rates were calculated as the slope of the plot of
cumulative glucose consumption versus integrated viable cell density (IVCD) in the

indicated period.

3.9 Hydrogel synthesis

Hydrogels are polymers with insoluble polymeric backbone with hydrophilic
functional groups attached to it, that are insoluble in water. Poly-HEMA hydrogels
were synthesized using 2-hydroxyethyl methacrylate (HEMA, 97% pure, Sigma-
Aldrich Corp, USA) monomer and ethylene glycol dimethacrylate (EGDMA, Sigma-
Aldrich Corp, USA) crosslinker at 86:14 mol/mol HEMA:EGDMA in the presence of
an initiator Azobisisobutyronitrile (0.5%, Sigma Aldrich Corp, USA). A bottom layer
of the hydrogel was created by polymerizing 200 pL. of the HEMA:EGDMA mixture
in a 1.3 cm diameter glass disc at 75 °C for 1.5 h. A cavity was then formed over the
bottom layer using an ap- propriate mould and 400 uL of the HEMA:EGDMA
mixture by incubation at 75 °C for 1.25 h. The diameter of the cavity was 9 mm.
Subsequently, the solid powder of the payload was added into this cavity. The exact
composition of the payload varies in different experiments and is described in Table
1. Four hundred and fifty microliters of the HEMA:EGDMA mixture was used to
create the monolithic central reservoir and final layer of the hydrogel, sealing the
cavity. The hydrogels were then washed in sterile ultrapure water for two days. After
washing, the hydrogels were sterilized using UV for 25 min on each side of the

hydrogel. Hydrogels were incubated overnight in culture medium before addition to
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the cultures. The HEMA:EGDMA hydrogel was previously assessed for cytotoxicity

and demonstrated to be non-toxic [21].

3.9.1 Release kinetics for amino acids

The release kinetics of amino acids were analysed at 37 °C. The hydrogel was added
into phosphate-buffered saline (PBS) with 0.05% sodium azide under shaking
conditions to simulate conditions during release in shake flasks. Samples were taken
on alternate days for amino acid concentration measurement for 16 days. Amino acid
quantification was carried out using HPLC. The samples were subjected to precolumn
derivatization with phenylisothiocynate (PITC) and the phenylthiocarbamyl
derivatised (PTC-amino acids) amino acids were quantified on HPLC (Agilent 1200
infinity series) with reversed phase C18 column (Purosphere star RP18 (5um) end-
capped, Merck, Darmstadt, Germany). Briefly, 100 pL of the sample was spiked with
15 pg of norleucine as internal standard and lyophilized. Subsequently, 20 pL of
methanol:water:trimethylamine 2:1:1 (v/v) was added, vortexed and lyophilized.
Further, 20 pL of methanol:water:trimethylamine:PITC 7:1:1:1 (v/v) was added,
vortexed, incubated for 20min at room temperature and lyophilized. Derivatized
samples were resuspended in 1 mL of eluent A (85 mM sodium acetate and 0.3 mM
sodium azide in 98% water and 2% acetonitrile, pH 5.2, (w/v)). Chromatography was
carried out after injecting 5 pL of derivatized sample using elution gradient of 70 min
= 3% eluent B (100% acetonitrile), 725 min = 13% eluent B, 745 min = 50% cluent
B, 746 min = 3% cluent B. Flow rate was maintained at 0.8 mL min—1. Eluted
derivatives were detected with a diode array detector at 254 nm with a bandwidth of 4
nm. The peak area for each amino acid was normalized to the internal standard.
Amino acid concentration was calculated using response factor calculated from the
peak area of the respective amino acid (normalized to norleucine) in a standard
containing 15 pg/mL of aspartate, glutamate, glutamine, glycine, asparagine, serine,
histidine, threonine, arginine, alanine, proline, tyrosine, valine, methionine, cystine,
isoleucine, leucine, phenylalanine, tryptophan and lysine. It is important to note that
in this method for amino acid measurement, cysteine and cystine were not resolved as
separate peaks but coeluted as a single peak and hence could not be accurately

quantified.
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3.10 Volumetric IgG Quantification

Volumetric IgG titer was determined by a sandwich ELISA. Briefly, ELISA plates
were coated with capture antibody-rabbit anti-human IgG and subsequently blocked
with 1% bovine serum albumin (BSA) in phosphate-buffered saline (PBS). 0.01%
Tween 20 in PBS was used to wash plates. Human IgG was used to generate a
standard curve for quantitation. HRP conjugated rabbit anti-human IgG (GeNei
Laboratories Pvt Ltd, India) was used to detect IgG in culture followed by the
addition of substrate TMB/H>O; (GeNei Laboratories Pvt Ltd, India). The reaction
was stopped using 1M H>SO4. Absorbance was measured at 450 nM on Bio-Rad
iMark microplate reader (Bio-Rad Laboratories, Mumbai, India). Samples selected for

ELISA had a viability of 60% or more.

3.11 Flow apparatus

A flow apparatus with a reservoir for cell suspension and a peristaltic pump (Longer
pumps BT100-2J Low Flow Rate Peristaltic Pump with the 6-roller pump head DG-2)
was used to flow cells at a flow rate of 19 mL/min through a cell culture compatible
silicone tubing (ID 2 mm 9 OD 4 mm, Ami polymers). For low shear stress, cells
were flowed only through the silicone tube of 2 mm inner diameter. A glass capillary
of 0.5 mm diameter and length of 8 cm was attached to generate moderate shear stress
and a silicone tube of 0.25 mm diameter of length 1.2 cm was inserted to generate
high shear stress. Under an assumption of incompressible walls and no slip at the
wall, these correspond to a wall shear stress of ~2, 220 and 2000 dynes/cm? under the
three conditions respectively. The experiment was repeated at least three times, and
cells were seeded into two wells for each repetition. To control for any effect of shear
stress due the squeezing action of the peristaltic pump head, the flow rate was kept
constant under all three conditions. The pump head design allowed varying occlusion
using a ratchet wheel. The extent of cell death observed when cells alone were flowed
through the pump head varied for different values of this parameter with cell death
increasing at higher levels of occlusion. The highest occlusion was identified for each
cell type such that there was minimal cell death immediately subsequent to exposure
to low shear stress, and was then kept constant for all experiments with that cell type.

The selected level of this parameter was higher for CHO-S compared to K562.
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3.12 Transfection

Transfection for CHO-S was performed using Lipofectamine 2000 (Invitrogen
Corporation) as per the manufacturer's instructions. Transfections were carried out
using cells on the second day of passage. 1 ug DNA and 5 pl Lipofectamine 2000 was
used per milliliter of the cell suspension. Depending on the experiment, the lipoplex
complex or lipid alone were added to 4 ml of the cell suspension and flowed through
the flow apparatus for 2 h. After 2 h, 500 pl of the culture was incubated in 24 well
plate at 37 °C, 10 % CO; and 110 rpm. Samples were taken for measuring cell density
immediately before and after flowing the cells, and after allowing cells to recover for
one day after exposure to shear stress. Cell density was measured using a
hemocytometer after appropriate dilution and viability was measured using trypan
blue dye exclusion method. After 24 h of incubation, some clumping was observed
for all transfected CHO-S cultures with clumps of approximately 5-20 cells. Clumps
were counted as a single cell for calculation of cell density. Each experiment was

repeated at least 3 times.

Transfection for K562 was performed using Lipofectamine 2000 as per a modified
protocol suggested by the manufacturer. 2.4 g DNA and 5 pL Lipofectamine 2000
was used per milliliter of the cell suspension for transfection. The complex was mixed
in serum free DMEM medium and incubated for 20 min at room temperature before

addition to the culture.

3.13 Calculation of transfection efficiency

Twenty-four hours post transfection, cells were harvested from the 24 well plate.
After washing with PBS, the CHO-S cells were then imaged on EVOS Floid Cell
Imaging Station (Life Technologies, Carlsbad, CA, USA). Transfection efficiency for
CHO-S cells was calculated by counting the percentage of cells that showed red
fluorescence due to expression of fluorescent mCherry protein. A minimum of fifteen
fields per well were recorded with the Floid Cell Imaging Station and the number of

fluorescent cells and total cells was counted.

Due to the very low transfection efficiencies for K562 cells, transfection efficiency

was measured using flow cytometry (BD Accuri C6 Flow Cytometer, BD Bio-
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sciences) and data were analyzed using the BD Accuricflow software (BD

Biosciences, San Jose, CA, USA).

3.14 Statistical analysis

Two-tailed Student's t-test was used to determine the significance of the difference
between each pair of data. All p values lower than the significance level of 0.05 are
denoted by asterisks in figures. A p value < 0.05 is denoted by *, < 0.005 by **, and <
0.0005 by ***.
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Chapter IV.
Shear stress and its implication on large-scale transient

transfection for biopharmaceutical production

4.1 Summary

A typical manufacturing process for biotherapeutics begins with pre-clinical trials on
the protein of interest produced by large-scale transient gene expression of the protein
of interest. Suspension-adapted CHO cells are the workhorse for biopharmaceutical
production. About 70% of the top 10 recombinant proteins are produced in CHO
cells. Animal cells in suspension experience a wide range of shear stress in different
situations, such as in vivo due to hemodynamics or in vitro due to agitation in large-
scale bioreactors. Shear stress affects cell physiology, including binding and uptake of
extracellular cargo, and is studied comprehensively in adherent cells. There are,
however, no reports on the effect of shear stress on extracellular cargo delivery to
suspension cells. This chapter describes the impact of shear stress on the transfection
of CHO-S cells using Lipofectamine 2000 using a simple flow apparatus. Our results
show decreased cell growth and transfection efficiency upon lipoplex-assisted
transfection of CHO-S while being subjected to shear stress. This effect is not seen to
the same extent when cells are exposed to shear stress in the absence of the lipoplex
complex and subsequently transfected, or if the lipoplex is subjected to shear stress
and subsequently used to transfect the cells. It is also not seen to the same extent
when cells are exposed to shear stress in the presence of liposome alone, suggesting
that the observed effect is dependent on the interaction of the lipoplex with cells in the
presence of shear stress. These results indicate that studies involving liposomal DNA
delivery should account for the effect of shear during lipoplex-assisted DNA delivery,

especially for large-scale transient production of biotherapeutics.



4.2 Introduction

Liposome, polymer, and viral transfection are well-known methods of introducing a
transgene into a host cell. Compared to non-viral methods, viral transfection can have
potential mutations, immune responses, and genetic alterations due to integration
[141]. Liposomal formulations are a popular vehicle for delivering the transgene to
cells in culture and are also being evaluated for gene and drug delivery in human
clinical trials. Large scale transient transfection is an important approach for
producing biotherapeutics needed to produce substantial amounts of recombinant
protein for pre-clinical trials. CHO cells are the preferred host for biotherapeutics
production and are subject to agitation during transient transfection at large-scale

culture in bioreactors.

Large-scale cell cultures require an efficient mass transfer system determined by the
bioreactors' agitation and aeration configuration. Impeller speed and aeration strategy
are critical parameters for bioreactor scale-up but also result in generating shear stress
which has been well reported. For example, impeller tip speed above 1.5 m/s can
induce cellular damage [24,142]. In a reactor, these hydrodynamic stresses vary with
time, adding to the complexity and resulting in cells being subjected to a range of
hydrodynamic stresses. Hence different parameters are used by the fluid dynamics
community to understand, estimate and characterize these forces. One parameter that
is preferred is the energy dissipation rate, EDR. EDR is a scalar value used to
represent the rate of dissipation of kinetic energy per unit of mass or volume. It has
been also demonstrated that the EDR in the impeller region varies and has been
reported to be over 103 times higher than the EDR away from the impeller region
[143—-146]. The average range of EDR levels caused by impeller agitation are in the
range of 0.01-1 w/kg, while the threshold at which mammalian cells are subjected to
damage is approximately 2—4 orders of magnitude higher [147,148]. Typically
mammalian cells in a reactor are subjected to shear stress well within these ranges of
EDRs. A summary of critical process parameters reported in the literature to correlate
the effect of hydrodynamic forces on cells in vitro is presented in Godoy-Silva et al.
[149] (Figure 4.1). Compared to lethal cell damage, sub-lethal effects encountered by
cells due to hydrodynamic stresses in suspended culture are more difficult to

recognize and demonstrate, especially because of the complex fluid dynamics in the
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bioprocessing context.
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Figure 4.1: Summary of the energy dissipation rate in the literature
Summary of the reported EDRs in literature, at which cells are damaged as well as the reported levels

of EDR in various bioprocess environments. Adapted from Godoy-Silva et al. [149]
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In contrast, endothelial cells (EC), which line the walls of arteries and veins, are
subjected to a wider range of shear stress and have been extensively studied. For
example, they are subjected to a wide range of shear stress of about 15 dynes/cm? for
arterial circulation and 1-6 dynes/cm? for venous circulation to 3000 dynes/cm? at
certain places in the body like the vessel bifurcations, in the heart, and near the walls
of large blood vessels [150,151]. Hence, the effect of shear stress has been primarily
studied in adherent cells mostly due to interest in the impact of shear stress on various
aspects of endothelial cell biology and is known to affect multiple aspects of other cell
lineages like cell physiology, including cell morphology, size, and metabolism [152—
155]. A large body of work is reported on various hybridomas subjected to diverse
levels of shear by different techniques that show the shear sensitivity of cells is cell
line-specific. Shear sensitivity of hybridoma cells is described to be attributed to the
culture conditions like the presence of low shear or no shear in slowly agitated spinner
flasks or T flask versus rapidly agitated flasks, stage of the cell cycle, time of
exposure, and the health of the population. From a bioprocessing perspective, shear
stress also affects quality attributes like glycosylation, as shown in a study, producing
Type II glycoform of Recombinant tissue-type Plasminogen Activator Protein in CHO

cells [152].

Shear stress has been reported to affect particle adhesion in ECs, which can
potentially affect uptake. Exposure to shear stress has been reported to transiently
increase fluid-phase endocytosis and caveolae density [156—158]. Endocytosis of
extracellular cargo requires the association of the cargo with the cell membrane as the
first step in transfection [159]. These effects can vary depending on the particle size
and the level of shear stress. There are contradicting reports on the impact of shear
and size. Patil et al. have reported that at a higher shear rate, adhesion depends on the
size of the particle, i.e., the rate of attachment of 5-20 um diameter microspheres
decreased with increasing size at shear rates of 400 s™ to 600 s™' [160]. Charoenphol
et al. showed that binding efficiency for spherical particles increased with increasing
particle size at a shear rate of 200 s*> and for a given size, the binding efficiency
increased when the wall shear rate was increased from 200 to 1500 s™' [161]. Such

contrariety may be attributed to the different ligands used, the different modes of
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adhesion of the carrier particle, and the different shear stress at which the experiments
were performed. For the nanoscale particles, there exists an inverse relationship
between shear and particle uptake [162]. In addition to size, particle shape also affects
the binding of particles under shear stress. For example, the adhesion of elongated and
flattened particles was found to be significantly higher than that of spheres [163]. For
spherical particles, the binding efficiency increased with an increasing size [20]. This
may be of relevance to the effectiveness in the presence of shear stress of carriers

such as liposomes, which can deform in the presence of shear.

The duration and magnitude of cellular exposure to shear stress are important
parameters that can also affect the uptake of particles. Chronic exposure to shear
affects the uptake of nanoparticles differently versus acute exposure. Chronic shear is
known to reduce the internalization of spherical particles; for example, constant
exposure to Human umbilical vein endothelial cells (HUVECsS) cells leads to reduced
internalization of FITC-labelled polystyrene spheres coated with anti-PECAM ~180
nm in diameter and 80 nm spherical gold nanoparticles (AuNPs). In contrast, acute
exposure leads to increased internalization [164,165]. The magnitude of the shear
stress also matters for binding/uptake: for example, nanoscale particles showed an
inverse relationship between shear stress and particle uptake [162]. Cell membrane
properties can also be affected by shear stress, with membrane fluidity reported to
increase with shear stress in endothelial cells. Mardikar and Niranjan subjected
various animal cells in suspension to shear in a concentric viscometer which led to the
observation such as the formation of pores and papillation shrinkage. They theorized
that damage to the cells might begin with the formation of pores followed by the
oozing out of the cytoplasm from the cells. Depending on the shear forces, this
extruded cytoplasm gets cleaved from cell leading to cell shrinkage, which can be a
possible explanation for the various reports on the effect of shear on cell size and
formation of pores for delivery of macromolecules. It is conceivable that such
formation of pores could affect the uptake of extracellular cargo [166,167]. Shear
stress can also affect cell membrane by inducing membrane fusion, suggesting that
under some conditions, the interaction of liposomal carriers with cells, and hence their

ability to deliver cargo, is also affected by shear stress [168].
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All reported effects of shear on intracellular delivery of cargo have been evaluated on
adherent cells where the flow has an additional effect of improving access of the
liposome: DNA complex to the cell [169]. Flow can have a positive effect of
improving access of the lipoplex to the adhered cell, which can increase its uptake,
but at the same time, can reduce the binding affinity of the lipoplex to the cells [170].
Nonetheless, above a threshold shear, the hemodynamic forces lead to a decrease in
the uptake of the cargo [171,172]. In a bioreactor, the range of the hydrodynamic
stress encountered by the suspended cells covers several orders of magnitudes, and
the development of a downscale device that can subject cells to wide ranges of shear
stress is unreported. A small-scale set-up is developed here, being capable of
simulating the high and low-stress regions while giving the possibility to determine a
cell-specific threshold. To our knowledge, there are no reports on the effect of shear
stress on carrier-assisted delivery of cargo to suspension cells. Such scenarios are
relevant to large-scale transfections carried out in bioreactors for transient expression
of recombinant protein and to liposomal gene and drug delivery to blood cells where

the liposomal complex is injected into blood vessels.

Since shear stress is known to affect cellular uptake of extracellular cargo, exposure to
shear stress is being evaluated as a strategy for delivering macromolecules into cells.
It is possible that shear stress experienced by CHO cells during routine bioprocessing
processes can affect transient transfection. Different methods of employing shear
stress have led to devices such as those made by Hallow et al. and Sharei et al. that
use shear stress as the fundamental principle for intracellular delivery [173,174].

However, the exact mechanism is yet unclear.

In this study, we employ uncomplicated flow apparatus to investigate the ability of
liposomal carriers to deliver DNA to suspension cells for transgene expression in the
presence or absence of shear stress. We find that exposure to shear stress during
transfection with lipoplex results in a decrease in transfection efficiency and reduced
cell density compared to transfection carried out in the absence of shear stress in well-
plates in CHO-S cells, which are efficiently transfected by Lipofectamine 2000. This
effect is not seen to the same extent when cells are exposed to shear stress in the
absence of the lipoplex and subsequently transfected, or if the lipoplex is exposed to

shear stress and subsequently used to transfect cells not exposed to shear.
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4.3 Results

4.3.1 Developing a scale-down device to investigate a wide range of shear stress

on mammalian cells

Cells were subjected to shear stress by pumping them in a closed-loop at a constant
flow rate using a peristaltic pump (Figure 4.2). The use of a peristaltic pump allowed
continuous unidirectional flow allowing cells to be precisely verified exposed to shear
stress for extended periods of time. The use of such a set-up enabled maintaining
sterility and flexibility in terms of the range of shear stress that the cells could be
subjected to using this simple flow set-up. Cells were subjected to shear stress by
pumping them for 2 h either through a silicone tube of 2 mm inner diameter,
henceforth referred to as 'low shear, which corresponds to about ~2 dynes/cm?. Or a
silicone tube of 2 mm diameter with an attached glass capillary of 0.5 mm inner
diameter and length of 8 cm referred to as 'moderate shear,' which corresponds to
about ~200 dynes/cm? or a silicone tube of 2 mm diameter with a silicone tube of 0.25
mm diameter and length 1.2 cm referred to as 'high shear' which corresponds to about

~2000 dynes/cm?.

Y

Silicone tubing

Peristaltic pump

Cell suspension

Figure 4.2: A simple scale-down flow device to subject CHO cells to a shear stress
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We first evaluated the effect of shear stress on CHO-S cells to validate the use of the
flow apparatus. This was done by evaluating the immediate effect of shear stress on
cell death by measuring any decrease in VCD immediately after exposure to shear
stress. The biochemical changes induced by shear may not immediately be obvious,
and it is possible that it takes a time scale of the order of a cell-generation time before
changes can be detected. And any longer-term effect on cell growth was measured at
the end of 24 h after exposure to shear stress. Mechanical damage, on the other hand,
is immediately detectable. The immediate decrease in VCD due to shear stress is
small at low shear stress (8% decrease) but significantly increases at high shear stress
(50% decrease, Figure 4.3). This is not surprising as cells are being subjected to a
high shear stress of ~2000 dyne/cm?. Exposure to shear stress also leads to liposomal
toxicity and affects subsequent cell growth. Cells exposed to low shear stress showed
an average of 0.9 population doublings over 24 h, compared to the growth of cells
maintained throughout in a 24 well plate showing an average of 1.2 population
doublings. However, cells exposed to high shear stress show a considerable decrease
in VCD (average 73% decrease in 24 h). This is similar to lysis caused at a shear
stress of 1800 dyne/cm? reported by McQueen et al. and Vickroy et al., validating the
use of our flow apparatus [175,176]. Cell viability is, however, not substantially
reduced after exposure to shear at all levels of shear stress (Figure 4.3b), indicating
the decrease in viable cell density at high shear stress is likely due to cell lysis. Due to
high cell death at high shear stress, the effect of shear stress on the transfection of
CHO-S cells using lipoplex was further evaluated only at low and moderate shear

stress.
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Figure. 4.3 The effect of shear stress on cell density and viability of CHO-S cells.
CHO-S cells were subjected to shear stress (low, moderate, and high, see Methods chapter for details
on shear stress levels) for 120 min and monitored for changes in viable cell density and viability
immediately after flow and after 24 h of incubation. CHO-S cells not subjected to shear stress were
used as control. a Viable cell density (VCD) normalized to initial viable cell density. Immediately after
subjecting cells to shear stress (filled bars), after 24 h (open bars). Initial viable cell density (VCDo),
viable cell density immediately after flow (VCD2), and 24 h after flow (VCD24). Log transformation is
used to represent cell growth in terms of population doublings and make the data symmetric for
changes in both directions (growth and death). b Viability. Initial (white bars), immediately after
subjecting the cells to shear stress (grey bars) and after 24 h (black bars). n > 3, error bars indicate a 95

% confidence interval. ***p < 0.0005; **p <0.005; *p < 0.05 for comparison to no shear condition

4.3.2 Exposure to shear stress in the presence of lipoplex reduces transfection

efficiency and increases cell death

We further evaluated the effect of exposure of cells to shear stress in the presence of
lipoplex (lipofectamine 2000: DNA complex). The immediate effect of shear stress on
cell death was similar to the case when cells were exposed to shear stress without the
lipoplex. However, surprisingly, the adverse effects with the presence of lipoplex
were more pronounced. VCD at 24 h after exposure to shear stress was substantially
reduced even at low shear stress (Figure. 4.4a). An average 25% decrease in VCD
was observed at low shear and a 40 % decrease at moderate shear, compared to cell
growth at an average 0.4 population doublings observed in cells transfected in the
well plate. This decrease in VCD is partly caused due to greater clumping of cells in

the presence of shear stress during transfection, though that alone is not sufficient to
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explain the difference, as verified by including the cells in clumps during cell
counting. Viability was again, however, not substantially affected, suggesting the
decrease in VCD is due to increased cell lysis in the presence of lipoplex during
exposure to shear stress (Figure4.4b). Transfection efficiency decreased significantly

when cells were subjected to shear stress in the presence of lipoplex (Figure4.4c).

Higher cell death and lower transfection efficiency of the lipoplex in the presence of
shear stress could possibly be due to the effect of shear on cells: for example, reduced
cell growth upon exposure to shear stress could lead to reduced transfection
efﬁciency. On the other hand, shear strs could have an effect on'the lipoplex
characteristics, which in turn affect their ability to cause DNA uptake. Both these
mechanisms could, by themselves or in a concerted fashion, produce the effect of

increased toxicity and reduced transfection efficiency in the presence of shear stress.

1.5 4 100 4
100 7 = . -— Q
104 S
a) s 2 75 1
S| - P
= A T N g
S|C . < P
HES 00 = 50 g 30
gl 051 = 5
> 225 5 25
10 A Hh S 3
a g
S 15 . 0 T =0
20 4 None Low Moderate None Low Moderate None Low Moderate
: Shear stress Shear stress Shear stress

Figure 4.4 Cell density, viability, and transfection efficiency of CHO-S cells when
exposed to shear stress in the presence of lipoplex.

CHO-S cells were subjected to shear stress (low and moderate shear stress levels) for 120 min in the
presence of lipoplex and monitored for changes in cell density and viability immediately after flow and
after 24 h of incubation. The control culture was not subjected to shear stress. a Viable cell density
(VCD) normalized to initial viable cell density. Immediately after subjecting cells to shear stress (filled
bars), after 24 h (open bars). Initial viable cell density (VCDo), viable cell density immediately after
flow (VCDy), 24 h after flow (VCDz4). b Viability. Initial (white bars), immediately after subjecting the
cells to shear stress (grey bars) and after 24 h (black bars). ¢ Transfection efficiency. n > 3, error bars
indicate a 95 % confidence interval. ***p < 0.0005; **p < 0.005; *p < 0.05 for comparison to no shear

condition
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4.3.3 Shear stress does not affect the transfectability of the lipoplex complex

To test whether the observed effect on cell toxicity could be explained solely by the
effect of shear stress on cells or on the lipoplex in any way, we subjected either only
the lipoplex or the cells to shear stress prior to transfection. Further experiments were
only carried out at low shear stress. The lipoplex was exposed to low shear stress for 2
h and subsequently used to transfect CHO-S cells. A control culture was also
transfected with lipoplex incubated for the same period of time in the absence of shear
stress to control for the effect of increased incubation time on the efficacy of the
complex. There is no remarkable difference in the transfection efficiency of
lipoplexes sheared for 15 min (Figure 4.5a). The slight decrease in transfection
efficiency of lipoplex sheared for 2 h may be attributed to the higher incubation time
compared to the manufacturer's suggested optimal duration, as it is also seen in the
case of the lipoplex incubated for 2 h in the absence of any shear stress. Surprisingly,
there is higher cell growth when cells are transfected with lipoplex sheared for 2 h,
seen from the 1.2 population doublings for cells transfected with sheared lipoplex
compared to the 0.6 population doublings for cells transfected with lipoplex incubated
for 2 h without shear (Fig. 4.5b). Our data does not suggest any explanation for this

observation of comparable transfectability and reduced growth inhibition by lipoplex

subjected to shear stress.
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Figure 4.5 Shear stress does not affect the transfectability of the lipoplex.
Lipoplex was subjected to low shear stress for 120 min, and its unsheared control was used for
transfecting CHO-S cells at different time points. a Transfection efficiency. Lipoplex not subjected to
shear stress (white bars) and sheared lipoplex (grey bar). b Viable cell density (VCD) normalized to
initial viable cell density. Cells transfected with unsheared lipoplex at indicated time points after

complexation (white bars), cells transfected with sheared lipoplex at indicated time points (sheared for
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15 and 120 min) (grey bars). Initial viable cell density (VCDo), 24 h after flow (VCDz4). The error bars
indicate 95 % confidence interval, n = 3. **p <0.005; *p < 0.05

4.3.4 Shear stress affects the transfectability of CHO-S cells

To test whether the observed effect on cell toxicity could be explained solely by the
effect of shear stress on cells or on the lipoplex in any way (lipoplex size, density,
etc.), we subjected CHO-S to low shear stress for varying durations of time and
subsequently immediately transfected them. Figure4a shows the transfection
efficiency of cells transfected without exposure to shear stress or transfected after 15
and 120 min of exposure to shear stress. A short duration of 15 min exposure of cells
to shear stress did not decrease their transfectability significantly. The transfection
efficiency, however, decreased significantly when the cells were subjected to shear
stress for 2 h prior to transfection. As expected from the previous results, VCD did
not change significantly immediately after exposure of cells to shear stress (see grey
bars in Fig. 4.6b). The average number of 0.9 population doublings in 24 h after
exposure to shear stress was significantly higher for cells exposed to shear stress for a
short duration prior to transfection compared to the cells transfected without exposure

to shear (average 0.5 population doublings, see white bars in Fig. 4b).

For both cases where either the lipoplex or cells are subjected to shear stress followed
by transfection, VCD increases in the 24 h post-transfection. This is unlike the case
when cells are exposed to shear stress in the presence of lipoplex, where the VCD
decreases in the 24 h period after exposure to shear. A comparison of figures 4.3a,
4.4b, and 4.6b thus suggests that cell growth is adversely affected by the presence of

lipoplex during exposure of cells to shear stress.

52



1.5 1
100 - —
S & 12 .
> 80 1 T o
2 T =
2 60 1 o 5|0 07
5 g
b o 0.6 1
g 40 A I (>J
& 20 A K 0.3 -
7] (=]
= —
e
E 0 ; . ! 0 —— . ‘
0 15 120 0 15 120
Time for which the cells are subjected to shear -0.3 4 Time for which the cells are subjected to shear

(min.) (min.)

Figure 4.6 Shear stress reduces the transfectability of CHO-S cells.
CHO-S cells were subjected to low shear stress for 120 min and subsequently transfected at different
time points. a Transfection efficiency. b Viable cell density (VCD) normalized to initial viable cell
density. Immediately after subjecting cells to shear stress (grey bars), 24 h after subjecting cells to
shear stress for the indicated time (white bars). Initial viable cell density (VCDo), viable cell density
immediately after flow for the indicated time (VCDar). 24 h after flow (VCDz24). The error bars indicate
95 % confidence interval, n = 3. **p < 0.005; *p < 0.05

4.3.5 Toxicity of lipoplex is not solely attributable to liposome

To understand whether the effect of shear stress during lipofection is exclusively due
to the liposome, we subjected CHO-S cells to shear stress in the presence of liposome
at a concentration equivalent to its concentration in the lipoplex. In the absence of
shear stress, an average of 1.9 and 1.2 population doublings were observed in 24 h in
the absence and presence of liposomes, respectively (Figure 4.7). Thus the presence
of liposomes by itself adversely affects cell growth. When cells are exposed to shear
stress in the absence and presence of liposomes, cells show growth at a lower average
of 1.6 and 0.6 population doublings. Thus the adverse effect of liposomes on cell
growth is substantially enhanced in the presence of shear. This is, however, in contrast
to the case when cells are subjected to shear stress, the presence of the lipoplex, where
a 25 % decrease in VCD was observed (Figure 4.4a). This suggests that the adverse
effect on cell growth seen when cells are exposed to shear in the presence of the

lipoplex is not attributable solely to the liposome.
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Figure 4.7 Exposure of CHO-S cells to shear stress in the presence or absence of
liposome causes a reduction in cell growth.

CHO-S cells were subjected to shear stress in the presence or absence of lipofectamine 2000 for 120
min and monitored for changes in cell density immediately after 120 min of flow and after 24 h of
incubation. a Viable cell density (VCD) normalized to initial viable cell density for CHO-S cells
subjected to low shear stress without the liposome. b Viable cell density normalized to initial viable
cell density for CHO-S cells subjected to low shear stress with the liposome. Viable cell density
immediately after subjecting cells to shear stress for 120 min (grey bars), after 24 h of incubation
(white bars). Initial viable cell density (VCDo), viable cell density immediately after flow (VCDz), and
24 h after flow (VCDaa4). The error bars indicate 95 % confidence interval, n = 3. *p <0.05

4.3.6 Shear stress does not affect the toxicity of lipoplex in inefficiently

transfected K562 cell line

Liposomes used for gene delivery are initially evaluated in vitro in cultured cells
under static conditions for their ability to deliver cargo inside the cell. The initial
evaluations are thus carried out in the absence of shear, which the liposomal
formulations get subjected to upon injection into blood vessels in animals. Liposomes
with low toxicity, when evaluated in cell cultures, have resulted in significant toxicity
to blood cells in the form of transient leukopenia and neutropenia, both in animal

models and human clinical trials.

The results in CHO-S cells above indicate that toxicity of lipoplex is increased in the
presence of shear stress. A study done by Mardikar and Niranjan evaluated the
robustness of various cell lines and found shear sensitivity in the following order

HL60 > U937 > SF9 > PUTKO > DA6.21 > K562, with HL60 being the most shear-
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sensitive cell line and K562 the most robust. Hence we next evaluated whether the
same effects of liposomal toxicity are seen in K562 cells, a naturally suspended cell
line. K562 cells are not as efficiently transfected by Lipofectamine 2000 as CHO-S
cells. There was no substantial cell death immediately after exposure of cells to shear
stress, both in the absence or presence of lipoplex (grey bars in Figure 4.8a,b). The
cell density of K562 cells doubled 24 h post-transfection irrespective of whether cells
were incubated with lipoplex in the absence or presence of shear stress (white bars
Figure 4.8a, b). The transfection efficiency of K562 cells is low and is slightly, but
not significantly, increased in the presence of shear (Figure 4.8c). Thus the adverse
effect of lipoplex on cell growth in the presence of shear is not seen in the

inefficiently transfected K562 cell line.
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Figure 4.8 Effect of shear stress on cell density and transfection efficiency of K562 cells

in the presence or absence of the lipoplex
K562 cells were subjected to low shear stress for 120 min in the presence or absence of the lipoplex
and monitored for changes in cell density and viability immediately after flow and after 24 h of
incubation. a Viable cell density (VCD) normalized to initial viable cell density for K562 cells
subjected to low shear stress for 120 min. b Viable cell density normalized to initial viable cell density
for K562 cells subjected to low shear stress in the presence of lipoplex for 120 min. Immediately after
subjecting cells to shear stress (grey bars), after 24 h (white bars). Initial viable cell density (VCDo),
viable cell density immediately after flow (VCD2), 24 h after flow (VCD24). ¢ Transfection efficiency.

The error bars indicate 95 % confidence interval, n = 2
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4 .4 Discussion

Shear stress is a meaningful parameter known to affect various aspects of cell
physiology like endocytosis and pinocytosis [156,157,177], membrane fluidity
[166,167], inducing membrane fusion [168], and more recently, it was shown to
facilitate uptake of extracellular macromolecules [173,174], possibly through
formation of transient pores in the cell membrane [178]. Hence shear stress can also
potentially modulate transgene delivery, and, given the number of liposomal
formulations in human clinical trials, it is a significant parameter that warrants careful
consideration. It is already established that high levels of shear stress are deleterious
to suspension cells [175]. Our simple flow apparatus comprising of pumping
suspension cells using a peristaltic pump also showed similar results for CHO-S cells
with high levels of cell death at high wall shear stress but not at the low and moderate
shear stress levels. Though shear stress has been known to affect cell survival and, for
reasons described above, can be expected to affect liposomal delivery of cargo to
suspension cells, to our knowledge, there have been no studies explicitly analysing the
effect of shear stress on liposomal DNA delivery to suspension cells. Harris and
Giorgio demonstrated that convective flow enhances lipoplex delivery to cellular
monolayers in vitro. They discussed that convective flow increases the collision rate
of lipoplex onto cell surfaces. This is why the hydrodynamic environment must be
considered when executing vector design for transfection and gene delivery

experiments [169].

We report that exposure of CHO-S cells to shear stress in the presence of
lipoplex reduced transfection efficiency and cell growth in the subsequent 24 h period
while causing greater cell clumping. We further evaluated whether this effect could be
attributed simply to the interaction of the cells with lipid in the presence of shear. The
size and zeta potential of lipofectamine 2000 has been reported to change upon
complexation with DNA [179]. In an uncomplexed state, the reported zeta potential
was -4 mV, and upon complexation with plasmid DNA, it was -24 mV. The
hydrodynamic diameter in a complexed state was reported to increase to 488 nm from
319 nm in an uncomplexed state [179]. Shearing of cells in the presence of liposome
alone also reduces cell growth in the subsequent 24-h period, though not to an extent

similar to that due to the lipoplex. This suggests that the increased toxicity is not
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entirely explained by the interaction of the liposome alone with the cell in the
presence of shear stress. This could be due to the differences in zeta potential and/or
size of the liposome and lipoplex reported in the literature. To further check if the
increased toxicity due to lipoplex in the presence of shear stress might be due to long-
lasting modification of the lipoplex with shear, we subjected the lipoplex to shear,
subsequently using the sheared lipoplex for transfection. It was observed that there is
only a slight reduction in efficiency following the 2 h incubation of lipoplex both in
the presence and absence of shear stress. Such slight loss of transfection efficiency
was previously reported where the DNA-Lipofectamine 2000 complexes were
relatively stable and continued to provide high transfection efficiency evenup to 2 h
after complexation [180]. This, however, does not preclude a change in shape and
therefore increased toxicity when lipoplex is sheared along with cells. Interestingly,
there is a slight increase in cell growth when cells are transfected with sheared
lipoplex compared to the cell growth upon transfection with lipoplex incubated under

static conditions.

The reduced transfection efficiency and increased lipoplex toxicity observed at low
shear stress could also possibly be due to the effect of shear stress on cells, making
the cells more susceptible to lipoplex toxicity. In that case, these effects should be
seen when transfection is carried out immediately after subjecting cells to shear stress.
Indeed, subjecting CHO cells to sustained low shear stress prior to transfection (for 2
h, resulted in reducing the transfectability of CHO cells but did not increase cell
death. This indicates that the observed effect of reduced transfection efficiency could
be due to shear stress affecting the ability of cells to uptake and/or deliver the foreign
DNA to the nucleus. This also suggests that the increased toxicity of lipoplex in the
presence of shear stress results from cellular interaction with lipoplex in the presence
of shear stress and likely not due to other long-term cellular changes upon exposure to
shear stress. Lipoplexes with low toxicity in vitro, when injected into the bloodstream
where they are subjected to shear stress, have resulted in significant toxicity to blood
cells in the form of transient leukopenia and neutropenia both in animal models and
human clinical trials [181-183], though the cause of this is not clear. We did not
observe a similar effect of higher toxicity in the presence of shear stress in K562 cells.

K562 cells were not efficiently transfected by the lipoplex used in this study, whereas
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CHO-S are efficiently transfected. It remains to be seen whether transfectability has

any role in the relationship between shear stress and toxicity of the lipoplex.

Such large modulation of lipoplex delivery by shear stress raises a potentially
significant issue in traditional routinely performed static in vitro transfections. Shear
stress can have a large impact on results, especially in the field of transient
transfection n bioprocessing. We find that exposure to shear after mixing cells with
liposome: DNA complex, i.e., during transfection, results in a decrease in transfection
efficiency and cell growth compared to transfection carried out under static
conditions. This effect is not seen to the same extent when cells are exposed to shear
in the absence of the liposome: DNA complex, or if the liposome: DNA complex
exposed to shear is subsequently used to deliver DNA into cells not exposed to shear.
Thus, evaluating the performance of liposomal delivery agents in the presence of

shear could prove useful as an in vitro intermediate testing step before animal studies.

4.5 Conclusion

In conclusion, enhanced toxicity and reduced transfection efficiency of lipoplex are
observed in CHO-S cells exposed to shear stress. Further studies will be necessary to
fully understand the mode of toxicity. We propose that this factor should be taken into
account in the design and careful curation for large-scale transfections in bioreactors
for transient protein expression. Our results may also be relevant to gene therapy
where shear stress may contribute to the performance of in vitro static cell cultures not
being predictive of performance in animal models where the lipoplex is intravenously
injected, and evaluation of liposomal delivery agents in the presence of shear stress
could be considered as an intermediate testing step before animal studies for gene

therapy.
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Chapter V.
Towards establishing continuous nutrient release using

hydrogels: Hydrogel development and characterization

5.1 Summary

The upstream development of bioprocesses for the production of recombinant
biotherapeutics consists of the four stages initiating with clone selection, clone stability
testing, process development and scale-up experiments. During clone selection,
hundreds of clones with the gene of interest are grown under the stationary condition in
96 well format to find the fastest growers and highest producer clones based on
productivity. The selected clones are then advanced to the next stage of selection, where
they are grown in small scale culture formats like tube spin and shake flasks, which
resembles the agitated environment similar to production bioreactors but without any
pH temperature, dissolved oxygen (DO) or feed rate control. Identifying desirable high
producers with the highest productivity and product quality traits in a transfected pool
of cells requires screening of a large number of clones. Clone screening is a time
consuming, resource-intensive step and poses a bottleneck in cell-line development.
Growth and productivity vary enormously among clones [6,7]. Feeding can be a key
difference affecting traditional clonal selection. This selection process is error-prone
because there is evidence that clone selection from measuring growth and productivity
is not a predictor for selecting a stable cell line [184]. From the shake flask experiments,
only a few clones are selected and transferred to bench-scale reactor experiments before
scaling up to large scale industrial bioreactors because of the expensive and resource-
intensive nature of this stage of process development. Moreover, shake flasks are
deficient in controlling pH, DO or feeding; hence may not be able to select the highest
producer with the desired glycosylation profile since the product titre and quality can be
affected by the actual process conditions [185]. Therefore, an inexpensive, effective
solution is desired in the conventional upstream development space that can have

continuous feeding making the scale down model comparable to an industrial bioreactor



with sufficient volume for the multiplicity of offline characterization of product titre,

quality and other important process conditions and parameters.

5.2 Introduction

Shake flasks, predominantly used for batch and fed-batch modes of operation, are
widely used in an academic and industrial setting. As explained while introducing the
thesis, in batch culture, an excess of nutrients is supplied to the culture at the beginning
without replenishing any nutrients that get exhausted during the production. However,
this mode leads to exhaustion of nutrients and hence results in lower titres. Exhaustion
of key nutrients like amino acids may lead to a change in the amino acid sequence of
antibodies [186]. A compromise between regular feeding and optimum cell densities is
achieved by using a nutrient-enriched medium. This can lead to the following
drawbacks: Higher waste metabolites and/or formation of inhibitors. An excess of
nutrients also leads to sub-optimal performances of cells. One of the ways to solve this
problem is by feeding at regular intervals to maintain a constant supply of nutrients
without the complications of overfeeding and nutrient limitation. The universal small-
scale cultivation platforms like shake flasks, which allow a fed-batch mode of operation,
are critical for fast and reliable early process development. The use of the fed-batch
mode of operation in early process development stages leads to scalable and accurate

results from small-scale to larger process development stages [187—190].

Typically, cells are grown in a chemically defined medium containing an osmotically
balanced and buffered cocktail of carbon source, amino acids, vitamins, trace elements,
antioxidants and other vital nutrients. Amino acids are the building blocks required for
protein synthesis and are hence supplemented in excess for recombinant protein
production. The cells cultured in vitro have different requirements than cells growing in
vivo. An excess of these nutrients leads to by-product accumulation, like lactate and

ammonia, which are known to be growth inhibitory and also affect the product quality.

Continuous feeding, which requires automation, is not feasible for small-scale culture
platforms due to its expensive nature. The use of nutrient delivery systems that can
achieve a fed-batch mode without all the automation is highly desirable. In this study,

we propose using hydrogel to deliver various nutrient feeds that allow higher
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productivity and maintain higher peak cell densities for longer. Since their synthesis in
1954 by Wichterle and Lim in 1954, hydrogels have been a subject of a growing
multidisciplinary field of research [191]. Hydrogel technologies have been successfully
used for an array of applications, from tissue engineering, regenerative medicines, and
biomedical applications to pharmaceuticals [192,193]. Hydrogels are three-dimensional
polymer networks that can be swollen by water and loaded with the desired feed for the
controlled slow release of nutrients. Such slow release of nutrients can be customized
using a different proportion of the polymer and the crosslinking agent used. Different
variants of diffusion-based delivery systems have been previously reported for

microbial systems for the maintenance of pH and glucose from our group [194—-196].

In terms of bacterial bioprocess development, various systems have enabled shake flask
ranging from simple silicone discs to sophisticated equipment for applications like
screening. Among the ever-growing spectrum of polymer-based devices for release in
small scale cultivation devices, an early example would be silicone elastomer discs for
shake flasks and deep well plates [195,197]. These discs embedded with sodium
carbonate help control the pH [198]. The EnBase system developed by Panula-Perili et
al. [194] is a gel layer comprising of starch which is covered with a medium containing
the enzyme glucoamylase. The EnBase system is based on the enzymatic degradation of
the starch molecules by glucoamylase, and once starch diffuses into the liquid,
consequently, glucose is released. The EnBase system has been commercialized into the
EnBase Flo cultivation system. In all these increasing applications of various polymeric
systems, the payload (compound of interest, substrate for an enzyme, carbon source or
the pH-regulating agent) is embedded in the polymer matrix. Once the controlled-
release system comes into contact with liquid, water diffuses into the matrix dissolving
the embedded payload, which diffuses out of the matrix into the medium. The release
rate depends on material characteristics (e.g., hydrophobicity, degree of crosslinking,
particle size, and other material properties) and the concentration gradient. Using this

approach, a scale-up to 100 L was demonstrated for a bacterial process.

One challenge with these systems is the restriction to the substrate, glucose in the case
of the EnBase system and lack of control over the feeding rates and active process
control. Advanced systems like the fed-batch microtiter plate (FB-MTP BioLector) have

been developed to solve this by having active process control along with online
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monitoring with the flexibility of adding any desired compound to the culture.
BioLector has been proven to enable multiple parallel fed-batch experiments at a small
scale. A channel connects a reservoir well with a culture well, and the desired
compound diffuses from the reservoir into the culture well. Hence, the feed rate can be
adjusted to the experiment's needs by changing the geometry of the channel and the
concentration gradient [ 199]. The bioLector system could also be coupled with robotic
liquid handling systems. Hence preliminary system has also been replaced by
micropumps making feeding automated and more robust along with pH and DO control
[200,201]. However, these systems require significant investment and operational costs.
A summary of various commercial sophisticated high throughput systems has been

listed in table 3.

In the case of mammalian cultures, glucose loaded hydrogels have been previously
shown to significantly reduce lactate accumulation in mammalian cells. Hydrogels have
also been demonstrated as in situ pH management system for mammalian cells [202].
Many systems like Ambr have been developed to aid the earlier stages of process
development. Hydrogels have been extensively used for biomedical applications like the
slow release of drugs, hormones, growth factors etc. [192]. They have not yet been
attempted to emulate the fed-batch mode to cultivate mammalian cells. The application
of these hydrogels in primary screening would most likely enable rapid screening and
identification of the optimal cell clones for the expression of the desired product. This
slow-release system is easy to manage with the possibility of running parallel cultures in
a confined space, leading to screening a large number of clones without additional

infrastructure.
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Table 3: Summary of commercial cultivation systems

Micro Flask | 24- and 6-well | BioLector Micro-24 Micro-matrix | Ambr
by Duetz sensor dishes
Miniature Miniature Miniature 24 bubble column | 24 Micro-stirred
shaken vessel | shaken vessel shaken well | microbioreactor: bioreactors tank
Combination | (well): Oxygen | (flower 24 simultaneous in microtiter | bioreactor:
ofa and pH sensors | shape): cultures format: 24 Single-use
microtiter integrated with | Microtiter independent bioreactors individual
plate, 6/24-well plate control of each on a plate micro-
sandwich microtiter plate | formats and | reactor’s gas offer bioreactor
cover, and with the operates supply, independent | Closed-loop
clamp units florescent with non- temperature and controls control of pH
reader invasive, pH and DO with
No process optical pH, independent
control Only one S Single-use 24 temperature, control of O,
parameter, Real-time column cassette and DO can and CO, for

either pH or
DO, can be

with pH and DO be measured

culture each vessel

- sensors and
monitoring Automated

monitored but Independent controlled o )
liquid handling
not controlled | With liquid | control of each
for reactor set-

. Individual
handling column
liquid up, feeds, base
system Continuous real- q .
o additions addition and
option to time monitoring ’ :
. . including sampling
upgrade it to | logging and .
feeding Integrated Vi-
a fully controlling each
. profiles CELL® cell
automatic column
. . viability
unit bioreactor’s DO,
Up to four analysis
temperature and
H separate gas optional
P additions
under
individual
control
24 square 6- or 24- Flower- Working volume: | Working 10-15
deep-well microtiter plate: 0.8— 3—7 mL/column volume: 1-7 | mL/vessel
plate: 2.54 1.5 mL/well mL/well

mL/well
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96 square plate, and 24

deep-well: deep-plate

0.3-0.75

mL/well 24 Culture

round low- volume 0.1-6

well plate: mL

0.75-1.5

mL/well 96

round low-

well plate:

0.1-0.2

mL/well

Feeding not Feeding not Needs a Integrated liquid Integrated Automated

possible possible liquid feed individually liquid feed liquid handling
handling per well individually | for reactor set-
station for per well up, feeds, base
feeding addition and

sampling
[203-205] [197,206,207] | [201,208] [209,210] applikon- [211,212]
bio.com
5.3 Methods

5.3.1 Synthesis of hydrogels

Synthesis of a single layer or two-layer gels: For single layer gel, 4 mg tyrosine and
either 14.6 or 30 mg glutamine was added as the payload. A glass vessel of diameter 1.3
cm was used for creating these hydrogels using 150 puL of the HEMA: EGDMA
polymer mixture. There was no washing prior to measuring the release. For 2 layer gel,
100 pl of the polymer was again used to synthesize a bottom layer with 150 mg of
ATS8801A feed with 2 mg tyrosine and 14.6 mg of glutamine as the payload. Over this,
a 2" layer was synthesized using 300 pl of the polymer. The 3 layer gel was
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synthesized as mentioned in the methods section, loaded with 150 mg of AT8801A feed
with 2 mg tyrosine and 14.6 mg of glutamine as the payload.

5.3.2 Release kinetics for amino acids

The release kinetics of amino acids were analysed at 37 °C. The hydrogel was added
into phosphate-buffered saline (PBS) with 0.05% sodium azide under shaking
conditions to simulate conditions during the release in shake flasks. Samples were taken
on alternate days for amino acid concentration measurement for 16 days. Amino acid
quantification was carried out using HPLC. The samples were subjected to pre-column
derivatization with phenylisothiocynate (PITC), and the derivatized amino acids were
quantified on HPLC (Agilent 1200 infinity series) with reverse phase C18 column
(Purosphere star RP18 (5 um) end-capped, Merck, Darmstadt, Germany). Briefly, 100
pL of the sample was spiked with 15 pg of norleucine as internal standard and
lyophilized. Subsequently, 20 pL of methanol:water: trimethylamine 2:1:1 (v/v) was
added, vortexed and lyophilized. Further, 20 pL of methanol:water:trimethylamine:
PITC 7:1:1:1 (v/v) was added, vortexed, incubated for 20 minutes at room temperature
and lyophilized. Derivatized samples were resuspended in 1 mL of eluent A (85 mM
sodium acetate and 0.3 mM sodium azide in 98% water and 2% acetonitrile, pH 5.2,
(w/v)). Chromatography was carried out after injecting 5 uL of the derivatized sample
using an elution gradient of 7o min = 3% eluent B (100% acetonitrile), 725 min = 13%
eluent B, 745 min = 50% eluent B, T46 min = 3% eluent B. Flow rate was maintained at 0.8
mL min~!. Eluted derivatives were detected with a diode array detector at 254 nm with a
bandwidth of 4 nm. The peak area for each amino acid was normalized to the internal
standard. The amino acid concentration was calculated using a response factor
calculated from the peak area of the respective amino acid (normalized to norleucine) in
a standard containing 15 pg/mL of aspartate, glutamate, glutamine, glycine, asparagine,
serine, histidine, threonine, arginine, alanine, proline, tyrosine, valine, methionine,
cystine, isoleucine, leucine, phenylalanine, tryptophan and lysine. It is important to note
that in this method for amino acid measurement, cysteine and cystine were not resolved

as separate peaks but coeluted as a single peak and could not be accurately quantified.
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5.4 Results

It has already been established that hydrogels can deliver glucose and protein
hydrolysates to CHO cells and have shown to be an effective pH management system in
mammalian cells. Here we have attempted to standardize the hydrogel for delivering an
optimal feed to improve peak cell densities, maintain the peak density for longer, and
increase productivity without the need for continuous monitoring and complicated

feeding regimes.

We standardized different gel formulations intending to identify acceptable release rates
that can sustain a nutrient release for longer and are suitable for sustaining mammalian
cultures. The three fundamental components of preparing a hydrogel are monomer,
initiator, and crosslinker. A crosslinker in the hydrogel is added to introduce the right
degree of cross-linking in this polymeric network. After formation, the hydrogel needs
to be washed to remove impurities, and these include a non-reacted monomer, initiators,
crosslinkers, and unwanted by-products of side reactions left from the polymer
preparation process. Hydrogels are synthesized by reacting hydrophilic monomers with
multifunctional crosslinkers. Various polymerization techniques can be used to form
gels, including bulk, solution, and suspension polymerization. The bulk polymerization
of monomers results in a homogeneous hydrogel producing a glassy, hard and
transparent polymer. When submerged in water, the glassy matrix swells to become soft
and flexible. The polymerization can be initiated thermally, via UV-irradiation, by

redox initiator or by introducing small molecules.

5.4.1 Standardizing the hydrogel geometry for sustained release in mammalian cell

culture: Effect of crosslinking, nutrient payload and hydrogel geometry

Hydrogels can be prepared via various methods like free radical polymerization. The
free radical initial may be excited thermally or via UV irradiation exposure. The
percentage of crosslinking agent can be varied to adjust the crosslinking density that
controls the swelling and hence the release rate of the nutrient payload according to the
requirement. Glutamine is used as a representative amino acid to measure the release of
amino acids and Ethylene glycol dimethacrylate (EGDMA) as a crosslinking agent with
Azobisisobutyronitrile (AIBN) as a free radical initiator. Crosslinking at a higher
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percentage led to sustained release over a longer period of time. 20% concentration was
found to work better than 5% and 10% (Figure 5.1). Higher the cross-linking, lower is
the release rate, as seen in Figure 5.1. The release was in 25 mL PBS with 0.05 % azide
at 37° C under shaking conditions with 250 mg AT8801A feed and 25 mg glutamine.
There was no washing involved for any release measurement. An even higher
crosslinking would make the release even slower but would make the hydrogels brittle.
Henceforth, all gels have been synthesized using the 20% Ethylene glycol

dimethacrylate as a crosslinker.
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Figure 5.1: Comparative influence of crosslinking, loading and geometry on glutamine
release
(A) Release kinetics of glutamine loaded hydrogel with different percentages of crosslinking monitored
in sterile PBS; /A~ Hydrogel with 5% crosslinking, O- Hydrogel with 20% crosslinking, [1- Hydrogel
with 10% crosslinking (B) O- Single-layer hydrogel with 15 mg glutamine, [~ Single layer hydrogel
with 30 mg glutamine (C) O-Three-layer hydrogel with 45 mg glutamine, [ 1~ Two-layer hydrogel with

45 mg glutamine

After establishing the percentage of crosslinking, the geometry and the types of gels
were established. Previously simple disc-shaped gels have been used in a growing
number of studies. We synthesized simple single layer gel, two-layer gel and a
cylindrical 3-layer gel to compare release suitable for mammalian cell culture. Again
glutamine was used as an indicator to measure the approximate release rate for amino
acids that have similar abundance or solubility or both. For single layer and two-layer
gel, tyrosine and glutamine were added as a payload on a disc, whereas for three-layer
gel, a cavity was formed where the nutrient payload was placed. Measuring glutamine

release with two different payloads demonstrates increasing the payload also led to an
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increase in the release rate for glutamine. This indicates loading is among the important
factor regulating release. Measurement of glutamine release only through single layer
gel indicates a very high release rate in the 1% three days, which indicates additional loss
of the amino acid payload compared to two layer and three layer gels. Such a release
profile won’t be able to efficiently supply amino acids to animal cell cultures as they
last for several days as compared to bacterial cultures. With the two or three-layer gel,
we could also observe sustained release for at least 6-7 days, which is suitable for

mammalian cell culture application.

5.4.2 Toxicity profile for NutriGel in CHO cell culture

We further tested if this basic formulation does not have any toxicity effects in CHO
cells. A suspension adapted CHO cell culture was supplemented with either a single or
two-layer gel. As seen in Figure 5.2, supplementation of single or two-layer hydrogel
does not lead to any toxicity in CHO cells. Since the gels have to be washed before
being used in cultures, the majority of the payload is released during the washing step in
single and two-layered gels, making them equivalent to empty gels without any payload.
The cultures supplemented with the hydrogel grow to similar density and have similar
longevity as the control cultures without hydrogels. Also, it is important to note that
there is no improvement in culture properties because, as expected, there is a significant

loss of the nutrient payload during the washing.

5 -
2 4
£ 3
33 2
L&
8% !
~ 0 .
0 5 10 15
Time (days)

Figure 5.2: CHO cell culture supplemented with hydrogels do not show enhanced toxicity
Viable cell densities of CHO cells being supplemented with O- single layer hydrogel, /\- two-layer

hydrogel, [1- Unsupplemented control culture.
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5.4.3 Standardizing the amount of nutrient payload suitable for supporting animal

cell culture

The actual performance of varying amounts of feed was tested on IgG producing CHO
cells (Figure 5.3), and the 3 layer gels were synthesized as described in the methods
sections. The cavity was again adjusted according to the payload, and the top layer was
filled using the following volume of the monomer, 100 pl for 50 mg and 100 mg, 200 pl
for 150 mg feed and 370 pL of 250 mg feed to fabricate the hydrogel. CHO cell cultures
were supplemented with these hydrogels along with an unsupplemented control culture.
As a positive control culture, we also supplemented CHO cell culture with the
traditional bolus feeding equivalent to the nutrient payload in the hydrogel. For bolus
fed cultures, cultures were fed with 1X of the corresponding feed (20X) on days 3, and
6. A total of 2X of the feed was added, where 1X corresponds to medium concentration
without the bulk salts. A total of 2.5 mL liquid feed was added to the 25 mL culture
volume of the bolus fed cultures. The amount of payload in NutriGelr was 250 mg,
while the liquid bolus feed addition resulted in the addition of 100 mg of the feed, both
to the same initial culture volume. The hydrogel payload was kept higher due to loss of
payload during the initial washing and pre-incubation of the hydrogel for at least 2.5
days to remove unpolymerized monomers. The loss of payload was variable for the
different components. Supplementing hydrogels with an increasing amount of feed
aided in improving culture performance. Supplementing cultures with 250 mg feed
improved culture performance comparable to the traditional bolus fed cultures. Hence

we continued our further experiments with 250 mg of feed.
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Figure 5.3 Standardization of nutrient payload for assisting feeding in mammalian cell
culture
Viable cell densities of CHO cells being supplemented with three-layer hydrogel with different payloads,
[J-a hydrogel with 50 mg nutrient feed, O-Control culture without any hydrogel supplementation, @-
Control culture with traditional bolus feeding, 4 -hydrogel with 100 mg nutrient feed, /\- hydrogel with

150 mg nutrient feed, <- hydrogel with 250 mg nutrient feed.

5.4.4 Hydrogels can maintain a continuous supply of amino acids for an extended

duration suitable for supporting animal cell culture

A hydrogel formed by the bulk polymerization of HEMA with EGDMA as a crosslinker
was evaluated for in situ release of a nutrient mixture including 18 amino acids. Since
alanine and glycine are typically excreted by cells in culture, they were not included in
the feed. Briefly, this hydrogel comprises a central monolithic reservoir system
surrounded by a hydrogel layer. The nutrient payload is dispersed as a solid powder
within the hydrogel matrix in the central reservoir. We first formulated a simple feed
mixture having the same composition as the culture medium but without bulk salts.
These hydrogels will be subsequently called NutriGel; (composition in Table 4, Figure
5.4). The release of amino acids from washed and pre-swollen NutriGel; was monitored
in PBS buffer over a duration of 2 weeks. Cysteine/cystine could not be accurately
quantified. Figure 5.6 a, b shows the cumulative release of 17 amino acids in the feed

mixture. All amino acids continue to be released from the hydrogel for a period of at

least seven days.
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Release rate constants were further calculated for all amino acids. Assuming a 0.75 void
fraction in the central reservoir and after accounting for the amino acid content lost
during the wash, we calculate that at the initial amino acid loadings used, the
concentrations of all amino acids in the reservoir except cysteine/cystine and tyrosine
will be less than their solubility at 37°C. Hence, the release rate is assumed to follow
first-order release kinetics as described by the equation [213]

1

am o
= k; (my; — m;), resulting in m; = my; (1 — ekit)"'(l)

dt

for i=1 to 17, where m; is the amount of i amino acid released at time t, mo; is the initial
loading of the i amino acid in the reservoir, and 4 is the rate constant for release for
the i amino acid. The amino acid release data for the first seven days was fit to the
above equation (1) for all amino acids except tyrosine to obtain the release rate
constants. The 12 values for all fits were above 0.95 except for proline, phenylalanine
(r>>0.92) and aspartate (r>>0.68). For amino acids with very low solubility, i.e., cystine
and tyrosine, a zero-order release is expected, as described by [213]:

dam;
dt

= k;, resulting in m; =k;t ... (2)

For tyrosine, the amino acid release data was fit to the above equation (2) to obtain the
release rate constants (r>>0.84). It should be noted that consistent with its low solubility,
the release rate for tyrosine is very low, and the release rate of cysteine/cystine is also
expected to be very low. Figurele, f shows the release rate constants for all amino acids.
As per equation (1), the amino acid release rates are proportional to the initial loading of
the amino acid within the central reservoir. Thus, this provides a simple tool to vary
individual amino acid release rates for all amino acids (except cysteine/cystine and

tyrosine) by varying their initial loading.

To independently confirm the effect of initial loading in the central reservoir on the
release rate, we next evaluated a feed mixture comprising 8 mg each of all 18 amino
acids along with 100 mg HEPES (composition in Table 4). These hydrogels will be
referred to as NutriGel,". Figures 5.5 ¢, d, and e, f shows the cumulative release profile
and release rate constants for the release of all amino acids from NutriGelb'!. The release
rate constants are similar to those calculated for NutriGel;, indicating that the release

rate is indeed proportional to the initial loading of the amino acid in the reservoir except
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for tyrosine and is not substantially affected by changes in the composition of the other

amino acids in the reservoir.

A plot of release rate constant in NutriGel,! vs solubility at 37° C shows a weak
positive correlation (Figure 5.5g) (amino acid solubility at 37° C was calculated using
the Sober equation, & and 0 for the equation were obtained from Bowden, 2018 [214]).
There is no correlation between the release rate constants of the amino acids and their
molecular weight (data not shown). This is not surprising since the molecular weights of
all amino acids lie within a narrow range. The local pH in the reservoir, which is not
known, could affect the charge on the amino acids and hence their release. Due to the
buffering action of HEPES and the effect of pH on the solubility of amino acids, we
next assessed whether the presence of HEPES in the payload had any effect on release
rates. The release rates for the amino acid formulations in NutriGel, were then analysed
in the presence of an equal amount of glucose instead of HEPES (NutriGel,%). With the
exception of lysine, there was no substantial difference between the release rate

constants in the presence or absence of HEPES (Figure 5.6).

To increase the release rates of tyrosine, the amino acid with the lowest release rate
constant, we dispersed 4 mg of tyrosine directly in the bottom layer of the hydrogel.
Release kinetics of tyrosine from such a matrix was separately measured and found to
be 0.09 mg/day. All hydrogels containing tyrosine thus dispersed are indicated by
including T in the superscript in the name of the hydrogel. Since an oversupply of
cysteine can cause toxicity [215], no further loading of cysteine/cystine was evaluated.

However, a similar strategy can increase the supply of cysteine/cystine if desired.

With the demonstrated ability of NutriGels to release amino acids over at least a week,
we next explored whether such hydrogels could be used to achieve a closed in situ
feeding system for animal cell culture. Though the release rate of only amino acids has
been measured here, other low abundance components of cell culture medium like
vitamins, trace elements, and antioxidants also play an essential role [216,217] and have
been included in the feed mixture payload of the hydrogels used for cell culture. We
have used a recombinant CHO cell line expressing IgG as a model culture system to
assess whether in situ feeding of amino acids and other micronutrients can enable an

increase in longevity of the culture in order to increase productivity. We first use a
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hydrogel with a nutrient feed payload having the same composition as the culture

medium but without the bulk salts (NutriGel;).

Glutamine -
15% Arginine Asparagine
18% 1%
Aspartic acid
Valine 1%
6% Cysteine
Tyrosine 3%
6% Cystine
4%
Tryptophan .0 .
1% Iutarl‘r;/lc aci
0
Threonine H'St'od'ne
6% 3%
Serine
3% proline ) Isoleucine
2% Lel;s/lne 7%
. . 0
Phenylalanine Methionine Lysine
4% 2% 10%
VaIinGeIUt'—’“'mne Args’l;lne Asparagine
(]
Tyrosine 5% 5% Aspartic acid
0, 0,
Tryptophan 3% 5éysteine
YP
5% 5%
Threonine Cystine
% 5%

Serine tamic acid
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Figure 5.4: Amino acid composition for the two nutrient mixture payloads to create

NutriGels
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Figure 5.5: Cumulative amino acid release profile from two different compositions of
amino acid in the NutriGel payload viz NutriGel; and NutriGel,"

Release kinetics of amino acids for prewashed NutriGel: or NutriGel>™ were characterized in 25 mL PBS
with 0.05% sodium azide incubated at 37°C under shaking conditions. Amino acid concentrations were
quantified by reversed-phase HPLC. (A, B) Cumulative amino acid release profile from NutriGel:.
Markers depict single amino acid abbreviations. (C,D) Cumulative amino acid release profile from
NutriGel."!. Markers depict single amino acid abbreviations. (E, F) Release rate constants for NutriGeli
gel (white bar) and NutriGelo (grey bar). (G) Relationship between release rate constant and solubility.

Error bars indicate 95% confidence interval, n=2.
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5.4.5 Effect of abundance and solubility

In Figure 5.5, we observe how release rates depend on the abundance in the feed and the
solubility of individual amino acids. The highest release rates were observed for
arginine and lysine, amino acids with the highest abundance in the formulation and high
solubility (Figure 5.6). The lowest release rates were observed for amino acids
cysteine/cysteine, tyrosine, aspartate and glutamate. These amino acids either have very
low solubility or have low abundance in the feed mixture. A plot of release rates vs
abundance in the feed mixture of AT880A indicates that the release rates are correlated

to the loading of the amino acid ((R?>= 0.90, p < 0.00001) Figure 5.6).

The abundance of the amino acid in the feed mixture inside the hydrogel and their
solubility are thus the two parameters which have the most effect on the release rates of
the amino acids. The dependence on solubility is expected since it affects the
concentration gradient for diffusion. The dependence on abundance may stem from its
effect on the concentration of the amino acid that can be maintained at the edge of the
inner core, which influences the concentration gradient for diffusion and hence the

release rate through the hydrogel.
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Figure 5.6: Effect of inclusion of HEPES in the payload on the release rate constant
Release kinetics of amino acids for prewashed NutriGel>™ or NutriGel>® were characterized in 25 mL
PBS with 0.05% sodium azide at 37 °C under shaking conditions. Amino acid concentrations were
quantified by reversed-phase HPLC. Release rate constants for Nutrigel2" (grey bars) and NutriGel>®
(white bars). Release rate constants for NutriGel! are taken from Figure 5.5 e,f. Error bars indicate 95%

confidence interval, n=2
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Table 4: Compositions of payloads used in this study

Amino HEPES Glucose Vitamins Trace Thioctic |Antioxidant | Nucleoside | Linoleic
acids *° elements acid precursors acid
NutriGels + + + + + + + +
NutriGel," +b +
NutriGel,¢ +b +
NutriGeli" +2 + + + + T T T
NutriGel,A4T6 |42 ++
NutriGeli ™  |4+* + + + + + +
NutriGel, 7TE |+2 + + + + T T
NutriGel; 40 |42 + + + + + i
NutriGeli "N |+° + + + T n n
NutriGeli =™ |+ + + + T n n
NutriGel"™V0" |+ + FEIFINE FFIFIFR, + +
NutriGel, ¢ +2 + ++ + + + + + +

(x-number of + indicates x-times of concentration indicated below, ° indicate the amino acid composition

type, T Indicates the presence of 4 mg tyrosine in the bottom layer of the hydrogel

L-Amino acids®

(mg)

Arginine hydrochloride 29, Asparagine monohydrate 2, Aspartic acid 1,
Cysteine dihydrochloride 5, Cystine hydrochloride monohydrate 6,
Glutamic acid 1.5, Histidine hydrochloride monohydrate 5, Isoleucine 11,
Leucine 11, Lysine hydrochloride 16, Methionine 3, Phenylalanine 7,
Proline 4, L-Serine 5, Threonine 10, Tryptophan 1.7, Tyrosine 10, Valine
10, Glutamine 25

L-Amino acids®

(mg)

Arginine hydrochloride 8, Asparagine monohydrate 8, Aspartic acid 8,
Cysteine dihydrochloride 8, Cystine hydrochloride monohydrate 8,
Glutamic acid 8, Histidine hydrochloride monohydrate 8, Isoleucine 8,
Leucine 8, Lysine hydrochloride 8, Methionine 8, Phenylalanine 8,
Proline 8, Serine 8, Threonine 8, Tryptophan 8, Tyrosine 8, Valine 8,

Glutamine 8

Trace elements

(mg)

Ammonium metavanadate 0.00006, Ammonium molybdate
tetrahydrate 0.0006, Copper sulphate pentahydrate 0.0001, Ferric
nitrate nonahydrate 0.005, Ferrous sulphate heptahydrate 0.04, Nickel
chloride 0.00001, Sodium metasillicate nonahydrate 0.001, Sodium
selenite 0.001, Stannous chloride dehydrate 0.00001, Zinc sulphate
heptahydrate 0.04

Vitamins

(mg)

Ca-D-Pantothenic acid 0.2, Choline chloride 0.9, D-Biotin 0.0004, Folic
acid 0.3, Niacinamide 0.2, Pyridoxal hydrochloride 0.2, Pyridoxine
hydrochloride 0.003, Riboflavin 0.02, Thiamine hydrochloride 0.2,
Vitamin B12 0.07, Myo-Inositol 1.3
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Antioxidants L-Ascorbic acid 2, Ethanolamine hydrochloride 1.4, Glutathione
(mg) reduced 0.2, Putrescine dihydrochloride 0.01

Nucleoside precursors Hypoxanthine 0.2, Thymidine 0.04

(mg)

Miscellaneous (mg) Linoleic acid 0.004

Glucose (mg) Glucose 100

Thioctic acid (mg) Thioctic acid 0.011

HEPES (mg) HEPES 100

5.5 Conclusion

We tried to establish an alternate application for hydrogels as a nutrient delivery system.
Release studies using glutamine as a marker led us to understand the correct percentage

of the cross-linking agent. It also highlighted that the mode of release is diffusion and is
correlated to the surface area size of the cavity. The hydrogel includes the complex

nutrient feed dispersed in the form of a solid in a central reservoir.

We demonstrate that it is possible to modulate the release rates of individual amino
acids through this hydrogel by changing their initial loading in the central reservoir,
with the exception of low solubility amino acids tyrosine and possibly cystine/cysteine.
This provides the ability to tailor release rates for individual amino acids as required for
the specific application. The release rates of these low solubility amino acids can be
increased if required by loading them outside the hydrogel reservoir. The use of
modified amino acids, such as phosphotyrosine disodium salt, (with higher
solubility/stability) can also allow control over the release rate of the low solubility

amino acids through the reservoir if desired [218,219].
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Chapter VI.
Towards in situ continuous feeding via controlled release
of complete nutrients for the fed-batch culture of animal

cells

6.1 Summary

The small-scale culture of animal cells in suspension is important for many
applications. At a small-scale, fed-batch is achieved either by manual bolus feeding or
the use of liquid handling robots. In this study, we report an alternate application of a
hydrogel for in situ continuous delivery of a nutrient feed comprising 18 amino acids,
vitamins, antioxidants, and trace elements. We show that amino acid release is
sustained for at least seven days. Importantly, the release rates of individual amino
acids can be independently modulated by changing their loading. We demonstrate the
application of this hydrogel for complete in situ feeding of nutrients to a suspension
adapted CHO cell line expressing IgG leading to a 2.7-fold and a 4-fold improvement
in integral viable cell density (IVCD) and volumetric productivity, respectively. This
is similar to improvements obtained by bolus liquid feeding. Further, supplying
glucose from the same hydrogel to eliminate manual feeding led to a 1.8-fold increase
in IVCD accompanied by a 3-fold increase in volumetric productivity as compared to
batch culture. In summary, this study provides a proof of concept that hydrogels can
enable completely closed in situ feeding for mammalian cell culture, requiring no
external intervention. Such continuous in situ delivery can potentially enable closed
culture systems while maintaining nutrients at low levels mimicking physiological

concentrations.



6.2 Introduction

Small-scale culture of animal cells in suspension is of importance for many
applications such as process development for the production of recombinant proteins
and viral vaccines, stem cell culture, and cell therapy applications such as the recently
FDA approved CAR-T therapy [3]. Increasing culture longevity and/or cell growth is
of importance for such applications. In vitro culture of animal cells requires a large
number of nutrients, including sugars such as glucose, most amino acids, vitamins,
antioxidants, bulk ions, and trace elements. Some of these nutrients, such as glucose
and amino acids, are substantially consumed during culture, while others, such as bulk
salt, may not show an appreciable change in concentration [220]. Recent reports
indicate that high initial nutrient concentrations above physiological levels may result
in metabolic differences in cells in culture, which can result in reduced biological
relevance of in vitro cell culture models [12]. Feeding nutrients during the course of
the culture enables replenishment of the exhausted nutrients to prevent their limitation
while at the same time avoiding initial oversupply and associated waste metabolite
production, which could be inhibitory to cell growth [42,221,222]. The value of such
feeding strategies to achieve higher cell growth and culture longevity has been amply
demonstrated in the development of fed-batch processes for recombinant protein
production [220,221,223,224]. In small-scale cultures, nutrient feeding is
predominantly made possible by the bolus addition of highly concentrated feed
solutions. This is usually carried out using liquid handling robots in the case of micro

bioreactors or manually for the ubiquitous shake flasks or spinner flasks.

Bolus feed addition has several limitations. The solubility of some components, such
as tyrosine, is low at neutral pH, and pH adjustments are necessary to achieve the
desired solubility [218,225]. These can contribute to increasing the osmolarity of the
culture. Feeding such concentrated solutions can also lead to large step increases in
concentration and pH at the time of feeding, which may be undesirable [18,19]. Bolus
feeding during process development may lock in production processes to have
intermittent feeding strategies. Manual feeding also requires frequent handling of the
cultures, which increases the chances of operator-induced errors. Lesser manual
intervention and fewer steps with limited exposure to the environment reduce the

probability of contamination. This is especially important for the imminent cell-based
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therapies where a limited quantity of patient-derived cells are available, and cells are

the final product of interest that cannot be subjected to sterilization [226].

The disadvantages of manual bolus feeding can be overcome through the use of a
continuous feeding process, not requiring manual intervention. Automated closed
systems have been demonstrated for ex vivo production of cells such as human
placental, human CD4, and CD8 T lymphocytes [227], and stem cell [228] for cell-
derived therapies. Automated continuous feeding for small-scale platforms cannot,
however, be achieved without upgrading to additional infrastructure and robotic
platforms [210,229,230]. These systems require appreciable capital investment. An
alternative approach for continuous feeding is the continuous in situ delivery of
nutrients via diffusion through hydrogels. Hydrogels are three-dimensional polymer
networks that swell in water [191]. Hydrogels have been extensively used for
biomedical applications like the slow release of drugs, hormones, and growth factors
[192]. Our group has previously described the use of hydrogels for continuous in situ
feeding of individual nutrients such as glucose in shake flasks [231]. However,
mammalian cells in culture require feeding a complex mixture comprising multiple
nutrients. This study aimed to investigate the feasibility of developing hydrogels for
simultaneous in situ release of all nutrients provided in feed formulations for a fed-
batch culture of mammalian cells, such as glucose, amino acids, and vitamins. Such in
situ diffusion-based continuous delivery of nutrients can enable a fed-batch culture in

a completely closed system requiring only gas exchange.

In this study, we have used suspension adapted CHO cells expressing recombinant
IgG as a model system to establish the proof of concept for using hydrogels for in situ
feeding of all nutrients required for the culture of animal cells. We characterize the
individual rate constants for a simultaneous release of amino acids through the
hydrogel. Alanine and glycine are formed as waste metabolites during culture and are
not included in the feed. In the range of loading evaluated, we show that the amino
acid release rates are proportional to the initial loading of the amino acid. This feature
enables independent control of the release rates for all amino acids as per the
requirement of the particular cell line. Tyrosine and cystine are expected to be an
exception due to their poor solubility, and indeed tyrosine, whose release rate is

measured, shows a constant zero-order release. We show that in situ delivery of all
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nutrients led to a 1.8-fold (p-value 0.004) increase in IVCD accompanied by a 3-fold
(p-value 0.011) increase in volumetric productivity compared to batch culture. To our
knowledge, this study demonstrates, for the first time, the feasibility of achieving a
completely closed in situ feeding platform for continuous feeding of complex nutrient
feeds to animal cells, which does not require manual intervention or liquid handling

technology.

6.3 Methods

6.3.1 Hydrogel synthesis

Poly-HEMA hydrogels were synthesized using 2-hydroxyethyl methacrylate (HEMA,
97% pure, Sigma-Aldrich Corp, USA) monomer and ethylene glycol dimethacrylate
(EGDMA, Sigma-Aldrich Corp, USA) crosslinker at 86:14 mol/mol HEMA:
EGDMA in the presence of an initiator Azobisisobutyronitrile (0.5%, Sigma Aldrich
Corp, USA). A bottom layer of the hydrogel was created by polymerizing 200 pL of
the HEMA: EGDMA mixture in a 1.3 cm diameter glass disc at 75 °C for 1.5 hours.
A cavity was then formed over the bottom layer using an appropriate mould and 400
pL of the HEMA: EGDMA mixture by incubation at 75 °C for 1.25 hours. The
diameter of the cavity was 9 mm. Subsequently, the solid powder of the payload was
added to this cavity. The exact composition of the payload varies in different
experiments and is described in Table 1. Four hundred and fifty microliters of the
HEMA: EGDMA mixture were used to create the monolithic central reservoir and
final layer of the hydrogel, sealing the cavity. The hydrogels were then washed in
sterile ultrapure water for two days. After washing, the hydrogels were sterilized
using UV for 25 minutes on each side of the hydrogel. Hydrogels were incubated
overnight in a culture medium before addition to the cultures. The HEMA: EGDMA
hydrogel was previously assessed for cytotoxicity to CHO cells and found to be non-

toxic as processed [231].
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6.3.2 Cell culture

A suspension CHO cell line expressing IgG, provided by Inbiopro Solutions
(Bangalore, India), was used to evaluate the effect of the addition of the hydrogels to
increase culture longevity and productivity. Cells were inoculated at a density of 0.3 x
10 cells/mL in 25 mL culture volume in 100 mL Erlenmeyer flasks (Borosil). Cells
were regularly passaged in our in-house medium formulation based on DMEM: F12
containing 3 g/L glucose and 5 mM glutamine. For fed-batch experiments, shake
flasks cultures were incubated at 37 °C, 10% CO», and 110 rpm. Glucose was fed to
bring its concentration back to 2 g/L: at viability above 85%, glucose was fed when its
concentration decreased below 2 g/L, while at viability below 85%, glucose was fed
when the concentration decreased below 1.5 g/L. For cultures supplemented with
NutriGelb,"VTT, cells were inoculated at 5 x 10° cells/mL in 50 mL culture volume.
These cultures were incubated at 37 °C, 10% CO., and 130 rpm. Glucose was fed to
bring its concentration back to 4 g/L: at viability above 85%, glucose was fed when its
concentration decreased below 4 g/L, while at viability below 85%, glucose was fed
when the concentration decreased below 2.5 g/L. The hydrogel was added on day 3
for all the cultures and day 0 for the NutriGel,''VT-T cultures. For bolus fed cultures,
cultures were fed with 0.5X of the corresponding feed (20X) on days 3,6,8,10 or days
3,4,6,8. A total of 2X of the feed was added, where 1X corresponds to medium
concentration without the bulk salts. A total of 2.5 mL liquid feed was added to the 25
mL culture volume of the bolus fed cultures. The hydrogel is added as a pre-swollen
solid, so there is no volume change due to hydrogel addition. The composition of the
bolus liquid feed was the same as NutriGel®. The amount of payload in NutriGel® was
250 mg, while the liquid bolus feed addition resulted in the addition of 125 mg of the
feed, both to the same initial culture volume. The hydrogel payload was kept higher
due to loss of payload during the initial washing and pre-incubation of the hydrogel
for at least 2.5 days to remove unpolymerized monomers. The loss of payload was
variable for the different components. Glucose was fed to maintain glucose
concentration between 2 to 2.5 g/L, and a total of 7 mM of glutamine was also fed to
the cultures. Samples were taken every alternate day to measure cell density, viability,
and glucose concentration. Cell density was quantified by manual counting using a
hemocytometer. Viability was assessed using the trypan blue dye exclusion assay.

Glucose concentration was measured using a Y SI Biochemistry Analyzer. Volumetric
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IgG titer was determined by a sandwich ELISA. Briefly, ELISA plates were coated
with capture antibody-rabbit anti-human IgG and subsequently blocked with 1%
bovine serum albumin (BSA) in phosphate-buffered saline (PBS). 0.01% Tween 20 in
PBS was used to wash plates. Human IgG was used to generate a standard curve for
quantitation. HRP conjugated rabbit anti-human IgG (Merck Millipore, Mumbai,
India) was used to detect IgG in culture, followed by the addition of substrate
TMB/H20: (GeNei Laboratories Pvt Ltd, India). The reaction was stopped using 1 M
H>SO4. Absorbance was measured at 450 nM on Bio-Rad iMark microplate reader
(Bio-Rad Laboratories, Mumbai, India). Samples selected for ELISA had a viability

of 60% or more.

6.3.3 Statistical analysis

Two-tailed Student's z-test was used to determine the significance of the difference
between each pair of data. All p values lower than the significance level of 0.05 are
denoted by asterisks in the figures. A p-value <0.05 is denoted by *, <0.005 by **,
and <0.0005 by ***,

6.4 Results and discussion

Glucose and glutamine are the vital nutrients significantly consumed in vitro by
mammalian cells. Amino acids other than glutamine have been shown to account for
the majority of the cell mass in proliferating mammalian cell lines, also indicating
their importance to cell growth [232]. Various cell lines producing recombinant
proteins have been shown to improve their productivity and product quality and delay
apoptosis upon supplementation of customized amino acid feed [4,216,217,233-235].
Depletion of even non-essential amino acids, such as asparagine, has been reported to
result in the misincorporation of other amino acids during translation. This indicates
the importance of maintaining an adequate amino acid supply [236-238]. At the same
time, recent reports have also shown that high concentrations of amino acids in the
culture lead to the accumulation of inhibitory metabolites [8]. Thus, feeding amino
acids is essential to maintain an adequate supply of nutrients while avoiding a large
initial excess. We have previously reported an alternate approach for the use of

hydrogels for the in situ delivery of glucose to animal cell cultures. We now explore
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whether similar hydrogels can enable simultaneous in situ delivery of a mixture

including 18 amino acids.

6.4.1 Continuous feeding of complex nutrient feed using NutriGel; improves

culture longevity and volumetric productivity of recombinant CHO cell culture

NutriGel;" was evaluated with a suspension CHO cell culture producing IgG to assess
whether the in situ supply of nutrients through the hydrogel has a beneficial effect on
productivity and/or culture longevity. A culture without NutriGel," served as control.
Glucose was bolus fed to all the cultures, as described in the methods section. The
NutriGel; T hydrogel was added on the 3™ day of the culture inoculated at a density of
0.3x10° cells/mL. Figure 6.1 shows the effect of the addition of NutriGel,” on culture
performance for a representative culture. The biological replicate cultures had
differences in cell density in the later stages of the culture beyond day 13 and are
hence not averaged. We also compared NutriGel;! to the traditional bolus fed
cultures, where the bolus feed had the same composition as the payload of NutriGel;*
and was supplemented as a liquid feed at fixed intervals. Figure 6.1 also provides a
comparison between the continuous mode of feeding through a hydrogel and the
manual bolus mode of feeding. The viability of the cultures without the hydrogel
decreased below 60% beyond day 8, while the addition of NutriGel, or bolus feed
resulted in maintenance of viability above 60% for at least 13 days among all
replicates, thus substantially increasing the culture longevity. This is reflected in an
average 2.7-fold (p-value 0.002) increase in IVCD and an average 4 fold and 4-fold
(p-value 0.001) increase in volumetric productivity of IgG (Figure 6.1d) with
NutriGel ;T Bolus feeding led to an average 2-fold (p-value 0.003) increase in IVCD
and an average 3.8 (p-value 0.0001) fold increase in volumetric productivity of IgG
compared to the control. The differences between the bolus and NutriGel fed cultures
are not statistically different. Thus, supplying the feed nutrient mixture through the
hydrogel led to significantly increased culture longevity and volumetric productivity
compared to the control demonstrating the proof-of-concept that a large number of
nutrients can be simultaneously supplied in situ to support cell culture. It should be
noted that the composition of the nutrient feed mixture loaded into the hydrogel is
identical to the medium formulation, with the exception of the omission of bulk salts

and glucose, and has not been optimized for improved culture performance.
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Nutrients in cell culture medium other than amino acids, such as vitamins, trace
elements, and antioxidants, also have a significant impact on cells in culture and have
been shown to improve growth and productivity [217]. The NutriGel;T hydrogels
have a payload of vitamins, antioxidants, trace elements, and other micronutrients, as
listed in Table 4, in addition to amino acids. Though the release rates of these other
nutrients included in small quantities in the payload have not been quantified, we
questioned whether the release of any of these other nutrients contributed to the
increased culture longevity. We investigated this by making hydrogels identical to
NutriGel, T, but without particular classes of nutrients such as vitamins, trace elements

and antioxidants and analysing their effect on culture longevity.
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Figure 6.1: In situ delivery of nutrients through NutriGel;" leads to improved culture
performance
Suspension adapted CHO cells expressing IgG were inoculated at 0.3 x 10° cells/mL. Cultures were
either bolus fed only glucose (control), bolus-fed complete nutrient feed (bolus fed control) or
NutriGel; T was added to the culture on the 3™ day and cultures were bolus fed glucose as required
(NutriGeli"). (A) Viable cell density. A representative growth curve is shown. (B) Viability (C) IVCD
(D) Relative IgG titer. O — control, A -bolus fed control, (1 — NutriGeli". Error bars indicate 95%

confidence interval, n=5 for cultures supplemented with Nutrigel:T, n=4 for control cultures, n=2 for

bolus-fed control cultures

6.4.2 NutriGel; hydrogels also supply other classes of nutrients that help in

improving culture longevity

We first formulated NutriGel; ¢ with a payload of only amino acids in a
composition identical to that in NutriGel; along with glucose. The NutriGelA4-T:6

were similarly added to the culture on day 3, and the culture was fed with glucose as a
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bolus when the glucose concentration decreased below 2 g/L. The culture data shown
in Figure 6.2 indicates that in situ supply of only amino acids through NutriGel,A4-1-6
does not result in a culture performance similar to NutriGel;T (Figure 6.2). Viable cell
densities of cultures supplemented with NutriGel;A*TC are similar to control cultures
without the hydrogel and show no increase in IVCD. This supports the conclusion that
at least some of the other micro-nutrients are being delivered to the culture through

the NutriGel; > and their release contributes to the improved culture longevity.
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Figure 6.2: In situ release of only amino acids does not improve cell growth.
Suspension adapted CHO cells expressing IgG were inoculated at 0.3 x 10° cells/mL. NutriGel,; A4 T-6
was added on the 3™ day. Cultures were bolus-fed with glucose as required. (A) Viable cell density. (B)

Viability. O — control, [0 — NutriGel;A4T:S, Error bars indicate 95% confidence interval, n=2 for

control cultures and n=3 for cultures supplemented with Nutrigel; A4 TG,

6.4.3 Vitamins and trace elements are released from the NutriGels and

contribute to improving culture longevity

In order to perform an individual elimination of individual components, we had to
first establish the commercial purchased feed can be mimicked by its individual
constituents. Amino acid release profiles have previously indicated this. Hence we
synthesized NutriGel; ™™ by making the nutrient feed from its individual nutrient
classes and supplementing NutriGel, ™™ leading to a similar cell density and growth.
With the possibility of making the complete feed, we could remove each component
and test the actual essentiality of each component (Figure 6.3). Vitamins led to the

lowest peak density, followed by trace elements, and also had lower longevity.
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Figure 6.3: Effect of different classes of nutrients from the payload of the NutriGel on
culture longevity
Suspension adapted CHO cells expressing IgG were inoculated at 0.3 x 10° cells/mL. Cultures were
either supplemented with O- NutriGeli” (control), [J — NutriGel: ™™ or NutriGel:" was added to the
culture on the 3™ day and cultures were bolus fed glucose as required (NutriGeli"). (A) Viable cell
density (B) NutriGels deficient in a single class of nutrients were added on the 3™ day, and cultures
were bolus fed glucose as required. <& — NutrigeliT, O — Nutrigel: TV (without vitamins), @ —

NutriGel: Tt (without trace elements), []— NutriGel;™ (without nucleoside precursor), A —
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Nutrigel:™A© (without antioxidants), - X -NutriGel: "™ (without thioctic acid). Error bars indicate 95%
confidence interval, n=2. (C) IVCD and (D) Peak viable cell density. Error bars indicate 95%

confidence interval, n=2. See table 1 for the detailed formulation of the NutriGels. Error bars indicate

95% confidence interval, n=2 for cultures supplemented with Nutrigel, ™™, n=1 for control cultures.

(E) Viable cell density O- NutriGel,™*V , [J- Nutrigel: ™™ (control), (F) Viable cell density, O-

bolus fed cultures with 2x Vitamins and Trace elements, [1- bolus fed cultures (control)

To identify the nutrients essential for enhanced culture longevity in NutriGel, T as
compared to NutriGel; A6, we supplemented CHO cultures with hydrogels identical
to NutriGel, T, but with one category of micro-nutrients absent. The payload in these
experiments was assembled by mixing all individual components in solid form for the
macronutrients, while the micronutrients were added as a stock solution followed by
drying due to their low levels. These hydrogels were NutriGel; ™V, NutriGel; "1,
NutriGel; A% NutriGel; "4, and NutriGel; TN lacking vitamins, trace elements,
antioxidants (ethanolamine, putrescine, glutathione, and vitamin C), thioctic acid and
nucleoside precursors respectively. Figure 6.3 shows the IVCD, and peak viable cell
density for NutriGel, T, NutriGel, -V, NutriGel; "TE, NutriGel; 749, NutriGel, -7, and
NutriGel;™N. The absence of vitamins in the hydrogel led to the lowest IVCD,
followed by the absence of trace elements, indicating their importance in maintaining
culture longevity. When NutriGel; 4T was supplemented with vitamins and trace
elements in the payload, the IVCD was restored to levels similar to NutriGel; "
(Figure 6.3). On the other hand, when 4x vitamins were added to the mimic, they
reached a higher density similar to the control cultures. Bolus feeding of nutrient feed
and with additional vitamins and trace elements lead to high densities proving that

trace elements and vitamins indirectly help in improving culture longevity.

6.4.4 Use of NutriGel,HYTT to reduce the differences in release rates of all amino

acids in fed-batch cultures

The amino acid composition in the payload for NutriGel; is similar to the culture
medium. As shown above, the release rates of amino acids are proportional to the
initial loading in the reservoir. Thus, amino acids, such as arginine, which are already

in high abundance in the medium, have a high release rate. It is increasingly becoming
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evident that excessive supplementation of amino acids can lead to the production of
inhibitory metabolites [8]. Amino acids like arginine have also been shown to have a
negative impact on protein production [134]. At the same time, amino acids like
aspartate, which are present at low concentrations in the medium, have low release
rates, which could limit their availability [239]. Consequently, in order to support
cultures at higher viable cell density, we next examined the effect of using NutriGel,"
hydrogels containing 8 mg each of all amino acids instead of NutriGel;*. Additional
vitamin and trace element loading was included in the NutriGel." hydrogels since the
release of these two groups of micro-nutrients was seen to be essential for the

increased culture longevity. This hydrogel is referred to henceforth as NutriGel, VT,

We evaluated the effect of in situ feeding cultures seeded at a higher cell density of
5x10° cells/mL. NutriGel,"VT-T was added to the culture at the time of inoculation,
while no hydrogel was added to the control culture. Both cultures were bolus fed
glucose as described in the methods section. There is no difference in peak viable cell
density with the addition of NutriGel,VT-T indicating the per cell supply of nutrients
achieved in this condition does not support higher cell growth. In the absence of
NutriGelL"VT1, cell viability was maintained above 80% till day 6. The addition of
NutriGel,"VTT led to viability above 80% till day 10, with an average 1.2-fold higher
IVCD (p-value 0.24) and a 1.9-fold ( p-value 0.014) increase in volumetric
productivity of IgG compared to the control. Volumetric productivity of 1.5 g/L was
achieved with NutriGel,''VT-T (Figure 6.4). This again demonstrates the ability to
improve culture performance by in situ release of nutrients. Though this particular
hydrogel loading formulation did not support higher growth, culture volume and/or
amino acid loading can be trivially changed to adjust the per cell release rates to

further optimize the release rates per unit volume for increased growth if desired.
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Figure 6.4: Overcoming low amino acid concentration through NutriGel," ™"
CHO-IgG cells were seeded at 5x10° cells/mL, and NutriGel.™T-T was added on day zero. Cells were
counted on a hemocytometer every other day. Cell density and viability were monitored using trypan
blue dye exclusion assay. (A) Cell density (B) Viability (C) IVCD, (D) Relative IgG titre, O — control,

[J— NutriGel,™T-T- Representative growth curve. Error bars indicate £95% confidence interval n=2

6.4.5 A completely closed continuous in situ feeding via hydrogels for animal cell

culture requiring no operator handling

With NutriGel; T, we successfully demonstrated the utility of a hydrogel to feed amino
acids and other nutrients to improve culture performance in terms of growth and
productivity, but glucose was supplied via bolus additions. To make a complete in situ
feeding system, glucose was also delivered through the same hydrogel to avoid bolus
feeding. NutriGel, ™ © has an identical payload as NutriGel; with the addition of 200
mg glucose. Release kinetics for hydrogels loaded with 200 mg of glucose is shown in
Figure 6.5a. Cultures supplemented with NutriGel; - hydrogel on day 3 led to
improved culture longevity with an average 1.8-fold (p-value 0.004) higher IVCD
along with a 3-fold (p-value 0.01) higher volumetric productivity of IgG compared to
the control cultures in batch mode (Figure 6.5 e, f). Importantly, with the addition of
NutriGel, 9, there is no requirement for operator handling to feed cultures (Figure
6.5). The statistical significance of the differences between this completely closed
culture and the NutriGel added cultures which were bolus fed glucose as described
above, is p-value 0.03 and p-value 0.21 for IVCD and titer, respectively. This
indicates no significant difference in titer when glucose is either fed as a bolus or
through the NutriGel. The difference in IVCD may be due to the nature of the glucose

release kinetics through the hydrogel. A separate hydrogel could be used for glucose
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delivery to provide independent control on the rate and duration of glucose release.
The use of other slowly metabolizing sugars in addition to glucose may result in
further improvements to the culture performance. A separate glucose loaded hydrogel
can also be used to obtain independent control over the glucose release rate. Galactose
solely or with glucose was also tested as an alternative to bolus feeding of glucose
(Figure 6.5 g,h). Though galactose cultures had a lower peak density of 30%, they had
a 2 fold increase in productivity (Figure 6.5 g,h). The cultures with glucose and
galactose had a similar peak density and productivity to those with glucose through

the gel.

92



ho)

2 150

<

o

L %5 100

)

3 50

=

© 0
6
=
$4
2 8

2%,

© g
Q
e
S0

()]

Viable cell density (x10°
cells/mL)

5 10 15 20
Time (days)
E
=

2 _ 6 -
.53
4 s::E
- |5}
LI Y
2% 9 ]
18 £
/ >
O T T T 1 0
0 3 6 9 12 0
Time (days)
Q
£ 4
2
[
0=, ]
Z o
o
1=
30
0 4 8 12 16
Time (days
8-
6
4
2 4
OI T 1
0 10 20
Time (days)

Batch
Contro

H

Relative IgG titer

| Nutrigel TG

100
SEAR
>
= 50 1
Kal
S i
S 25
O T T\ T 1
0 5 10 15 2
Time (days)
$— 12 7
&
3‘3 0.8 -
(]
2 0.4 -
=
2,0 LI
0.0 . .
Batch . TG
Control Nutrigel,

NutriGel,Tmimic

NutriGel,™¢

NutriGel,7o-oa [ ¥

NutriGel, GAL

NutriGel,"

Figure 6.5: Complete in situ release of nutrients for CHO IgG culture

CHO-IgG cells were inoculated at 0.3 x 10° cells/mL, and NutriGel; with or without a carbohydrate

source was added on the 3™ day. Cells were counted on a hemocytometer every other day. Cell density

and viability were monitored using trypan blue dye exclusion assay. (A) Release kinetics of glucose

through glucose-loaded hydrogel (B) Viable cell density (C) Viability (D) Glucose concentration (E)

IVCD (F) Relative IgG titre. O— batch control, (- NutriGel:"S. (G) Viable cell density, O-

NutriGeli "%, @-NutriGel, ™M | A~ NutriGel, %At O— NutriGeli"9-6AL, (H) Relative IgG titre. Error
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bars indicate +£95% confidence interval, n=2 for control, n=1 for NutriGel;"-%, NutriGel, ™imic,
NutriGel: T9AL | NutriGel: °-9AL and n=3 for cultures supplemented with NutriGel; ™% and glucose

release kinetics.

6.4.6 Utilizing NutriGel;™ for a nutrient-rich media and other suspension cell

lines

CD-CHO is a chemically defined commercial media that allows the growth of cells to
a high density. We wanted to test if using the NutriGel;T with the same nutrient feed
that enhances culture performance in a custom made media based on DMEM/F12 can
also lead to a further increase in cell density in CD CHO media. This custom
DMEM/F12 media formulation is also utilized to routinely culture CHO cells, and
compared to CD, CHO is a nutritionally lean formulation. As seen in Figure 6.6, CD-
CHO media supplemented with NutriGel;T and with CD-CHO media powder through
the gel does not perform better than the control cultures (Figure 6.6). The CD-CHO
media powder supplemented through the NutriGel in CD-CHO media possibly did not
work because of higher contents of salt in the media that might lead to the high

osmolarity of cultures or due to washing away of the nutrients.

K562, myelogenous leukaemia suspension cell line was also supplemented with
NutriGel,T. However, they do not perform better than the control (Figure 6.6). This
highlights the differences which may be due to metabolic changes and cell origin

changes.
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Figure 6.6: Utilizing NutriGel," for alternative nutrient-rich media and other suspension
cell lines

CHO-IgG cells or K562 cells were inoculated at 0.3 x 10° cells/mL, NutriGel:T with glucose was fed as

a bolus, and NutriGel was added on the 3" day. Cells were counted on a hemocytometer every other

day. Cell density and viability were monitored using trypan blue dye exclusion assay. (A) Viable cell

density for CHO cells O— NutriGeli™- ¢, - control culture. (B) Viable cell density for K562 cells O-

NutriGel,™¢, O—control Error bars indicate £95% confidence interval, n=2 for control and NutriGel; "¢

supplemented in CHO cell cultures n=1 for control and NutriGel, ¢ for K562 cell cultures

6.5 Conclusion

In this study, we report for the first time the development and application of a
diffusion-based inexpensive hydrogel system for continuous in situ feeding of a
complex mixture of all nutrients required for mammalian cell cultures, including
amino acids, vitamins, and trace elements. The hydrogel includes the complex
nutrient feed dispersed in the form of a solid in a central reservoir. This prevents
dilution of the culture seen in traditional fed-batch cultures where the feed is added as
a concentrated solution whose strength is limited by the solubility of the nutrients
included. At the end of the culture, the culture can be pipetted/pumped out from the
culture vessel, leaving the hydrogel behind. No additional separation step is required.
Though the release rates of the other micronutrients like vitamins and trace elements
were not measured, we show that their incorporation was essential for the improved
culture performance. This indirectly confirms that at least some of the other nutrients
are indeed delivered through the hydrogel. Further characterization of release rates of

micronutrients will help optimise the feed loaded in the reservoir.
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The effect of NutriGel;T on CHO cells is not simply because of the higher glutamine
that is being supplied through the gel. It is evident that amino acids are not limiting
for cells to achieve peak density. Trace elements and vitamins are essential to reach
higher densities. But beyond a threshold, increasing them does not affect cell density
and productivity, indicating a secondary problem that arises due to cell metabolism
within the initial growth phase. pH can be that issue as HEPES affects only when the

cell is devoid of other nutrients.

Cells grown in CD-CHO media and supplemented with NutriGel;T or gels with
NutriGel” with CD-CHO media powder as the payload do not perform as well as the
cells grown in DMEM and F12 based medium (Media based on supplemented with a
feed based on the same media). This justifies cell line-specific optimization and
feeding to be developed complementary to the basal medium design. This mode of
feeding could not be successfully applied to another cell line, K562, which is a
leukaemia cell line dependent on serum for its growth and more sensitive than CHO
cell lines. Hence the difference in robustness and metabolism may have led to the

ineffectiveness of the NutriGels.

Such systems can help small-scale animal cell culture platforms to achieve continuous
nutrient feeding in a completely closed use-and-throw format without any additional
infrastructure. We have not evaluated the shear sensitivity of the NutriGel, but such
studies can guide exploration of application in small scale single-use bioreactors like
the WAVE bioreactor. In situ continuous feeding at small-scales can also allow the
development and use of a leaner culture medium, which is more representative of
conditions encountered by cells in vivo [240] since cell growth will no longer be
limited by the initial nutrient concentrations in the medium. In situ nutrient feeding
reported in this study, in addition to in situ pH management described previously
[196], can enable completely closed systems in single-use platforms requiring no
operator intervention, which may be of use in bioprocessing as a screening tool for
animal cell-based bioprocesses and in production of patient-specific cell-based

therapies.
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Chapter VII.
Lean amino acid medium formulation and its implication

on culture performance

7.1  Summary

Cell culture medium has non-physiological amino acid concentrations, which can
potentially alter metabolism, leading to inhibitory metabolite production. Detailed
reports have described that the composition of basal media has a consequential
influence on the outcome. Effects of lean culture media and supplementation remain
largely overlooked experimental parameters in the context of CHO cell culture. To
explore this, we examined the cell culture performance under various low amino acid
conditions. Unsurprisingly, the low amino acid concentrations quickly result in amino
acid limitation under the batch mode of cultivation. We utilized a continuous feeding
strategy to overcome this limitation while maintaining cells under low amino acid
concentrations for longer durations. This was achieved using the NutriGels described
previously and by continuous feeding in a bioreactor. We observe that though protein
expression was not inhibited at the lowest amino acid concentrations evaluated, there
is no improvement in culture productivity. Further, we used transcriptomics to
understand the molecular changes at low amino acid concentrations. The phenotypic
and transcriptional changes were similar to the AAR (Amino acid response) in
mammalian cells under amino acid limitation-ATF4/Transporter upregulation and cell
cycle arrest. Further experiments at higher amino acid setpoints may help identify the

lowest concentration at which the AAR response pathway is not activated.

7.2 Introduction

The cell culture medium chosen to culture cells is a critical part of bioprocessing.
Cells invitro are cultured and maintained in specially formulated media containing an

osmotically balanced mixture of metabolites that sustain cellular growth and support



proliferation. The extracellular nutrient milieu has an impact on cell culture
performance and product titre in mammalian bioprocesses. CHO cells consume
nutrients from the medium and divert them for growth and recombinant protein
production. However significant fraction of these nutrients is diverted into catabolic
by-products and metabolites. Such by-products and metabolites are known to inhibit
cell growth and protein synthesis. The impacts of lactate and ammonia accumulation
are widely recognized. But CHO culture growth halts even at reduced accumulations
of lactate and ammonia, indicating the second tier of novel growth inhibitors.
Limiting amino acid concentration has been shown to help in reducing inhibitor
biosynthesis. It is now known that oversupply of these amino acids has been found to
cause inhibition of growth due to the production of inhibitory metabolites from
various overflow pathways required for catabolizing amino acids [8,241].
Additionally, chemically defined media formulations used for growing cells ex vivo
generally are nutritionally rich mediums that cannot precisely replicate the moderate
micronutrient conditions in vivo. These deviations can cause substantial differences in
vivo and in vitro phenotypes, as recently seen by some studies in cancer cell models
[11,12,242]. Such reports indicate that commercially available media does not
provide a relevant micronutrient context. This can be challenging, especially in
patient-derived cell-based therapies that are being increasingly explored for the

treatment of a wide variety of diseases.

Utilizing a lean amino acid-based medium can also result in undersupply of specific
or a mixture of amino acids. Figure 7.1 summarizes the known effects of single or
multiple amino acids. Hence lean nutrient-based medium needs frequent exchange
with fresh medium or a complementary feeding system. Otherwise, a lean medium
can cause nutrient limitation and, in adverse cases, lead to nutrient starvation-induced
cell death, including apoptosis [243,244] and non-apoptotic cell death [245,246].
However, the death mechanism seems to differ by the nutrient or extent of starvation
of the same nutrient or by the difference in genetic properties of the cells. In
eukaryotic cells, in addition to a response to nutritional stress (glucose and amino acid
limitation), integrated stress response (ISR) is activated to adapt to the stress
condition in order to restore cellular homeostasis [247]. If the cellular stress is
sustained, the ISR will induce cell death. However, whether or how the ISR pathway

causes cell death in CHO cells in response to feeding under lean amino acid
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conditions is not understood. Effects of lean amino acid-based culture media remain
largely overlooked experimental parameter in bioprocessing. In this chapter, we
explore the possibility of using a lean amino acid medium in the batch mode and fed-

batch mode.
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Figure 7.1: Effects of amino acid starvation in mammalian cells
Summary of the reported effects of single or multiple amino acid limitation studies in the literature.
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7.3 Methods

7.3.1 Cell culture

Suspension CHO-DG44 based cells producing recombinant IgG were provided by
Inbiopro Solutions (Bengaluru, India). They were regularly passaged in custom made
DMEM: F12 based HDFE medium (composition in Appendix 1). All cultures were
incubated in a humidified incubator set at 37 °C and 10% CO; and shaken at 110 rpm.
No antibiotics or serum was used in any of the cultures. A culture volume of 20 mL in
a 100 mL glass conical flask with a screw cap was used for all cultures. Cultures were
sampled regularly for cell density and extracellular metabolite measurements. Viable
cell density was measured on a haemocytometer using the trypan blue dye exclusion
method. Glucose concentrations of culture supernatants were measured using a Y SI

biochemistry analyser (Y SI Incorporation, Yellow Springs, OH, USA).
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7.3.2 RNA isolation and library preparation

To create the RNA seq library, suspension adapted CHO cells producing IgG
regularly passaged in a custom DMEM: F12 based medium without hydrolysate were
resuspended in LAA. The different conditions tested were a low amino acid
background containing amino acids at 0.1 mM, an equimolar amino acid background
containing most amino acids at 1 mM and the passage medium. After 24 hours of an
adjustment period, the cells were again resuspended in the respective low or high
amino acid media along with the routinely used passaging medium. The cells were
seeded at 1x10° cells/mL in a 20 mL culture volume. An additional washing step was
included with the respective media to minimise carryover from the previous media.
Post 24 hours of growth, the cells were counted, and 1x10° cells were pelleted by
centrifugation at 1000 rpm for 5 mins. The pellet was then washed with PBS once.
About 100 pL of fresh PBS was added to loosen up the pellet and resuspend the cells,
followed by the addition of 500 uL of RNA/later (Thermo Scientific, Waltham,
Massachusetts, USA), which are then stored at -80° C till RNA extraction.

7.3.3 Transcriptome analysis

RNA was extracted from cells using the TriZol extraction method. The RNA was
quality checked, and 1ug of RNA from each sample was taken for library preparation.
The library was prepared using [llumina TruSeq Stranded Total RNA Library Prep kit
as per the manufacturer’s instructions. The prepared libraries were quality checked
using qubit and Bioanalyzer. The libraries were then sequenced. The Fastq files were
quality checked using FastQC [248], and trimming was performed using
Trimmomatic [249]. The reads were then analysed using the Tuxedo pipeline

FASTQC [250].

Median normalisation was used to normalise the reads obtained. The normalisation
factor for a given sample was calculated by dividing the average of all the medians of
the samples by the median of all the intensities of the sample. Each sample was then
normalised by multiplying each intensity with the normalisation factor of the sample.
Fold change was calculated by dividing the mean of all biological replicates of cells

cultured in a low amino acid medium by that of control cells cultured in the regularly
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used HDFE-3 medium. Base 2 logarithm values of the fold changes are reported.
Genes with a p-value lower than 0.05 for p-value and absolute log>-fold change

greater than 0.5 were identified as significantly differentially expressed.

7.3.4 Bioreactor culture

A benchtop bioreactor with a working volume of one litre (Celligen 115, New
Brunswick Scientific, Edison, NJ, USA) was used for bioreactor cultures. An initial
culture volume of 500 mL was used. Identical basal medium, seeding density,
inoculum, feed and feeding strategy were developed from E85 shake flask cultures.
Culture temperature was maintained at 37 °C. Dissolved oxygen was maintained
above 30% (of saturation) using cascaded control of agitation and gas flow. The
culture was agitated using a marine blade impeller between 100 and 130 rpm. Culture
pH was maintained at 7+0.02 for cultures. CO2 gas and 0.1 mM sodium bicarbonate
were used as acid and base, respectively, for pH management. An increase in culture
volume and increase in cell density were accounted for while feeding the bioreactor.
Simethicone was added to control foaming whenever necessary. Clustered heatmaps

were plotted using Datawrapper.

7.4 Results

7.4.1 Growth response of CHO cells under diverse amino acid conditions

As already described by numerous reports, the composition of the basal media chosen
to culture cells in vitro has a tremendous effect on the outcome [251,252]. Amino
Acid Insufficiency or sufficiency may mediate changes in expression levels of various
pathways involved in amino acid metabolism and transport. Cell lines producing
recombinant proteins have been shown to improve their productivity and product
quality and delay apoptosis upon supplementation of customized amino acid feed
[4,216,217,233-235]. Depletion of even non-essential amino acids, such as
asparagine, can result in the misincorporation of other amino acids in recombinant

proteins during translation [236-238]. This indicates the importance of maintaining an
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adequate amino acid supply. Such data can be employed to give insights into how

these parameters can be controlled to ensure optimal mAb productivity and quality.

Suspension adapted CHO cell line expressing IgG was used to evaluate the effect of
three different medium designs: LAA medium (low amino acid medium 0.1 mM),
LAA medium supplemented to have amino acid concentrations at High amino acid
(1mM AA concentration/HAA), and LAA supplemented to create HDFE-3 (HDFE
3*) the medium in which cells are routinely passaged. Cells were inoculated and were
allowed to acclimatize to a nutritionally limited medium by culturing them in a
custom made low amino acid LAA medium containing all amino acids at 0.1 mM,
glutamine at 0.5 mM, glucose at 2 g/L for 24 hours. Post 24 hours, cells were
resuspended in a fresh LAA medium. Improvement in culture performance was
observed with LAA medium supplemented to have amino acid concentrations at HAA
and HDFE 3* medium. Growth in HDFE 3* is similar to HDFE 3, validating the use
of this custom-made media and relative 1.5 and 2.2 fold improvement in productivity
in HDFE 3* and High amino acid (1mM AA concentration/HAA) condition. Cell
growth under LAA suggests growth inhibition at such low concentrations (Figure
7.2). Though we do not observe any proliferation, there is also no immediate cell
death. The culture is able to maintain constant cell density for at least four days. As a
positive control, we have also tried to understand the effect on growth with the cells
cultured in a relatively rich amino acid composition which is also equimolar with
respect to its amino acid composition. The cell culture performance in the HAA is
similar to the control HDFE 3* cultures. Though this medium is slightly abundant
with amino acids, the effect on viable cell density is minimal. While this preliminary
data gives an immediate idea about CHO cell response to a lean amino acid

background, it does not give a readout about intracellular genetic responses.
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Figure 7.2: Evaluating the effects of diverse media formulation on CHO cell culture
performance

CHO-IgG cells were inoculated at a density of 1x10° cells/mL in low amino acid condition (LAA),
High amino acid condition and the routinely used passaging media. Cells were counted on a
hemocytometer every day. Cell density and viability were monitored using trypan blue dye exclusion
assay. (A) Cell density [1-HAA condition, A-HDFE 3, O-LAA Condition, ®-HDFE 3* (B) viability
[J-HAA condition, A-HDFE 3, 0-LAA Condition, ®-HDFE 3*(C) IVCD [J-HAA condition, A-
HDFE 3, O-LAA Condition, e-HDFE 3*. (D) Residual amino acid concentration at day 1 of CHO cell

culture in LAA condition. Error bars indicate a 95% confidence interval

We established a lean amino acid-based medium called a low amino acid “LAA”
condition that contained all amino acids at a concentration of 0.1 mM, pyruvate at 0.1
mM with 1 g/L glucose and 0.5 mM glutamine. The culture performance provided an
initial assessment of the feasibility of maintaining cells under lean amino acid
conditions. We observe reduced cell growth and viability when cultured in LAA
condition compared to the routinely used medium for culturing these cells under batch
mode. We performed RNA-seq to understand the transcriptomics response of cells to

culture in low amino acid concentrations in batch conditions. The main objective of
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this study was to functionally annotate genes that were differentially regulated in
LAA. On average, 16000 transcripts were mapped using the tophat program [250]. In
comparison, 143 genes were differentially expressed in LAA, and their GO terms
were functionally classified into the biological process (BP), cellular components
(CC), and molecular functions (MF). Regarding BP, the genes that were related to the
regulation of primary metabolites (59 genes) and regulation of transcription (45) were
differentially expressed. Regarding CC and MF, the genes related to the nucleus (54
genes) and cytoplasm (44 genes) were observed to have transcription factor activity
(21 genes) or protein binding activity (39 genes). Overall, functional classification
using DAVID [253,254] showed the top pathways that were identified as enriched
among the differentially expressed genes in LAA were the cell cycle, FoxO signalling
pathway, and p53 signalling pathway, PI3K-Akt signalling pathway (Figure 7.3). This
is not surprising considering the observed phenotype of slower growth in LAA, which
is expected to be accompanied by significant rewiring of the cell cycle and cellular
metabolism. These and other transcriptional changes in LAA and HAA are described

below in detail.

We observe an adaptational IRS to LAA condition. Among the differentially
expressed genes, as expected, are upregulation of various mitochondrial and amino
acid transporters like SLC6A9, SLC7A1, SLC38A2, tRNA synthetases and the
general control non-derepressable 2/ATF4 pathway in response to nutrient limitation.
We also observe growth arrest by upregulation of cyclin kinase inhibitors Cdknla and
Cdkn2b and upregulation of various signalling pathways. It is important to note that

sustained growth arrest and IRS can also lead to apoptosis.
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Figure 7.3: Major biological processes enriched during growth in LAA
DAVID Gene Ontology enrichment analysis for the transcriptomics data for the CHO cells cultured in

LAA conditions by biological processes

7.4.2 GCNP transcriptional activation as a response to nutrient limitation

When the cells have scarce levels of amino acids, the AAR pathway is activated. The
GCN2 kinase binds to uncharged tRNA, which leads to phosphorylation of the
translation initiation factor elF2a. elF2a phosphorylation is a conserved mechanism
used from yeasts to mammals to suppress the rate of general protein synthesis under

various types of stress [255](Figure 7.4).
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Figure 7.4: GCN2 transcriptional activation in mammalian cells
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Paradoxically there is a simultaneous increase in the expression of certain
transcriptional activators whose functions are required for mitigating the stress. Since
amino acids are an important class of nutrients, and essential amino acids cannot be
synthesized, cells depend upon the nutrient medium for these, and their intracellular
concentrations are rigorously controlled by various mechanisms. The AAR pathway
in eukaryotes is one such pathway that evolved to recognize and react to amino acid
deficiency to mitigate the nutritional deficiency. Limitation of any of the 20 amino
acid initiates this response, which initiates a signalling cascade designed to mitigate
the amino acid scarcity by increasing amino acid biosynthesis and rescuing global
protein synthesis. These regulated events include a spectrum of responses, including
chromatin remodelling, RNA splicing and stabilization, translational control,
increased expression of transporters, and transcription factors from the basic
region/leucine zipper (bZIP) superfamily, growth factors, and metabolic enzymes

[256].

Mammalian cells have two recognized pathways for sensing and responding to amino
acid availability, the AAR and mammalian target of rapamycin (mTOR) pathway.
These two pathways change the rate of protein synthesis in opposing directions; while

mTOR detects amino acid sufficiency to support protein synthesis and cell growth,
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the GCN2 pathway detects amino acid restriction to maintain intracellular

homeostasis.

Limiting the extracellular supply or synthesis of an essential amino acid leads to
intracellular disturbance in the cellular pool and leads to increases in uncharged tRNA
that is known to bind and activates the GCN2 kinase [256-258]. It is known from
studies in E coli and yeast that amino acid limitation quickly results in uncharged
tRNAs, particularly of the frequently used codes, as various isoacceptor tRNAs exist.
The appearance of uncharged tRNAs is a mechanism for detecting amino acid
depletion. With uncharged tRNAs as a surrogate, GCN2 protein serves as a primary
sensor of amino acid insufficiency. It is important to note deficiency of even one
amino acid or suppressed activity for any one of the tRNA synthetases can also trigger
the AAR pathway [259]. With uncharged tRNAs and the ratio between uncharged and
aminoacylated tRNA molecules as a measure of amino acid availability, GCN2
protein is a primary sensor of amino acid insufficiency [260]. tRNA expression is also
regulated in response to stresses such as nutrient availability [261,262]. Leucine
sensor LARS1 couples leucine availability to the mTORCI signalling pathway [263].
WARSI, MARSI, and EPRS are also likely involved in sensing their cognate amino
acids along with novel biological roles [264]. In LAA, expression of some tRNA
synthetases is upregulated but not sufficiently enough to meet our differential
expression criteria (the fold change and p-value for all the tRNA synthetases are
provided in Annexure 1). TRMO, an enzyme responsible for tRNA methylation, is
also upregulated in LAA (p-value 0.03, LFC 0.7). Methylation by TRMO is
hypothesised to improve the efficiency of the tRNA decoding ability [265].

Once activated, GCN2 kinase phosphorylates elF2a, which suppresses global protein
synthesis [266]. Under these circumstances, specific mRNAs exhibit increased
translation, as first discovered in yeast for transcription factor GCN4 [267], whose
mammalian counterpart is ATF4, which is a “master regulator” driving
transcriptional dynamics for hundreds of genes under amino acids limitation [268—
270]. Phospho-elF2a promotes the translation of selected mRNA species; among
these are activating transcription factors 4,5 (ATF 4,5), GADD34. GADD34 permits
reactivation of translation by dephosphorylating phospho-elF2a, permitting

translation of the upregulated stress-responsive mRNA species
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Three mechanisms are involved in the upregulation of gene expression by amino acid
deficiency: (i) mRNA stabilization, e.g. CAT1 (ii) upregulation of the translation rate
of one specific transcript, e.g. CAT1; (iii) transcriptional control, e.g. ASNS. We find
an increased expression of ATF4 (p-value 0.02 FC 0.96). Downstream targets of
ATF4/ CHOP (p-value 0.05, FC 1.15), which include GADD45A/B (p-value 0.05, FC
1.73), TRIB3 (p-value 0.07, FC 1.71), ATF3 (p-value 0.06, FC 2.02) ATG10, CHACI
were also found to be upregulated. Mechanisms like the presence of short upstream
open reading frames in the GCN4 [267] and ATF4 mRNA [271,272] permit
translation of the transcription factor when global protein translation has been
suppressed in response to elF2a phosphorylation. ATF4 gene targets promote cellular
adaptation to the amino acid shortage. ISR inhibits global protein synthesis; increased
the expression of genes for amino acid transporters (SLC7A1, SLC7AS, SLC38A2,
and SLC3A2), aminoacyl-tRNA synthetases (YARS, SARS, LARS), and, to a limited
extent, amino acid metabolism (ASNS) [247].

7.4.3 Differential expression of amino acid sensors

7.4.3.1 Amino acid transporters

Amino acids are not stored intracellularly. Hence the cytosolic pool of each amino
acid is tightly regulated. As introduced in chapter 2, intracellular amino acid pools are
regulated inside the cells primarily by their import and export through transporters,
their biosynthesis and catabolism and protein synthesis and degradation. Seminal
work on transporters and recent refinement due to advancements in cloning
technologies have led to their classification into systems. The human genome contains
~50 different amino acid transporters, many of which have specialised roles in
specific cell types [273,274]. Amino acid transport activities are frequently referred to
as “systems” which accept groups of amino acids having similar properties (charge)
rather than individual amino acids. Amino acid transporters can further be simply
classified into loaders, harmonizers and rescue transporters (Figure 7.5). Loaders
import amino acids and help accumulate amino acids in the cytosol. Harmonisers,
exchange the accumulated amino acid for another amino acid needed by the cell and
hence should have overlapping substrates with amino acid loaders. This exchange

mechanism ensures that intracellular exhaustion of a particular amino acid is
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prevented [275]. The homeostasis of the cationic amino acid (lysine, arginine and
ornithine) is different owing to the positive charge of these amino acids. Cationic
amino acid transporters (CAT1-3) mediate facilitated diffusion [270], which is
accumulative due to the negative membrane potential of mammalian cells [277]. It is
important to note cationic amino acid transporters are also capable of acting as
harmonisers and are reported to be upregulated under amino acid deprivation [278].
As aresult, they can serve as a versatile all-in-one loader, harmoniser and rescuer.
This explains the upregulation of SLC7A1 (p-value 0.07, FC 1.3 ) which is a
cationic amino acid transporter along SLC38A2 (p-value 0.02 FC 0.8) SLC6A9 (p-
value 0.08, FC 1.7) in LAA (Figure 7.5). Interestingly this activation of the amino
acid transporter occurs when the limiting amino acid may or may not be a substrate
for the upregulated transporter [255]. As mentioned earlier, mechanisms used by
transporter gene expression to cope with amino acid deficiency are (i) mRNA
stabilization, e.g. CAT1, (ii) upregulation of the translation rate of one specific
transcript, e.g. CAT1; (iii) transcriptional control and alternative mechanism make use
of uORFs to change the secondary structure of mRNA exposing an internal ribosome
entry site (IRES) in the mRNA. This is used to translate CAT-1 more frequently when
cap-dependent translation is suppressed due to low levels of elF2a-GTP-Met-

tRNAMI [275,279,280].

Such activation of only SNAT and CAT transporters is intriguing and may point
towards explanations that support the existence of a minimum set of transporters
required to sustain a cell. As seen in Figure 7.6, transporter transcript levels for 917
cancer cell lines were analysed, and only a few transporter genes were observed to
have high expression in all cancer cell lines (upward-pointing blue bars across the x-
axis). These transporters were hypothesized to be indispensable for maintaining
intracellular amino acid homeostasis, whereas other transporters were likely to have

specialised roles.

In our data set, 17 SLCs were found to be altered. They can be divided into amino
acid transporter encoding genes (5 genes) and genes encoding non-amino acid
transporters (9 genes), putative SLCs (2 genes), or atypical SLCs (1 gene). Amino
acid transporters like CAT-1, LAT, and SNAT2 are upregulated along with the

ancillary protein required by many transporters. Indicating AAR response to maintain
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amino acid homeostasis. About 15 genes encoding SL.C amino acid transporters were
found to upregulated including SLC7A11, SLC6A9, SLC7A1, SLC1A4, SLC7AS,
SLC1AS, SLC38A7, SLC38A1, SLC3A2, SLC38A2, SLC25A26, SLC15A4, and
SLCI16A10 on subjecting N25/2 cells to amino acid starvation [281]. We find similar
genes to be upregulated. Among the genes encoding non-amino acid transporters,
atypical SLCs (12 genes) 6 genes are upregulated, 6 genes are downregulated. These
were transporters for sugars, ions, zinc, nucleosides, and H* mostly occurring in the
mitochondria indicating modulation in mitochondrial activity and hence metabolism.
Transporter for various vitamins and carbohydrates were also downregulated though

not to the same level.
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Figure 7.5: Alterations in SLC transporter gene expression following growth in LAA
condition
(A) Description of typical transport systems present in a cell. (B) Differentially expressed SLC
transporters on the cell membrane (C) Differentially expressed SLC transporters on the
intracellular organelles. The green colour represents upregulation; the red colour represents

downregulation. Created with BioRender.com
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Figure 7.6: The amino acid transporters in cancer cells.
Adapted from Broer et al. [269], Amino acid transporter transcript levels were analysed for 917 cancer
cell lines and are depicted as vertical blue bars. Data are depicted as log2 expression levels relative to
the median expression of all genes in the genome. Blue-coloured bars pointing indicate well-expressed

genes; bars pointing downwards indicate weakly expressed genes.
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Table 5: Differentially expressed SLC genes

p-Value Fold change
Slc6a9 0.083 1.62
Slc7al 0.066 1.26
Slc38a2 0.019 0.77
Sle30al 0.019 0.99
Sle39al0 0.005 -0.66
Slc25a36 0.001 0.57
Slc3a2 0.107 0.57
Slc45al 0.060 -0.58
Slc25a10 0.019 0.44
Slc25a45 0.179 0.45
Slc49a4 0.020 0.48
Sle25al 0.003 -0.49
Sle50al 0.026 -0.47
Slc14al 0.014 -0.42
Slc25a27 0.256 -0.42
Slcob2 0.127 -0.41

7.4.3.2 mTOR

The mTOR pathway, specifically the mTORC1 complex, is the most important
cellular amino acid sensor that promotes protein synthesis [282-286] [287,288]. An
active mMTORC1 complex will stimulate protein biosynthesis and suppress autophagy
to increase the anabolic state of the cell, while an inactive mMTORC1 complex does the
opposite. n"TORCI integrates multiple signals to do that, though not everything is
understood about its activation. Growth factors, protein kinase AKT (growth factors),
AMPK or ERK (mitogens) activate mTORC through Tuberous sclerosis complex 2
(TSC2). mTORCI1 can only be activated by amino acids as long as TSC2 remains
inoperative, as TSC2 has GTPase activity towards mMTORCI activator Rheb,
inactivating Rheb by hydrolysing its GTP to GDP [289,290]. In a starved state,
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mTORCI1 is found throughout the cytoplasm. Upon the addition of amino acids,
mTORCI translocates to the lysosomal surface, where it is activated by Rheb [291].

Amino acids activate mTORCI, the major ones being leucine, glutamine and arginine
[282]. The mTORC1 complex has sensors for amino acids in the lysosome and the
cytosol; however, the precise mechanism is not understood. When cells are deprived
of amino acids, other essential elements are the vacuolar H*-ATPase, the ragulator
complex, Rag GTPases (Rag A/B and C/D) and the lysosomal arginine transporter
SLC38A9 (lysosomal arginine sensor- it is reported that depletion of lysosomal amino
acids through overexpression of the lysosomal transporter (SLC38A1) inactivates
mTORCI1 signalling pathway) [292—-295]. Cytosolic amino acid levels change the
nucleotide-bound state of Rag GTPases associated with mTORCI (Starving induces a
GDP-bound state, and sufficiency induces a GTP-bound state). The exchange between
GDP and GTP appears to be regulated by proteins associated with amino acid sensing
like castor and GATOR. Castor1/2 act as cytosolic arginine-binding proteins to
activate mMTORC1 [287,290], which is mediated through GATOR1 and/or GATOR2.
The GATORI complex inhibits mMTORC1 activity by hydrolysing Rag-bound GTP to
GDP. Sestrin2 is thought to act as a cytosolic leucine-binding protein, also regulating
mTORCI1 via GATORI1 and/or 2 [266,296]. Some aspects of this model are still
disputed, and alternative models have been put forward [263,284]. Alternative models
for leucine sensors have also been proposed; for example, leucyl-tRNA synthetase
(LARS) has been suggested as the cytosolic leucine sensor for mTORC1 acting as a
GTPase-activating protein (GAP) for RagD [263], however, sestrin (SESNs) as a
possible leucine sensor is debated [297]. It has also been found that lysosomal
transporters PAT1/4 are required for amino acid signalling by mTORC1 [284,298].
About 25% of TOP mRNA were downregulated, reducing ribosomal protein levels.
SESNSs are conserved stress-inducible proteins. ATF4 induces the expression of
Sestrin2 ( p-value 0.04, FC 2.4), which persists suppression of mTORC1 by blocking
its lysosomal localization by inhibiting GATOR2. Elevated DDIT4 and TRIB3
expression inhibit mTORC1. DDIT4 relieves inhibition of the TSC1/TSC2 complex,
which is a negative regulator of mTORCI1. TXNIP inhibits mTOR activity by binding
to and stabilizing Redd1 protein. mTOR controls ribosome biogenesis by promoting
the translation of mRNAs for RPs and by affecting ribosomal RNA (rRNA) synthesis.

In yeast, the synthesis of rRNA represents ~60% of total transcriptional activity, and
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the synthesis of mRNAs encoding RPs accounts for ~60% of all Pol II transcription
initiation events. Inhibition of mTOR signalling leads to downregulation of rRNA
transcription and pre-rRNA processing [299]. mTORC]1 promotes protein synthesis
by directly phosphorylating S6K1 and the eukaryotic initiation factor 4E-BP1. In
particular, through 4E-BP1 proteins, mMTORCI stimulates the translation of a subset
of mRNAs possessing 5’ terminal oligopyrimidine (TOP) motifs, such as mRNAs
encoding ribosomal proteins. About 25% of TOP mRNA are affected, reducing the
ribosomal synthesis in the cell when cultured under LAA condition, indicating

suppressed ribosomal protein synthesis.
Ragulator complex

The multiprotein Ragulator complex is an integral part of the mTORCI] signalling
pathway. It comprises p18 [encoded by LAMTORI1 (late endosomal/lysosomal
adaptor, MAPK and mTOR activator)], p14 ( LAMTOR 2), MP1 (MEK-binding
partner 1, encoded by LAMTOR 3), C70rf59 (encoded by LAMTOR 4) and HBXIP
(hepatitis B virus X-interacting protein, encoded by LAMTOR 5) [300]. Ragulator
functions as a guanine nucleotide exchange factor (GEF). Amongst its components,
LAMTOR 1 functions as a scaffold for the Rag GTPases and LAMTOR2/LAMTOR3
and LAMTOR4/LAMTORS anchoring the complex to the lysosomal surface.
Depletion of Ragulator components disrupts Rag GTPases attaching to the lysosome
and prevents the lysosomal recruitment of mTORC1. We observed downregulation of
LAMTORI and 2 (not statistically significant). A deficiency of LAMTOR 2 can lead
to the inactivation of mMTOR and ERK pathways, as shown in a recent study in mice

[301].

7.3.4 Cell cycle arrest observed when cells are cultured in LAA

The cell cycle is a critical and complex control system essential for cell processes
such as mitosis and DNA replication that leads to cell proliferation. The cell cycle is
divided into two phases: M-phase (Mitosis) and interphase, which is further
subdivided into S (Synthesis), G1(Gap-1) and G2 (Gap-2) phase (Figure 7.7). During
G1, the cell prepares for replication of the nuclear material (S-phase); in G2, the cell
prepares for cell division, followed by M-phase, where mitosis occurs, giving rise to

two daughter cells. The cell cycle control system has stringent checkpoints and does
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not let the cell advance into the next phase of the cell cycle until the preceding one
has been completed. The cell cycle is controlled by cyclins, cyclin-dependent kinase
(CDK), and cyclin-dependent kinase inhibitors (CDKI), regulating the transition to
the subsequent cell cycle phase [302]. Typically, cyclin protein levels alternately rise
and fall during the cell cycle and periodically activate CDK [303] (Figure7.7), and
different cyclins are necessary at different phases of the cell cycle to proceed on to the
next phase of the cell cycle (Figure7.7). We note that Cyclins D1 and F were
downregulated in our transcriptomics data. The D type cyclins (cyclin D1, cyclin D2,
cyclin D3) bind to CDK4 and CDK6, and the CDK-cyclin D complexes are obligatory
for entering the G1 [304]. A decrease in cyclin D can affect the G1 to S progression in
two ways. Firstly, it would reduce the formation of the cyclin D-CDK complexes.
Secondly, it would raise the associated CDKI to bind and inhibit the required cyclin
E-CDK complex. Cyclin kinase inhibitors CDKN1A and CDKN2B, which form a
complex with CDK4/CDK®6, and prevents the activation of the CDK kinases, are
upregulated, arresting the cell cycle at the G1 phase. The inhibitory activity of CKI
results in growth suppression. Hence, alterations of at least one of the cell cycle regulators
is found in nearly all human cancers [305-307]. Apart from acting as a growth sensor,
Cyclin D also links cell cycle and mitogenic stimuli. Cyclin D1 binds to CDK4 and
CDKG6 in the early G1 phase.

The FoxO forkhead transcription factors are important physiological targets of
phosphatidylinositol-3 kinase (PI3K)/Akt signalling. FOXO3A ( p-value 0.01, LFC
0.6), upregulated in LAA, has been shown to induce cell cycle arrest at G1 phase and
is known to be associated with longevity [308]. Cell-cycle machinery is known to be
linked with the control of the cytoskeleton. Genes like SAPCD?2 ( p-value 0.01, LFC -
0.6), TUBB4B ( p-value 0.05, LFC 0.7), CCNI1 ( p-value 0.01, LFC 1.1), RND3 ( p-
value 0.04, LFC 0.9), MTSS2 ( p-value <0.01, LFC 0.7), FHODI1 ( p-value 0.04, LFC
-0.8), FLRT3 ( p-value 0.04, LFC 0.6), TMEM107 ( p-value <0.01, LFC -0.6),
WASF1 ( p-value 0.02, LFC 0.7), MICALL2 ( p-value 0.03, LFC -0.7), involved in
mitotic spindle formation, microtubule structure, cytoskeletal organisation and plasma
membrane dynamics are also differentially expressed in LAA. These transcriptional

changes are consistent with the reticent growth observed in LAA.
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Figure7.7 Disruption in cell cycle regulation following growth in LAA condition
Differentially expressed genes involved in cell cycle regulation are highlighted in red. Created with
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7.4.5 Autophagy

Autophagy is a conserved cellular process to recycle non-essential nutrients and
organelles to enable cells to adapt to strenuous conditions. During autophagy
initiation, a membrane will be isolated to form a phagophore. The phagophore
membrane will then engulf the desired cargo to form a closed double-membrane
organelle, called an autophagosome which fuses with a lysosome upon maturation
(Figure 7.8). Core proapoptotic like BCL-2, BAX, BAD, BAM and caspases were
unaffected in our dataset. DRAM, ULK1, BNIP3L, ATG10, and ATG12 were
affected (Figure 7.8), These genes are essential in the autophagic process, as they
mediate the formation of the autophagosome. It is also essential for the restoration of
mTORCI signalling. Amino acid sufficiency represses autophagy; amino acid
starvation is known to stimulate autophagy. The amino acid limitation is linked to the
activation of autophagy by mTOR, which integrates signals from extensive metabolic

stimuli [309]. As already mentioned, upregulation of TRIB3 inactivates mTORCI,
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activating autophagy. ATF4 also regulates autophagy by controlling the expression of
various autophagy genes [310,311]. It has been demonstrated that the elF20/ATF4
directs an autophagy gene transcriptional response to amino acid starvation or ER
stress. elF2a kinases GCN2 and PERK and the transcription factors ATF4 and CHOP
are also required to increase the transcription of genes implicated in the formation,
elongation and function of the autophagosome [310]. As the autophagosome
continues to expand, ATGs are increasingly recruited into the autophagy system. The
autophagic machinery consists of three major systems consisting of ATG1, ATG2,
ATG9, ATG18 system, the vacuolar protein sorting 34 (VPS34) complex and ATGS,
ATG12, ATG7, ATG10, ATG3, ATG4, ATG16 [312]. The downstream effect of
elF2a phosphorylation on autophagy is transcriptional, as transcription of ATG12 is
upregulated by phosphorylated elF2a in eukaryotic cells [313]. Withdrawal of amino
acids provokes an increase in cytosolic Ca**. Amino acid starvation could activate
autophagy through Ca* signalling, which can also be measured to further confirm

autophagy.
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Figure 7.8: Disruption in cell cycle regulation following growth in LAA condition
Genes involved in autophagy are differentially expressed and highlighted in red. Created with
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7.4.6 Other differentially expressed genes

Other important differentially expressed genes involved a lot of transcription
factors and genes involved in the p53, ERK FOXO pathways. Upregulation of these is

routinely observed in several cancer models
Mafk

Mafk is a member of the basic region leucine zipper (bZIP)-type transcription factor
family [286]. Mafs lack the transcriptional activation domain; hence, Mafs participate
in transcriptional activation or repression depending on their heterodimeric associate
molecule and the cellular context. sSMAFs have also been implicated in modulating
enzymes methionine adenosyltransferase II A (MATIIA), heme oxygenase-1

[314,315].
RNF182

Ubiquitylation is a post-translational modification which involves the conjugation of
ubiquitin to the lysine residues of various cellular target proteins. It is catalyzed by a
three-enzyme cascade consisting of Ub-activating enzymes (E1s), Ub-conjugating
enzymes (E2s), and Ub ligases (E3s). RNF182 is an E3 ubiquitin-protein ligase
facilitating the direct transfer of ubiquitin from E2—ubiquitin intermediates to the
target protein [316]. Intriguingly, RNF182 is associated with the mTORC signalling
pathway since RNF182 silencing and treatment with an mTORC inhibitor negates the
effect of RNF182 silencing. Thus, it is likely that RNF182 silencing activates the
mTORC signalling pathway. However, the target substrate of RNF182 has not yet
been identified [317]. ATP6VOC is a multi-subunit enzyme present in intracellular
organelles, endosomes, lysosomes, and the Golgi complex, where it plays a role in
their acidification and maintenance of endocytic and exocytic pathways. RNF182 also
mediates the ubiquitination of ATP6VOC and targets it to degradation via the

ubiquitin-proteasome pathway.
KILHL24

KLHL24 belongs to a family of proteins with a Kelch-like motif part of a
ubiquitination-ligase complex [318]. KLHL24 is a significantly upregulated gene
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related to the regulation of cell structure, stress responses, and cell proliferation
[319][320]. KLHL24 is the receptor of the cullin 3 (CUL3)-RBX1-

KLHL24 ubiquitin-ligase complex, with K14 (genes encoding the basal cell keratins)
being the ubiquitination substrate. Cullin RING ubiquitin E3 ligases (CRL) is the
largest family of ubiquitin E3 ligases, and CRL is a multiprotein complex in which
cullin serves as a scaffold linking a ubiquitin donor, E2 ubiquitin-conjugating
enzyme, to a ubiquitin acceptor, substrate. KLHL24 is a p73-regulated gene
associated with autophagy and metabolism, identifying mTOR as a key signalling
pathway upstream of p73 [321].

KLF5

KLF5 and members of the KLF family of transcription factors belong to the Kriippel-
like factor family and mediate cell proliferation, cell cycle, apoptosis, migration,
differentiation, and stemness by regulating gene expression [322]. The expression and
activity of KLF5 are regulated by multiple signalling pathways like Ras/MAPK, PKC,
TNFa and TGFb, and various posttranslational modifications, including
phosphorylation, acetylation, ubiquitination, and sumoylation. Consistently, KLF5
regulates a number of important target genes, such as cyclin D1, cyclin B, PDGFa,
and FGF-BP. KLFS5 has essential roles in cell cycle regulation, apoptosis, migration,
and differentiation KLF5 interacts with components of the transcriptional machinery,
including initiation factors, TFIIB, TFIIEb, and TFIIFb, as well as the TATA box-
binding protein (TBP). KLF5 can also mediate the modification of histone to regulate
chromatin in gene regulation. Munemasa et al. recently found that KLFS5 recruits
histone chaperone, acidic nuclear phosphoprotein 32B onto gene promoter, repressing
the transcription of a gene downstream KLF5 [323]. The KLF5 protein has been
shown to associate with various transcription factors, such as retinoic acid receptor,
NFjB, p53, C/EBPb/d, FOXAland SREBP-1, to regulate gene transcription. Fujiu et
al. reported that KLF5 forms transcriptional complexes with RAR/RXR heterodimer
on PDGF promoter [324]. KLF5 has been shown to be ubiquitinated. Chen et al.
found that KLF5 is degraded through the ubiquitin-proteasome pathway [325]. KLF5
also has an anti-apoptosis function. KLF5 promotes cell proliferation by accelerating

the G1/S and G2/M cell cycle progression.
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TNFAIP3

The TNFAIP3 (tumour necrosis factor-alpha-induced protein 3) gene encodes a
ubiquitin editing enzyme, A20, a cytoplasmic protein that restricts NF-kB—dependent
signalling Trp53- dependent cell-cycle control is determined largely by the Trp53-
responsive Cdknla, which induces G1 and G2 growth arrest [327].

Trp53inpl

TRPS53INP1 is induced by ROS [328] and was previously isolated as a TRP53-
inducible protein that participates in Trp53-dependent apoptosis by regulating TRP53
function [329]. Studies showed that it also regulates ROS and autophagy
[328,330,331]. TRP53INP1 binds to HIPK2, PRKCD, and TRP53 to mediate the
phosphorylation of TRP53. This increases TRP53 stability and transcriptional
activity, leading to activation of TRP53 target genes such as TP53AIP1, cell growth
arrest, and apoptosis upon DNA damage [332,333].

CHACI

Amino acid starvation is known to induce CHAClexpression. Cystine starvation
induces CHAC1 expression, and a GSH degradation study showed that ATF4
activated the transcription of CHACI1 to augment ferroptosis [15]. CHACI1 induces
GSH degradation [35]. This implies that ATF4 upregulation also leads to GSH
degradation [334]. ATF4, ATF3, and CEBPp regulate CHACI1 transcription. CHAC1
protein overexpression thus depletes glutathione. CHAC1 degrades glutathione into 5-
oxoproline and Cys-Gly dipeptide, thus depleting intracellular GSH levels [335].
CHACI1 was one of the largest changes in the gene expression induced by cystine

starvation in the three TNBC cells [334] [336].
TRIB

TRIB3 physically interacts with Akt [337,338], NF-«xB [339], caspase-3 [340],
mTOR [341] and MAPKKSs [342], linking TRIB3 and the regulation of cellular stress
responses. TRIB3 has been found to enact both pro-survival [343,344] as well as pro-
death [302,304] roles in cells subjected to stress. TRIB3 limits excessive CHAC1
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activity downstream of ATF4 and also enacts a critical role in cytotoxic conditions

[345].
SGK

The SGK1 gene encodes a 50 kDa protein that is a member of the “AGC” family of
serine/threonine protein kinases. AGC kinases, including PKA, PKB, PKC (protein
kinase C), p70S6K and SGK, all contain a conserved A loop targeted for activating
phosphorylation by PDK1. SGK1 upregulates ion channels, carriers, and the Na+/K+-
ATPase. SGK1 regulates enzymes and transcription factors participating in the
regulation of transport, hormone release, inflammation, coagulation, cell proliferation
and apoptosis. Insulin and growth factors stimulate the activation of SGK1 as well as
other AGC kinases, such as Akt, S6K, RSK and PKC isoforms, by enhancing the
phosphorylation of these enzymes. SGK1 gene is upregulated by cell shrinkage.
SGK1 is under dual control: protein levels are under transcriptional control, while its
activity is PI3K dependent. The kinase is activated by insulin and growth factors via
PI3K, phosphoinositide-dependent kinase (PDK 1) and mTORC2. SGK1 is also a
mTORCI1 substrate and links mMTORCI1 and cell-cycle regulation by SGK1-dependent
phosphorylation of p27. PI3K and mTOR-raptor-independent pathways may also
activate SGK 1. SGK1 overexpression promotes cancer cell proliferation through
multiple pathways, including effects on FOXO3a, c-fms, and NF-kB [346-348] and
inhibition of MEKK3 [349]. As for Akt, SGK phosphorylates bRaf, GSK3-f3, and
FKHRLI1 [350,351]. SGK1 alternates between cytoplasm in G1 and nucleus in S and
G2/M [352]. Phosphorylation of p27 by SGK1 delays nuclear import of newly
synthesized p27 in the G1 phase of the cell cycle to facilitate cyclin D-Cdk assembly.
In oncogenic cells, activation of PI3K and mTOR pathway recruits SGK1 to drive

cytoplasmic mislocalization of p27, thereby impeding its inhibition of cyclin-Cdk2.
Elovl6

Elovl6 is a microsomal enzyme involved in the elongation of C16 saturated and
monounsaturated FAs to form C18 FAs. Elovl6 belongs to a family of ER enzymes
involved in synthesising long-chain fatty acids. This enzyme catalyses the elongation
of saturated and monounsaturated fatty acids with 12, 14, and 16 carbons and is an

essential enzyme responsible for endogenous fatty acid synthesis [353].

123



CHDS5

Nonhistone chromosomal proteins play important roles in regulating gene expression
and in the replication and repair of DNA. Chromodomain helicase DNA binding
protein 5 (CHDS) belongs to a superfamily of SWI2/SNF2-related ATPases, a
significant group of nonhistone chromosomal proteins. CHDS is identified as a novel
tumour suppressor gene (TSG) [354]. By regulating chromatin structure, CHDS5 can
function to stabilize p53 [355]. It has also been reported that CHDS expression is
suppressed epigenetically by promoter hypermethylation [356]. CHDS possess a
unique combination of chromo, helicase, and DNA binding motifs, suggesting that
CHDS5 may epigenetically modify chromatin to regulate gene expression affecting

cellular development.
EGR1

The early growth response gene 1 (EGR1) transcription factor regulates the HIF-1a
gene during hypoxia. EGR1 targets include the tumour suppressors PTEN, p53 and c-
Jun. The absence of EGR1 keeps cell proliferation and growth signals in check by
allowing the growth suppressors to act unopposed. A variety of growth factors can
initiate EGR1 expression by interacting with serum response elements sequence in the
EGR1 promoter region. The EGR1 promoter contains an EGR1-binding sequence
(EBS), forming a negative feedback loop to control EGR1 expression. EGR1 can be
activated through the MAPK signalling pathway, RAS-RAF-MEK1/2-ERK1/2
signal transduction pathway, and activated EGRI1 can either initiate or inhibit the
expression of its target genes, thus transcriptionally regulating them [357]. EGR1
plays an important role in cell proliferation and cell survival. EGR1 suppresses
transformation and apoptosis via coordinated activation of TGF-f1, FN,
p21Wafl1/Cipl, and FAK via enhanced cell adhesion and reduced caspase activity
[358,359]. As a downstream protein of the MAPK signalling pathway [303] [360],
EGRI1 can affect cell cycle proteins; for example, it promotes the transcription of
cyclin DI in many oncogenic cells and maintains the mitosis of tumour cells [361]. It
can lead to cell proliferation by advancing cells from the G1 phase to the S phase.
EGRI1 can also induce cell proliferation by upregulating cell cycle associate proteins

such as cyclin D2 and CDKA4.
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Pim 3

Pim 3 is a Ser/Thr protein kinase associated with MYC coexpression. It plays a role in
regulating signalling cascades, contributing to cell proliferation and survival. Pim-3
caused increases in phosphorylation of several downstream proteins such as BAD
(Ser112), MDM2 (S166), and STAT3 (Y705), which results in increased expression
of c-Myc and Bcl-xL. Overexpression of MYC leads to G2 cell cycle arrest through
p53, regulating cellular transcription and cell cycle processes in conjunction with the
Myc pathway. Pim-3 is known to prevent apoptosis and promote cell survival and
protein translation, thereby enhancing cell proliferation of normal and malignant cells

[362].
GPERI1

G protein-coupled oestrogen receptor 1 (GPER1) is a G protein-coupled receptor
(GPCR) that was recently found to bind 17f3-estradiol (E2) and mediate oestrogenic
signals. GPER1 couples to G proteins and modulates secondary signalling pathways
via cyclic-AMP and Ca?"[363]. Recent studies indicate that GPER1 activation leads to

mTOR phosphorylation downstream of PI3-kinase [364].
NNMT

NNMT catalyzes the methylation of nicotinamide (NAM) using the universal methyl
donor SAM to generate S-adenosyl-L- homocysteine (SAH) and N1-methyl
nicotinamide (MNAM). NAM is a precursor for NAD", a cofactor that donates
electrons to the mitochondrial complex I in the electron transport chain and for
multiple oxidoreductases. Enzymes like sirtuins and poly-ADP-ribosyltransferases
(PARPs) use NAD" as a co-substrate for deacetylation and ADP-ribosylation
reactions and regulate multiple metabolic processes. Both sirtuins and PARP are
NAD+-consuming enzymes, utilizing NAD™" as a substrate and releasing NAM,
inhibiting their enzymatic activity. Thus, changes in NNMT activity might potentially
influence intracellular NAM and NAD" levels and the activity of multiple pathways.
The affinity of NNMT for NAM is relatively low at around 430 mM, while the
affinity of NAM phosphoribosyltransferase (NAMPT), the rate-limiting step in NAD*
biosynthesis, is less than 1 mM. NAMPT is considered saturated with NAM, and thus

it is unlikely that increased NNMT expression would decrease intracellular NAM to
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limiting levels for NAD" synthesis by NAMPT. It has been reported that NNMT does
not directly modulate intracellular NAM and NAD™ levels. NNMT is required for
glucose independence and enables glucose-deprived cells to utilize alternative
carbohydrate sources as energy sources [365]. NNMT modulates energy expenditure
in adipose tissue and controls glucose, cholesterol, and triglyceride metabolism in
hepatocytes through interaction with sirtuins [366]. PERK-ATF4 pathway activation
is the main contributor to ER stress-mediated NNMT upregulation in the

liver. Activation of the lipogenic pathway by NNMT was independent of its NAD™
enhancing action; however, increased cellular NAD", resulting from NNMT
inhibition, was associated with marked AMPK activation [361]. Elevated NNMT
activity can decrease cellular NAM levels and effectively inhibit apoptosis. Recent
studies show that the activity of NNMT can also regulate post-translational

modifications like acetylation and methylation.
MEDI12

The mediator complex is a set of proteins essential for transcription by RNA
polymerase II. MEDI12 is a component of the transcriptional MEDIATOR adaptor
complex that serves as a link between the transcription and its upstream activators
[368]. MED12 is a subunit of the “kinase” module of the MEDIATOR complex
(kinase module also contains MED13, CYCLIN C, and CDKS). As part of the kinase
module, MED12 can interact with methyltransferase to induce histone methylation,
thereby repressing gene transcription [369]. By this, MED12 negatively regulates the
activity of the Mediator Complex. MED12 can also interact with different factors to
regulate diverse biological activities. MED12 is in part cytoplasmic, where it
negatively regulates TGF-BR2 by physical interaction. MED12 suppression results in
activation of TGF-PR signalling by increasing TGF-BR2 protein levels. TGF-f
signalling causes RAS-MEK/ERK activation [370]. MED12 suppresses TGF-BR2 in a
posttranscriptional manner [368]. The activation of CDKS8 kinase is unique from other
CDKs in that its activation is not dependent on cyclin phosphorylation. Instead, the
activation happens via physical binding between MED12 and CCNC [371]. It is
interesting to note that in contrast to other CDKs, the activity of CDKS8 does not
fluctuate with phases of the cell cycle. However, CDKS causes cell cycle arrest by

activating the transcription of p21, a CDK inhibitor, in response to genotoxic stress
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[372]. It is also known to phosphorylate cyclin H inhibiting CDK1 activation and
suppressing mitosis [373]. Mutations of MED12 increases AKT signalling leading to
inhibition of gsk3p and activation of mTORC concurrently.

GFOD1

GFODI1 (Glucose-Fructose Oxidoreductase Domain Containing 1) gene that has

oxidoreductase activity.
INSIG1

INSIGI is an important endoplasmic reticulum membrane protein that regulates
cholesterol metabolism, lipogenesis, and glucose homeostasis. It binds the sterol-
sensing domains of sterol regulatory element-binding protein (SREBP), cleavage-
activating protein (SCAP) and 3-hydroxy-3-methylglutaryl-coenzyme A reductase
(HMG-CoA reductase). It is essential for the sterol-mediated trafficking of these two
proteins. It promotes the endoplasmic reticulum retention of SCAP and the ubiquitin-

mediated degradation of HMG-CoA reductase.

IRS1

This gene encodes a protein which is phosphorylated by insulin receptor tyrosine
kinase and mediate the control of various cellular processes by insulin. When
phosphorylated by the insulin receptor binds specifically to various cellular proteins
containing SH2 domains such as phosphatidylinositol 3-kinase p85 subunit or GRB2.
Activates phosphatidylinositol 3-kinase when bound to the regulatory subunit

ALDOA

ALDOA is a glycolytic enzyme that catalyzes the reversible conversion of fructose-

1,6-bisphosphate to glyceraldehyde 3-phosphate and dihydroxyacetone phosphate.
DNA2

DNAZ2 is a helicase family nuclease involved in maintaining mitochondrial and

nuclear DNA stability.
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DUSP14 and DUSP7

Dual-specificity phosphatases (DUSPs) constitute a large heterogeneous subgroup of
the type I cysteine-based protein-tyrosine phosphatase superfamily. DUSPs are
characterized by their ability to dephosphorylate both tyrosine and serine/threonine
residues. They have been implicated as major modulators of critical signalling
pathways. DUSP14 contains the consensus DUSP C-terminal catalytic domain but
lacks the N-terminal CH2 domain found in the MKP (mitogen-activated protein
kinase phosphatase) class of DUSPs. Involved in the inactivation of MAP kinases.
Dephosphorylates ERK, JNK and p38 MAP-kinases. DUSPs constitute a large
heterogeneous subgroup of the type I cysteine-based protein-tyrosine phosphatase
superfamily. DUSPs are characterized by their ability to dephosphorylate both
tyrosine and serine/threonine residues. DUSP7 dephosphorylate MAPK (proteins
ERK), JNK, and p38 with specificity distinct from that of individual MKP proteins.
MKPs contain a highly conserved C-terminal catalytic domain and an N-terminal
Cdc25 -like (CH2) domain. MAPK activation cascades mediate various physiologic
processes, including cellular proliferation, apoptosis, differentiation, and stress

responses
CREBRF

CREBRF (CREB3 Regulatory Factor) Acts as a negative regulator of the endoplasmic
reticulum stress response or unfolded protein response (UPR). Represses the

transcriptional activity of CREB3 during the UPR.
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Table 6: List of differential expressed genes in CHO cells cultured in LAA

Gene p-Value Fold
change

SLC6A9 0.083 1.624
SLC7A1 0.066 1.257
SLC38A2 0.019 0.767
SLC30A1 0.019 0.988
SESN2 0.039 2.398
TRIB3 0.067 1.714
7SK 0.066 -1.617
TRP53INP1 0.005 1.482
CHACI1 0.016 1.366
ENSCGRG00001010711 0.041 -1.258
GPR176 0.048 1.206
CCNI1 0.007 1.135
TXNIP 0.013 1.117
CDKN2B 0.027 1.049
HERPUDI1 0.015 1.001
ENSCGRG00001008121 0.011 -1.000
ENSCGRG00001015394 0.084 0.975
JUN 0.055 0.967
NR1D2 0.020 0.964
0610009B22RIK 0.006 -0.941
ENSCGRG00001008456 0.076 -0.931
CREBL2 0.078 0.929
ENSCGRG00001003984 0.041 0.929
ENSCGRG00001001109 0.061 -0.917
RND3 0.043 0.913
ENSCGRG00001011231 0.030 -0.900
ARID5B 0.019 0.892
SMIM20 0.075 0.882
B630019K06RIK 0.092 0.882
KCTD9 0.001 0.867
MXD4 0.008 0.853
INSR 0.004 0.845
PDK4 0.038 0.841
TWIST2 0.072 -0.834
ZC3H6 0.072 0.831
GM24455 0.095 -0.828
ING3 0.016 0.821
BC031181 0.076 0.819
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CIART
EGR1
BCL7B
ENSCGRG00001011179
YARS
ENSCGRG00001007219
ENSCGRG00001005504
GCC1
PLGRKT
RNF212
CCDCI112
TRMO
SPRY?2
MTSS2
CCNF
WASF1
CHD2
MAFK
LENGI1
NFE2L1
DRAMI1
KLF5
CCNE2
ELOVL6
PTGER4
MICALL2
LURAPIL
ZBTB43
PIM3
GPER1
KMT5B
ARL4A
RAB40C
FHOD1
VGLL3
LRIG3

ID1
TNFAIP3
IL6ST
ZKSCAN16
ENSCGRG00001012782
SGK1
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0.016
0.077
0.043
0.042
0.074
0.035
0.067
0.067
0.015
0.063
0.001
0.030
0.020
0.001
0.015
0.020
0.020
0.003
0.015
0.063
0.032
0.002
0.008
0.058
0.048
0.028
0.048
0.003
0.083
0.022
0.067
0.037
0.042
0.035
0.005
0.059
0.002
0.027
0.066
0.027
0.029
0.002

0.815
0.786
0.781
-0.775
0.771
-0.771
0.766
0.765
-0.754
-0.751
0.751
0.742
0.733
0.733
-0.718
0.716
0.716
0.712
-0.709
0.706
0.703
0.703
-0.700
-0.701
0.704
-0.705
-0.710
0.713
0.717
-0.723
0.737
0.744
0.745
-0.748
0.760
0.768
-0.769
0.776
0.782
-0.788
-0.790
0.800



ENSCGRG00001014273
CDC6

NATDI1

CHD5

RELB

TAF1A

MED12
ENSCGRG00001010756
KLHL24
ENSCGRG00001010828
RNF182

SNORA33

CAML
ENSCGRG00001016292
GM22748

ATF4

2610008E11RIK
GM23751

GM24313

GFOD1

KLF6
ENSCGRG00001024555
BBC3

CEBPG

CHSTI12

ANKRDI1

DDIT3
ENSCGRG00001017398
CDKN2AIP

ATF5

CITED2

RASSF1

NNMT
ENSCGRG00001018983
ENSCGRG00001004990
SLPI

NFIL3
ENSCGRG00001016427
MYC

IERSL

ENSCGRG00001003263, ENSCGRG00001007615

PPPIR15A

0.001
0.071
0.037
0.041
0.067
0.042
0.013
0.031
0.017
0.006
0.005
0.021
0.082
0.012
0.054
0.015
0.038
0.083
0.097
0.002
0.011
0.092
0.029
0.064
0.035
0.017
0.046
0.048
0.038
0.086
0.032
0.059
0.057
0.048
0.042
0.086
0.018
0.056
0.019
0.006
0.055
0.012

-0.814
-0.819
0.821
0.826
0.833
0.834
-0.840
0.848
0.852
-0.876
0.880
-0.925
0.945
0.954
-0.962
0.963
0.973
0.989
-0.995
1.024
1.046
1.051
1.065
1.083
-1.107
1.145
1.145
1.149
1.155
1.160
1.162
1.176
1.192
-1.216
-1.226
-1.248
1.296
1.306
1.440
-1.471
1.531
1.667



GADDA45A 0.054 1.734

NUPRI 0.038 1.864
PLK2 0.038 1.959
ATF3 0.062 2.017

7.4.7 Supplementation of single amino acid in a lean amino acid background

does not improve growth or productivity in CHO cell culture

Phenotype and transcriptomics suggest a possible amino acid limitation is causing cell
cycle arrest. To confirm whether deficiency of a specific amino acid is responsible for
these transcriptional changes, we examined the effect of replenishing single amino
acids under the basal LAA condition. We wanted to mitigate these phenotypic effects
on cell proliferation by supplementation of a single amino acid in a lean amino acid

background.

Suspension adapted CHO cell line expressing IgG was used to evaluate the effect of
individual amino acid supplementation on cell growth and productivity. Cells were
allowed to acclimatize to a nutritionally limited medium by culturing them in a
custom made LAA condition containing all amino acids at 0.1 mM, glutamine at 0.5
mM, and glucose at 2 g/L for 24 hours. Post 24 hours, cells were resuspended in fresh
LAA medium, along with 2 mM of individual amino acids and unsupplemented
control culture. To minimize carryover from the previous medium, an additional wash
with LAA medium was included at each resuspension. Cells were sampled on
alternate days for 6 days and viable cell density and viability, and glucose
consumption. Surprising, no significant improvement or adverse impact in peak cell
density, IVCD or growth rate was observed as seen in Figure 7.9. IgG titer for the
control cells was 192 ug/mL on the 6" day, and there was no significant improvement
with amino acid supplementation (Figure 7.9). Serine and glutamine have positive
effects on IVCD, explained by their importance in maintaining homeostasis (Figure
7.9). It is not surprising that serine and glutamine are among the highest consumed
amino acids essential, participating in many cellular processes. The primary donor in
the one-carbon metabolism in cells, serine is the second highest consumed amino acid
determined [374,375]. More than 70% of the serine consumed by CHO cells
contributes to nucleotide synthesis by transforming into glycine [375]. Despite the

critical role of serine, reduced serine concentration in media (1 mM) is reported to
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have a minor impact on cell growth. However, serine depletion in the medium is
reported to have a negative impact, including increased asparagine consumption along
with increased alanine, lactate and ammonium generation, which at high
concentrations can potentially be growth inhibitory [376]. Considering the excessive
consumption and the detrimental effects of depletion, serine is supplied at a high
concentration in the medium as additional serine in the medium can improve titers
and improve peak cell density [57].

Glutamine is also utilized as a major energy source in CHO cell culture which can
explain the improved IVCD. As already mentioned, glutamine is metabolized via
glutaminolysis and enters the TCA cycle via a-ketoglutarate. Glutamine is an
essential nutrient in CHO cell culture, and its absence is reported to impede the
exponential growth phase [67]. Supplementation of glutamine has been reported to
improve cell viability, reduce lactate production and improve productivity, even in the
case of CHO-GS cells which produce can produce de novo glutamine via the
transfected glutamine synthetase [68,69]. However, glutamine is converted to
glutamate during glutaminolysis, resulting in the production of free ammonium in the
medium [70]. High ammonium concentration in the medium can have detrimental
effects on the cell culture by potentially reducing cell growth rate, increasing the
glycoform heterogeneity, and affecting the consumption of other amino acids [71,72].
Cystine supplementation resulted in higher specific glucose consumption and hence
higher lactate accumulation. The effect of cystine on glucose has also been reported in
cells by Zhang, Shihai, et al. [377]. It is possible that because of the batch mode of
cultivation, multiple amino acids being limited that cannot be rescued by
supplementation of single amino acid. Combinations of amino acids studied
belonging to the same transporter families can be further explored. Such effects can
be explained by the complex interplay of cell signalling, gene expression and amino
acid transporters to maintain homeostasis. Some changes in intracellular metabolites
might need further evaluation. Impact on glucose consumption by supplementation of

cystine was observed, which agrees with previously reported studies [377].
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Figure 7.9: No significant difference in cell culture performance with single amino acid
supplementation under LAA background
Suspension adapted CHO cell line expressing IgG were cultured in LAA condition 2 mM of each
amino acid was supplemented. (A) Effect on peak cell density, [IVCD and growth rate (B) Effect on

specific glucose consumption (C) Normalized productivity
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7.4.8 Developing a feeding strategy to complement LAA condition while

maintaining low amino acid concentrations

Transcriptomic alteration and phenotypic characteristic hints toward a genetic and
metabolic readjustment for adaptation in a nutrient-limited medium. A feeding
system, either through a NutriGel or through motorized feeding in a bioreactor, could
prevent the ISR to amino acid limitation. To ensure no amino acid exhaustion and
ISR, a continuous feed source is also required to support the culture. As demonstrated
in chapters 5 and 6, a NutriGel based feeding system can be tailored to feed amino
acids for specific applications. Because of restricted amino acid availability and hence
cell cycle arrest, it was expected that there may be no substantial cell growth. The
amino acid feed was tailored according to the composition of the recombinant IgG
expressed by the cell and was tailored to achieve 2 g/L of protein titer. We utilized a
NutriGel to maintain low amino acid concentration by culturing an IgG-producing
CHO cell line in LAA. The amino acid feed composition was tailored according to the
composition of the recombinant IgG. To determine the amino acid composition,
sequence of a human IgG was run on ProtParam [378]. Cells were seeded at a high
density of 15 x 10° cells/mL to maintain amino acids at low concentrations. LAA
medium supplemented with this NutriGel could maintain CHO cell viability (Figure
7.10)
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Figure 7.10: In situ, continuous feeding of amino acids through NutriGel in low amino
acid (LAA) conditions can sustain CHO cell culture
Suspension adapted CHO cell line expressing IgG were seeded at 15x10° cells /mL in LAA condition
(A) IgG composition used for synthesizing the NutriGel (B) Viable cell density (solid lines) and
viability (dashed lines) A-Bolus fed culture O-Batch culture [1- Culture supplemented with NutriGel

(C) Normalized productivity
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The use of a hydrogel-based system supported the maintenance of the CHO cells at a
high density for four days and improved the culture longevity compared to batch
control. As a positive control, we also supplemented CHO cells with a traditional
bolus feed equivalent to the nutrient payload in the NutriGel, and the culture
performance is comparable between the NutriGel and the bolus fed cultures (Figure
7.11). However, on performing amino acid quantification, it was observed that all
amino acids like aspartate, glutamate, leucine, isoleucine, and glutamine were
depleted from the medium (Figure 7.11). Glucose is also nondetectable after day 2,
suggesting a possible carbohydrate limitation. The release of amino acids through
NutriGels decreases over time, and there is little amino acid delivery beyond 7 days.
But on a scale-down model, it was possible to sustain cells in LAA condition with

continuous feeding without having an adverse effect on protein translation.

Hence to maintain amino acid feeding over a longer duration, we next utilized a
bioreactor to feed amino acids and found comparable culture profiles. We designed a
feeding strategy based on release rates from NutriGel. Continuous and sustained
feeding led to similar culture performance on a bench-scale bioreactor system
comparable to the culture performance in a shake flask. With the ability to
continuously feed cultures while maintaining low residual concentration, we

attempted to improve the continuous feeding strategy.
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Figure 7.11: Feeding strategy designed on release rates from NutriGel led to culture
performance on a bench scale comparable bioreactor system
Suspension adapted CHO cell lines expressing IgG were cultured in a bioreactor and compared to the
shake flask cultures from Figure 7.10 supplemented with a NutriGel (A) Viable cell density l-Shake
flask cultures ®-bioreactor culture, and viability [I-Shake flask cultures O-bioreactor culture (B)

Normalized productivity [1-Shake flask cultures O-bioreactor culture
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Figure 7.12: Representation of the defined continuous feeding approach developed in

this study

In order to further improve the culture performance while maintaining low amino
acid concentration, we utilized an iterative approach and empirically tested various
feeding strategies (Figure 7.12). The basal medium utilized for all the bioreactor runs
was LAA. The feeding strategy utilised amino acid consumption, accounting for the
increase in culture volume due to continuous feeding, the increase in cell density and
glucose consumption. The concentration for various feeds developed is given in table
7. BR2 utilized the specific amino acid consumption rates from BR1, except for
aspartate, glutamate, asparagine and serine. In BR3, amino acids getting exhausted
during the course of the reactor were increased by 40%, along with accounting for the
increase in culture volume due to continuous feeding. In BR4, the feeding was based
on the amino acid consumption profile for all amino acids and accounted for an
increase in culture volume. In BRS, the feeding was based on amino acid
consumption rates for BR4, accounting for the increased viable cell density over the
course of the culture. In BR6, the feeding approach was further refined by utilizing
amino acid consumption rates for BR4 and accounting for the increased viable cell

density over the course of the culture and glucose consumption rates to manage the
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accumulation of amino acids. The DO was maintained at at least 30% in all the
reactor runs. And the pH was maintained at 7 with a bandwidth of 0.02. The feeding
strategy based on utilizing the amino acid consumption and glucose consumption
rates lead to improved cell densities among the various iterations of the bioreactor
cultures. Various feeding strategies used to maintain low amino acid concentration

had a diverse impact on VCD and productivity.

Table 7: Feed composition for the various reactor runs

Feed 1 Feed 2 Feed 3 Feed 4 Feed 5 Feed 6 Based

composition | composition | compositio = composition = Based on on

(mg/mL) (mg/mL) n (mg/mL)  (mg/mL) consumption | consumption

(mg/mL) (mg/mL)

Asp 0.009 0.009 0.01 0.009 0.19 0.19
Glu 0.010 0.01 0.01 0.010 0.27 0.27
Asn 0.008 0.008 0.01 0.060 0.24 0.24
Ser 0.029 0.029 0.03 0.082 0.21 0.21
Gln 0.007 0.87 1.22 1.216 1.55 1.55
His 0.022 0.06 0.07 0.065 0.11 0.11
Arg 0.011 0.17 0.17 0.173 0.26 0.26
Thr 0.029 0.09 0.09 0.086 0.08 0.08
Pro 0.004 0.09 0.00 0.004 0.08 0.08
Tyr 0.005 0.12 0.09 0.092 0.14 0.14
Val 0.021 0.06 0.12 0.121 0.18 0.18
Met 0.004 0.06 0.06 0.056 0.08 0.08
Cys 0.002 0.11 0.11 0.154 0.30 0.30
Iso 0.002 0.1 0.16 0.159 0.19 0.19
Leu 0.004 0.06 0.14 0.140 0.39 0.39
Phe 0.006 0.05 0.06 0.062 0.12 0.12
Trp 0.008 0.16 0.05 0.050 0.06 0.06
Lys 0.009 0.004 0.16 0.161 0.42 0.42
Glucose 0.2 2.1 2.6 2.7 5.32 5.32
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Figure 7.13: Optimizing cell culture performance in low amino acid media by utilizing
specific amino acid consumption rates
Bioreactor culture of CHO cell line expressing IgG was cultured in LAA with diverse feeding
strategies (A) Effect on viable cell density [1-BR2, [1-BR6, A-BR4 (B) Viability [1-BR2, [1-BR6, A-
BR4 (C)IVCD [1-BR2, [1-BR6, A-BR4 (D) Residual amino acid concentration for BR2, BR4 and
BR6 from day 0 onwards
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Figure 7.14: Improved specific productivity is observed as amino acid concentration is
maintained above 0.1 mM with an improved feeding strategy

A comparison of the specific productivity across all the bioreactor cultures, white bars-phase one

specific productivity, black bars- phase two specific productivity

All feeding strategies led to viability (>50%) for 10 days. Feeding based on cell
growth and consumption rates resulted in the highest growth and productivity. With
diverse feeding strategies, most amino acids could be maintained low for at least 7
days. As the feeding strategies had amino acids at more growth permissive
concentrations, amino acid accumulation was observed in the stationary phase. Amino
acids like glycine and alanine are observed to accumulate over time (BRS and BR6)
(Figure 7.13). Investigating other feeding strategies is required. Accumulation of
amino acids, especially during the stationary phase, is reduced but is not completely
avoided in BR6. With LAA and continuous feeding, we could overcome the growth
restrictive effects of ISR without adversely impacting protein translation. As we
utilized relatively abundant feeds in amino acids (BR4, BRS5, BR6), we also observed
an improvement in specific productivity (Figure 7.14). Better feeding strategies that

can enhance productivity can be further developed.

On performing a meta-analysis of the residual amino acid concentration, we can
observe growth is correlated when amino acid concentration can be maintained above
0.1 mM. The heatmap of residual amino acid concentration in the bioreactor cultures
suggests a cell growth inhibition in BR1, BR2, and BR3 when amino acid
concentrations are below 0.1 mM (Figure 7.15, data for BR1 and BR3 shown in

appendix). In BR4, we do observe some growth as the amino acids feeding is
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relatively higher. However the feeding rate in BR4 calculated from the specific
consumption rates did ot take into account the increase in cell density until the next
sampling point. This is again corroborated in the range plot that displays the
relationship between the initial and final amino acid concentration on day 5 (Figure
7.15). In BR5 and BR6, we can observe amino acids maintained at 0.1 mM. BRS5 and
6 have the same feeding profile but having significant differences in peak cell density.
One possible explanation for this difference can be the difference in the glucose
feeding strategy. On plotting heatmaps for residual glucose to residual amino acid
concentration in BR5 and BR6, it is observed that residual glucose concentration is
slightly higher in BR6 (Figure 7.16). Glucose feeding was linked to amino acid
feeding in BR6. The ratio of residual glucose to residual amino acid is between 2-3
for BR6. This hints during continuous feeding, amino acids have to be maintained

low, and glucose also should be maintained low.
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Figure 7.15: Optimizing cell culture performance in low amino acid media by utilizing
specific amino acid consumption rates
Clustered heatmaps were plotted for residual amino acid concentration. The colour scheme denotes
concentration across culture profiles. (A) BR2 (B) BR4 (C) BR6 (D) Range plot for BR2, BR4 and 6

indicate residual concentration from day 0 to day 5. Created with Datawrapper
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Figure 7.16: Controlling glucose while maintaining low amino acid concentration
contributes to higher cell densities
Bioreactor culture, BRS and BR6 of CHO cell line expressing IgG were cultured in LAA with diverse
feeding strategies (A) Effect on viable cell density and Viability (I-BR6, O-BR5 (B) Glucose
concentration profile J-BR6, O-BR5, (C) Residual amino acid concentration BR5 and BR6 from day
0 onwards (D) Clustered heatmaps comparing the ratio of residual glucose to an amino acid

concentration between BR5 and BR6. Created with Datawrapper

7.5 Conclusions

Continuous feeding through a NutriGel in a shake flask (for small-scale culture
platforms) allowed preliminary evaluation of low amino acid availability on cell
viability. Cell growth is arrested at lower feeding rates, but with better-optimized
feeds in bioreactors, cell growth could be achieved while maintaining amino acids at a

low concentration indicating the concentrations employed are growth permissive.
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Protein translation is not inhibited at these low amino acid concentrations, as seen
from IgG accumulation in the culture. However, specific productivity is affected as
compared to rich conditions. The feeding strategy can be further improved to maintain
amino acids at low concentrations while improving culture performance by
incorporating other parameters like growth rate. To maintain LAA conditions,
techniques like temperature and pH shifts can limit the high amino acid consumption
and avoid nutrient exhaustion in the logarithmic growth phase. Exploring a slightly
higher basal amino acid concentration in the basal media can also be attempted.
Further experiments at higher amino acid setpoints may help identify the lowest

concentration at which the AAR response pathway is not activated.
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Chapter VIII.

Conclusions

The development of bioprocesses for the production of recombinant proteins begins
with the generation of a robust clone whose selection is usually performed in small
scale culture platforms. Small scale culture platforms like shake flasks lack control
over parameters like pH, DO or feeding and have lower throughput unless
accessorized with sophisticated robotic and monitoring systems. This may cause the
selection of low producers since the product titer and quality can be affected by the
actual process conditions [185]. Hence an economical alternative that makes shake
flask an appropriate scale down model is desired. TGE is routinely used to generate a
desired recombinant protein-producing cell line. When performed on a large scale, it
can shorten process development timelines as it bypasses the selection and
amplification steps. But TGE bioprocesses have been difficult to scale up in large
stirred tank bioreactors with volumes of more than 1.5 L. Inadequate production
levels are frequently achieved, but the causes have not yet been elucidated [379,380].
Shear stress is an important parameter that needs to be reviewed with reference to
transient transfection. In a stirred tank reactor, the distribution of the hydrodynamic
stress varies depending on the region of the reactor and covers several orders of
magnitudes. A small-scale device capable of mimicking the varying hydrodynamic
stress regions while giving the possibility to establish a cell line-specific threshold is

required.

In chapter 4, we have demonstrated the effect of shear stress on the efficiency of
transient transfection and toxicity on cell culture under various magnitudes of shear
stress observed typically in a large scale bioreactor. Increased toxicity and reduced
transfection efficiency observed are due to the synergistic effect of shear on the cells
and lipoplex. This makes the large-scale transient transfection process heedful of the

effects of shear stress, which can be reduced by decreasing agitation during the first



few hours when lipid-mediated transfection is at its maximum rate [381,382]. Another
implication of shear stress can be a large number of lipofection agents being
developed for gene therapy clinical trials. Consistent with this, lipoplexes with low
toxicity in vitro, when injected into the bloodstream where they are subjected to shear,
have resulted in significant toxicity to blood cells in the form of transient leukopenia
and neutropenia in animal models and human clinical trials [179,181,182,383-386].
However, we did not observe a similar effect of higher toxicity in the presence of
shear in K562 cells. K562 cells were not efficiently transfected by the lipoplex used in
this study, whereas CHO-S are efficiently transfected. It remains to be seen whether
transfectability has any role in the relationship between shear and toxicity of the

lipoplex.

Manual bolus feeding leads to frequent operator handling and makes the culture more
prone to contamination in fed-batch cultures. In chapters 5 and 6, we explore an
alternate application of hydrogels for in situ continuous delivery of a complex nutrient
feed comprising 18 amino acids, vitamins, antioxidants, and trace elements. The
hydrogel includes the complex nutrient feed in the form of a solid in the central
reservoir. This prevents dilution of the culture seen in traditional fed-batch cultures
where the feed is added as a concentrated solution whose strength is limited by the
solubility of the nutrients included. Release rates of individual amino acids can be
modulated through NutriGel by changing their initial loading in the central reservoir.
This can ease modulating amino acid feed to tailor to specific cell culture
applications. This study provides proof of the concept that hydrogels can enable
completely closed in situ feeding for mammalian cell culture, requiring no external
intervention. Such systems can help small-scale single-use animal cell culture
platforms to achieve nutrient feeding in a completely closed use-and-throw platform
without any additional infrastructure while maintaining the sophistication of
continuous feeding. In situ nutrient feeding reported in this study, in addition to in situ
pH management described previously, can enable completely closed systems in
single-use platforms requiring no operator intervention, which may be of use as a
screening tool for animal cell-based bioprocesses and in the production of patient-

specific cell-based therapies [387,388].
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Medium formulations have critical roles in bioprocess development as they directly
impact productivity. It is known that underfeeding is a problem that can be resolved
by optimization of medium and feed formulation, but overfeeding is also an evolving
concern as novel inhibitors are being discovered [8,241]. Currently, there is a limited
understanding of a lean cell culture medium formulation and its implication on culture
performance. Chapter 8 pursues the feasibility of utilizing the LAA medium. We have
compared growth performance and transcriptomics to understand the cellular response
to a low amino acid-based medium. We find Phenotypic and transcriptional changes
were similar to those reported in mammalian cells under amino acid limitation-
ATF4/transporter upregulation. Further, to utilize a medium with lean amino acid
background, we show that amino acids should be maintained at a low but growth
permissive concentration of 0.1mM for this CHO cell. We demonstrate that optimized
continuous feeding can assist in utilizing a lean amino acid-based medium,

maintaining low amino acid concentration without inhibiting protein translation.

8.1 Future directions

Applications of NutriGels to assist in screening and process development can be
explored. NutriGels can be further improved by trying to incorporate pH control
through the same gel. Such sophisticated feeding systems can be tested with WAVE
bioreactors. The feeding strategy can be further improved to maintain amino acids at
low concentration, while improving culture performance by attempting to incorporate

other parameters like growth rate

To maintain LAA conditions, techniques like temperature and pH shifts can be
utilized to limit the high amino acid consumption and avoid nutrient exhaustion in the

logarithmic growth phase

Exploring a slightly higher concentration of basal amino acid concentration in the

basal media can also be attempted with continuous feeding
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Appendix

Custom medium formulation

HDFE3 (Routinely used medium for CHO cell culture)

Amino acids

Concentration (mg/L)

L-Glutamine

Glycine 37.6
L-Alanine 8.9
L-Arginine hydrochloride 294.5
L-Asparagine monohydrate 15
L-Aspartic acid 13.3
L-Cysteine hydrochloride monohydrate 48.9
L-Cystine dihydrochloride 60.59
L-Glutamic acid 14.7
L-Histidine hydrochloride monohydrate 52.5
L-Isoleucine 107
L-Leucine 111
L-Lysine hydrochloride 164
L-Methionine 32.2
L-Phenylalanine 68.5
L-Proline 34.6
L-Serine 52.6
L-Threonine 101
L-Tryptophan 17
L-Tyrosine disodium salt 100
L-Valine 99.7
730




Inorganic salts

Ammonium metavanadate 5.80E-04
Ammonium molybdate tetrahydrate 6.18E-03
Calcium nitrate tetrahydrate 90
Copper sulphate pentahydrate 1.30E-03
Disodium hydrogen phosphate 355
Ferric nitrate nonahydrate 5.00E-02
Ferrous sulphate heptahydrate 0.4
Magnesium chloride anhydrous 29
Magnesium sulphate heptahydrate 100
Manganese chloride 1.25E-04
Nickel chloride 1.20E-04
Potassium chloride 312
Sodium chloride 6996
Sodium dihydrogen phosphate 2715
Sodium metasillicate nonahydrate 1.42E-02
Sodium selenite 6.24E-03
Stannous chloride dihydrate 1.10E-04
0.432

Zinc sulphate heptahydrate
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Vitamins

Ca-D-Pantothenic acid 2.240
Choline chloride 8.98
D-Biotin 3.50E-03
Folic acid 2.66
Niacinamide 2.020
Pyridoxal hydrochloride 2
Pyridoxine hydrochloride 3.10E-02
Riboflavin 0.219
Thiamine hydrochloride 2.17
Vitamin B12 0.68
Myo-Inositol 12.6
Ascorbic acid 20
Others

DL-Thioctic acid 0.105
Ethanolamine 21.59
Glutathione 1.8
HEPES buffer 3574.5
Hypoxanthine 24
Linoleic acid 4.20E-02
Lipid mixture I, chemically defined (Sigma L0288) Ix
-mercaptoethanol 1.4
Phenol red sodium salt 8.63
Putrescine hydrochloride 8.10E-02
Protein hydrolysate 1000
Sodium bicarbonate 2200
Sodium pyruvate 55
Thymidine 0.365
Glucose 3000
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LAA medium formulation

Amino acids

Concentration (mg/L)

Glycine 7.51
Alanine 8.91
L-Arginine hydrochloride 21.07
L-Asparagine monohydrate 15.01
L-Aspartic acid 13.31
L-Cysteine dihydrochloride 8.78
L-Cystine hydrochloride monohydrate 15.66
L-Glutamic acid 14.62

L Histidine 21.27
L-Isoleucine 13.12
L-Leucine 13.12
L-Lysine hydrochloride 18.27
L-Methionine 14.92
L-Phenylalanine 16.52
L-Proline 11.51
L-Serine 10.51
L-Threonine 11.91
L-Tryptophan 20.42
L-Tyrosine disodium salt 22.52
L-Valine 11.72
Glutamine 73.07
Inorganic salt

Ammonium metavanadate 0.00087
Ammonium molybdate tetrahydrate 0.00927
Calcium nitrate tetrahydrate 90
Copper sulphate pentahydrate 0.00195
Disodium hydrogen phosphate 355
Ferric nitrate nonahydrate 0.075
Ferrous sulphate heptahydrate 0.6255
Magnesium chloride anhydrous 29
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Magnesium sulphate heptahydrate 100
Manganese chloride 1.25E-04
Nickel chloride 0.00018
Potassium chloride 312
Sodium chloride 6996
Sodium dihydrogen phosphate 271.5
Sodium metasillicate nonahydrate 0.0213
Sodium selenite 0.00936
Stannous chloride dihydrate 0.000165
Zinc sulphate heptahydrate 0.648
Vitamins

Ca-D-Pantothenic acid 3.36
Choline chloride 13.47
D-Biotin 0.00525
Folic acid 3.99
Niacinamide 3.03
Pyridoxal hydrochloride 3
Pyridoxine hydrochloride 0.0465
Riboflavin 0.3285
Thiamine hydrochloride 3.255
Vitamin B12 1.02
Myo-Inositol 18.9
Ascorbic acid 30
Others

DL-Thioctic acid 0.105
Ethanolamine 21.59
Glutathione 1.8
HEPES buffer 3574.5
Hypoxanthine 24
Linoleic acid 4.20E-02
Lipid mixture I, chemically defined (Sigma L0288) 1X
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-mercaptoethanol

1.4

Phenol red sodium salt 8.63
Putrescine hydrochloride 8.10E-02
Protein hydrolysate 1000
Sodium bicarbonate 2200
Sodium pyruvate 55
Thymidine 0.365
Glucose 1000
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Medium formulation for Equimolar amino acid concentration

Amino acids

Concentration (mg/L)

Glycine 75.05
L-Alanine 89.09
L-Arginine hydrochloride 210.66
L-Asparagine monohydrate 150.14
L-Aspartic acid 133.10
L-Cysteine hydrochloride monohydrate 8.78
L-Cystine dihydrochloride 93.97
L-Glutamic acid 146.15
L-Histidine hydrochloride monohydrate 212.65
L-Isoleucine 131.17
L-Leucine 131.17
L-Lysine hydrochloride 182.65
L-Methionine 149.21
L-Phenylalanine 165.19
L-Proline 115.13
L-Serine 105.09
L-Threonine 119.12
L-Tryptophan 204.23
L-Tyrosine 225.15
L-Valine 117.15
L-Glutamine 146.14
Inorganic salts

Ammonium metavanadate 0.00087
Ammonium molybdate tetrahydrate 0.00927
Calcium nitrate tetrahydrate 90
Copper sulphate pentahydrate 0.00195
Disodium hydrogen phosphate 355
Ferric nitrate nonahydrate 0.075
Ferrous sulphate heptahydrate 0.6255
Magnesium chloride anhydrous 29
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Magnesium sulphate heptahydrate 100
Manganese chloride 1.25E-04
Nickel chloride 0.00018
Potassium chloride 312
Sodium chloride 6996
Sodium dihydrogen phosphate 271.5
Sodium metasillicate nonahydrate 0.0213
Sodium selenite 0.00936
Stannous chloride dihydrate 0.000165
Zinc sulphate heptahydrate 0.648
Vitamins

Ca-D-Pantothenic acid 3.36
Choline chloride 13.47
D-Biotin 0.00525
Folic acid 3.99
Niacinamide 3.03
Pyridoxal hydrochloride 3
Pyridoxine hydrochloride 0.0465
Riboflavin 0.3285
Thiamine hydrochloride 3.255
Vitamin B12 1.02
Myo-Inositol 18.9
Ascorbic acid 30
Others

DL-Thioctic acid 0.105
Ethanolamine 21.59
Glutathione 1.8
HEPES buffer 3574.5
Hypoxanthine 24
Linoleic acid 4.20E-02
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Lipid mixture I, chemically defined (Sigma L0288) | 1X
B-mercaptoethanol 1.4
Phenol red sodium salt 8.63
Putrescine hydrochloride 8.10E-02
Protein hydrolysate 1000
Sodium bicarbonate 2200
Sodium pyruvate 55
Thymidine 0.365
Glucose 1000

Residual amino acid concentration in BR1
The colour scheme denotes concentration across culture profiles. The red colour
denotes concentration below 0.1 mM and green colour denotes concentration over 0.1

mM

Time (Days)

Asp conc (mM)

Glu conc (mM)

Asn conc (mM)

Ser conc (mM)

Gly conc (mM)

Ala conc (mM)

Pro conc (mM)

1.43 | 2.53 | 3.53 | 4.53 | 5.20

Tyr conc (mM)

Thr conc (mM)

Val conc (mM)

0.08

Met conc (mM)

Iso conc (mM)

Leu conc (mM)

Phe conc (mM)

0.08

Trp conc (mM)

0.10

Lys conc (mM)

0.08

His conc (mM)

0.09

Arg conc (mM)

Cys conc (mM)

GIn conc (mM)

IVCD (x10° cell.days/mL) | 0.99

0.09
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Residual amino acid concentration in BR3
The colour scheme denotes concentration across culture profiles. The red colour
denotes concentration below 0.1 mM and green colour denotes concentration over 0.1

mM

Time

(Days) 0

Asp conc
(mM) 0.11

Glu conc
(mM) 0.11

Asn conc
(mM) 0.11

Ser conc
(mM) 0.12

Gly conc

mM
Ala conc
mM
Pro conc

0.15

| 0.16 | 0.14

o1t o

=
—_
W

0.12

0.15 | 0.15

=
’_‘ .
w

(mM) 0.13 0.09 | 0.11

Tyr conc

(mM) 0.13 1 0.09 | 0.12 | 0.11 | 0.10 | 0.12 | 0.14 0.15

Thr conc

(mM) 0.12 | 0.08 | 0.11 | 0.09 | 0.10 | 0.12 | 0.15 0.13 | 0.14

Val conc

(mM) 0.13 ] 0.08 | 0.13 | 0.12 | 0.11 | 0.14

Met conc

(mM) 0.13 | 0.08 | 0.12 | 0.10

Iso conc

(mM) 0.15 | 0.11

Leu conc

(mM) 0.15 | 0.09 | 0.12 | 0.11 | 0.10 | 0.12

ity P P P P A
(mM) 0.14 0.09 | 0.10 | 0.11 | 0.11 | 0.11 | 0.11 | 0.13 | 0.14
Trp conc
(mM) 0.09

Lys conc

(mM) 0.15

His conc

(mM)

Arg conc

mM
Cys conc

mM
Gln conc

mM
IVCD
(x10°
cell.days/
mL)

0.93

1.7

2.8

3.7

4.7

S S TR P S Y P

58| 71 ] 84| 9.8] 109 12 | 129 | 13.7
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Mammalian cell culture based processes are important for the producing effective
recombinant therapeutics such as monoclonal antibodies. A typical production process
involves introduction of the gene of interest in the host cell, selecting a clone with desired
productivity characteristics, process and medium development for the selected clone followed
by production runs in larger scale bioreactors, which are currently predominantly run in fed
batch mode. For pre-clinical analysis material can be produced by transient expression of the
protein without selecting a clone. Each of these steps has scope for improvement. In this
thesis, I have explored three problems associated with these steps (1) Understanding whether
shear stress has an effect on the productivity of transient protein expression, which is of
importance when scaling up such processes (2) Developing a hydrogel based tool for
simultaneous in situ delivery of >20 nutrients in small scale culture which can enable fed
batch culture at small scale without any additional infrastructure, and help in better
identification of high productivity clones at the screening stage (3) Evaluated whether a
medium formulation strategy of maintaining amino acids at low concentrations via continuous
feeding may be beneficial for increasing culture longevity and productivity.

Large scale TGE is an important method for rapidly producing large amount of recombinant
protein for initial characterizations. Mammalian cells are subjected to varying degrees of
shear during various stages of bioprocessing. Effect of shear has been mainly studied in
adherent cells but have been studied to a lower degree in suspension cells especially in the
bioprocessing context. Shear stress affects transfection efficiency and increases liposomal
toxicity. And this effect increases as the magnitude of shear stress increases and is because of
the synergistic effect of shear on liposomal toxicity and the cells.

During cell line development, selecting a robust high producer is the primary requirement for
any successful cell line development program. Screening clones under conditions similar to
the final production process reduces the chances of sub-par clone performance at higher scale.
I have investigated whether it is possible to culture cells in fed batch mode in small scale
platforms without requiring any additional infrastructure. I have developed a nutrient delivery
system for in situ feeding of CHO cells in small scale culture platforms, capable of delivering
a large number of nutrients such as amino acids vitamins and trace elements. I have shown
that it is possible modulate the delivery of 18 amino acids, improving cell culture
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performance. Such system will also aid in creating completely closed system for small scale
platforms for cultivating CHO cell.

Medium development is another critical parameter that can affect the process. Recent report
caution against the use of nutritionally rich medium, as a result of the catabolic by products of
amino acids. I have investigated whether maintaining amino acids at low concentrations
through continuous feeding can improve culture performance.. Results from these
experiments do not suggest an improvement in culture performance. However with
developments in online metabolite measurements, precise at-line control of amino acids may
enable further refined experimentation.
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Abstract: Shear stress is an inevitable part of bioreactor systems. Shear is known to
affect binding of polyplexes and drug delivery vehicles in adherent cells -],
Moreover, shear has been speculated to be the principle for enhanced uptake in
devices fabricated by Hallow et al and Sharei et al [>#. Thus, shear can potentially
affect intracellular delivery of cargo such as DNA for transgene expression. We chose
lipofectamine 2000, a widely used DNA delivery vehicle, as a model liposome to
study the effect of shear on lipofection of suspension CHO-S cells. We find that
exposure to shear in the presence of liposome:DNA complex (lipoplex) leads to
reduced growth and decreases transfection efficiency. This effect is not due to the
effect of shear on the lipoplex itself, and is also not explained by the exposure of cells

to shear with liposome alone.
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Abstract: In fed-batch culture nutrients are replenished by addition of concentrated
feed. This is done by manual bolus feeding or by robotic handling systems. We report
development of a hydrogel system called NutriGel for in situ continuous delivery of a
complex nutrient feed. This feed comprises of 52 nutrients including 18 amino acids,
vitamins, antioxidants, and trace element. Amino acid release from NutriGel is

sustained for at least seven days. Release rates of individual amino acids can be
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independently modulated by changing their initial loading. This study provides a
proof of concept that NutriGels can enable a completely closed continuous in situ

feeding system for mammalian cell culture
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Abstract Animal cells in suspension experience
shear stress in different situations such as in vivo
due to hemodynamics, or in vitro due to agitation in
large-scale bioreactors. Shear stress is known to affect
cell physiology, including binding and uptake of
extracellular cargo. In adherent cells the effects of
exposure to shear stress on particle binding kinetics
and uptake have been studied. There are however no
reports on the effect of shear stress on extracellular
cargo delivery to suspension cells. In this study, we
have evaluated the effect of shear stress on transfec-
tion of CHO-S cells using Lipofectamine 2000 in a
simple flow apparatus. Our results show decreased cell
growth and transfection efficiency upon lipoplex
assisted transfection of CHO-S while being subjected
to shear stress. This effect is not seen to the same
extent when cells are exposed to shear stress in
absence of the lipoplex complex and subsequently
transfected, or if the lipoplex is subjected to shear
stress and subsequently used to transfect the cells. It is
also not seen to the same extent when cells are exposed
to shear stress in presence of liposome alone,
suggesting that the observed effect is dependent on
interaction of the lipoplex with cells in the presence of
shear stress. These results suggest that studies
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involving liposomal DNA delivery in presence of
shear stress such as large scale transient protein
expression should account for the effect of shear
during lipoplex assisted DNA delivery.

Keywords Shear stress - Transfection - Lipoplex -
Liposome

Background

Animal cells in suspension are subjected to shear
stress under diverse conditions such as due to hemo-
dynamics in vivo or due to agitation during large scale
culture of cells in bioreactors. The effect of shear
stress has been largely studied in adherent cells
primarily due to interest in the effect of shear stress
on endothelial cells in blood vessels, and is known to
affect various aspects of cell physiology including cell
morphology, size and metabolism (Chatzizisis et al.
2007; Haga et al. 2007; Heo et al. 2012; Resnick et al.
2003). In addition, shear stress is also known to affect
cellular uptake of extracellular cargo. Indeed, expo-
sure to shear stress is being evaluated as a strategy for
delivering macromolecules into cells. Different meth-
ods of employing shear stress have led to devices such
as those made by Hallow et al. and Sharei et al. that use
shear stress as the fundamental principle for intracel-
lular delivery (Hallow et al. 2008; Sharei et al. 2013),
though the exact mechanism is yet unclear.
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Exposure to shear stress has been reported to
transiently increase fluid phase endocytosis and cave-
olae density (Davies et al. 1984; Rizzo et al. 2003;
White and Frangos 2007). Endocytosis of extracellular
cargo requires association of the cargo with the cell
membrane as the first step. Shear stress has been widely
reported to affect particle adhesion in endothelial cells,
which in turn can affect uptake. These effects vary
depending on the particle size and shear stress level.
For example, Patil et al. report that at higher shear rates
of 400-600 s’l, the rate of attachment of 5-20 um
diameter microspheres coated with a recombinant
PSGL-1 construct decreased with increasing size (Patil
et al. 2001). Charoenphol et al. showed that binding
efficiency for spherical particles of size 100 nm to
10 pm increased with increasing particle size at a shear
rate of 200 s™' and for a given size the binding
efficiency increased when the wall shear rate was
increased from 200 to 1500 s~' (Charoenphol et al.
2010). In addition to size, particle shape affects the
binding of particles under shear stress: adhesion of
elongated and flattened particles was found to be
significantly higher than spheres (Doshi et al. 2010).
This may be of relevance to the effectiveness in the
presence of shear stress of carriers such as liposomes,
which can deform in the presence of shear. The
duration of cellular exposure to shear stress also affects
uptake: chronic exposure of human umbilical vein
endothelial cells (HUVECS) to shear stress at 5 dyne/
em? led to a reduced internalization of ~ 180 nm
diameter FITC-labeled polystyrene spheres coated
with anti-PECAM, whereas acute exposure led to an
increased internalization (Han et al. 2012). This was
reproduced in another study where chronic shear stress
led to reduced internalization of unmodified 80 nm
spherical gold nanoparticles (AuNPs) in HUVEC cells
(Klingberg et al. 2015). The magnitude of the shear
stress obviously matters for binding/uptake: for exam-
ple, nanoscale particles showed an inverse relationship
between shear stress and particle uptake (Lin et al.
2010). Cell membrane properties can also be affected
by shear stress, with membrane fluidity reported to
increase with shear stress in endothelial cells, the
mechanism of which is unclear (Butler et al. 2001;
Haidekker et al. 2000). Shear stress can also induce
membrane fusion, suggesting that under some condi-
tions the interaction of liposomal carriers with cells,
and hence their ability to deliver cargo, might possibly
be affected by shear stress (Kogan et al. 2014).
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The effect of shear stress on the uptake of liposomal
formulations has been evaluated on adherent cells.
Flow can have a positive effect of improving access of
the lipoplex to the adhered cell (Harris and Giorgio
2005) which can increase its uptake, but at the same
time can reduce the binding affinity of the lipoplex to
the cells (Fujiwara et al. 2006). Shear stress has been
shown to increase transfection efficiency up to an
optimal shear stress level beyond which efficiency
decreases (Mennesson et al. 2006; Shin et al. 2009). To
our knowledge, there are no reports on the effect of
shear stress on carrier-assisted delivery of cargo to
suspension cells. Such scenarios are relevant to large-
scale transfections carried out in bioreactors for
transient expression of recombinant protein, and to
liposomal gene and drug delivery to blood cells where
the liposomal complex is injected into blood vessels.
The primary focus of this study is on suspension
adapted CHO-S cells which have been used for large
scale transfection in bioreactors to transiently express
recombinant protein (Baldi et al. 2007). Mardikar and
Niranjan subjected various animal cells in suspension
to shear stress and depending on the shear stress level
report formation of pores, population and cell shrink-
age (Mardikar and Niranjan 2000). It is conceivable
that such formation of pores could affect uptake of
extracellular cargo.

In this study we use a simple flow apparatus to
evaluate the effect of shear stress on the ability of
liposomal carriers to deliver DNA to suspension cells
for transgene expression. We find that exposure to
shear stress during transfection with lipoplex results in
a decrease in transfection efficiency and reduced cell
density compared to transfection carried out in the
absence of shear stress, in well-plates in CHO-S cells,
which are efficiently transfected by Lipofectamine
2000. This effect is not seen to the same extent when
cells are exposed to shear stress in the absence of the
lipoplex and subsequently transfected, or if the
lipoplex is exposed to shear stress and subsequently
used to transfect cells not exposed to shear.

Materials and methods

Lipofectamine 2000 (11668027) was purchased from
Invitrogen Corporation (Carlsbad, CA, USA). CHO-S-
SFM 1II and DMEM were purchased from Invitrogen
Corporation (12052-114 and 12320-032, respectively).
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Fetal Bovine Serum (RM1112, FBS) was purchased
from Hi Media Laboratories (Mumbai, India). Cell
culture compatible silicone tubing ID 2 mm x OD
4 mm was purchased from Ami Polymers (Mumbai,
India). 24 well plates were purchased form Nest
Scientific USA (Rahway, NJ, USA) and used for
seeding K562 cells. Ultra low binding 24 well plates
were purchased from Sigma-Aldrich (St. Louis, MO,
USA) and used for CHO-S cells.

CHO-S cell line was purchased from Invitrogen
Corporation. Cells were seeded at a density of
0.2 x 10° cells/ml in CHO-SFM II and passaged
every second day. Cells were maintained at 37 °C,
10 % CO, and 110 rpm, and used from passage 9-40.
K562, human chronic myelogenic leukemic cell line
was obtained from National Centre for Cell Sciences
(NCCS, Pune, India). K562 cells were maintained in
DMEM supplemented with 10 % FBS and cultured at
37 °C, 10 % CO, and 110 rpm. K562 cells were used
from passage 39-50. Plasmid containing mCherry
gene was used for transfection with fluorescent
mCherry protein used as a reporter.

Flow apparatus

A flow apparatus with a reservoir for cell suspension
and a peristaltic pump (Longer pumps BT100-2J Low
Flow Rate Peristaltic Pump with the 6-roller pump
head DG-2) was used to flow cells at a flow rate of
19 ml/min through a cell culture compatible silicone
tubing (ID 2 mm x OD 4 mm, Ami polymers). For
low shear stress, cells were flowed only through the
silicone tube of 2 mm inner diameter. A glass
capillary of 0.5 mm diameter and length of 8 cm
was attached to generate moderate shear stress and a
silicone tube of 0.25 mm diameter of length 1.2 cm
was inserted to generate high shear stress. Under an
assumption of incompressible walls and no slip at the
wall, these correspond to a wall shear stress of ~2,
220 and 2000 dynes/cm? under the three conditions
respectively. The experiment was repeated at least
three times, and cells were seeded into two wells for
each repetition. To control for any effect of shear
stress due the squeezing action of the peristaltic pump
head, the flow rate was kept constant under all three
conditions. The pump head design allowed varying
occlusion using a ratchet wheel. The extent of cell
death observed when cells alone were flowed through
the pump head varied for different values of this
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parameter with cell death increasing at higher levels of
occlusion. The highest occlusion was identified for
each cell type such that there was minimal cell death
immediately subsequent to exposure to low shear
stress, and was then kept constant for all experiments
with that cell type. The selected level of this parameter
was higher for CHO-S compared to K562.

Transfection

Transfection for CHO-S was performed using Lipofec-
tamine 2000 (Invitrogen Corporation) as per the
manufacturer’s instructions. Transfections were carried
out using cells on the second day of passage. 1 ug DNA
and 5 pl Lipofectamine 2000 was used per milliliter of
the cell suspension. Depending on the experiment, the
lipoplex complex or lipid alone were added to 4 ml of
the cell suspension and flowed through the flow
apparatus for 2 h. After 2 h, 500 pl of the culture was
incubated in 24 well plate at 37 °C, 10 % CO, and
110 rpm. Samples were taken for measuring cell
density immediately before and after flowing the cells,
and after allowing cells to recover for one day after
exposure to shear stress. Cell density was measured
using a hemocytometer after appropriate dilution and
viability was measured using trypan blue dye exclusion
method. After 24 h of incubation, some clumping was
observed for all transfected CHO-S cultures with
clumps of approximately 5-20 cells. Clumps were
counted as a single cell for calculation of cell density.
Each experiment was repeated at least 3 times.

Transfection for K562 was performed using Lipo-
fectamine 2000 as per a modified protocol suggested
by the manufacturer. 2.4 pg DNA and 5 pl Lipofec-
tamine 2000 was used per milliliter of the cell
suspension for transfection. The complex was mixed
in serum free DMEM medium and incubated for
20 min at room temperature before addition to the
culture.

Calculation of transfection efficiency

Twenty-four hours post transfection, cells were har-
vested from the 24 well plate. After washing with PBS,
the CHO-S cells were then imaged on EVOS Floid
Cell Imaging Station (Life Technologies, Carlsbad,
CA, USA). Transfection efficiency for CHO-S cells
was calculated by counting the percentage of cells that
showed red fluorescence due to expression of
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fluorescent mCherry protein. A minimum of fifteen
fields per well were recorded with the Floid Cell
Imaging Station and the number of fluorescent cells
and total cells was counted.

Due to the very low transfection efficiencies for K562
cells, transfection efficiency was measured using flow
cytometry (BD Accuri C6 Flow Cytometer, BD Bio-
sciences) and data were analyzed using the BD Accuric-
flow software (BD Biosciences, San Jose, CA, USA).

Statistical analysis

Two tailed Student’s 7 test was used to determine
significance of difference between all data sets. All
p-values lower than significance level of 0.05 are
denoted by asterisks in figures. Error bars indicate
95 % confidence interval.

Results

CHO-S cells were subjected to shear stress by
pumping them in a closed loop at a constant flow rate
using a peristaltic pump. Cells were subjected to shear
stress by pumping them for 2 h either through a
silicone tube of 2 mm inner diameter (henceforth
referred to as ‘low shear’) or a silicone tube of 2 mm
diameter with an attached glass capillary of 0.5 mm
inner diameter and length 8 cm (referred to as
‘moderate shear’) or a silicone tube of 2 mm diameter
with a silicone tube of 0.25 mm diameter and length
1.2 cm (referred to as ‘high shear’). The use of
peristaltic pump allowed aseptic continuous unidirec-
tional flow allowing cells to be exposed to shear stress
for extended periods of time.

We first evaluated the effect of shear stress on
CHO-S cells to validate the use of the flow apparatus.
Both, the immediate effect of shear stress on cell death
measured as any decrease in viable cell density (VCD)
immediately after exposure to shear stress, and a
longer-term effect measured as any effect on cell
growth at the end of 24 h after exposure to shear stress,
were measured. The immediate decrease in VCD due
to shear stress is small at low shear stress (8 %
decrease) but increases at high shear stress (50 %
decrease, Fig. la). Exposure to shear stress also
affects subsequent cell growth with cells exposed to
low shear stress showing an average 0.9 population
doublings over 24 h, compared to growth of cells
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maintained throughout in a 24 well plate showing an
average 1.2 population doublings. However, cells
exposed to high shear stress show a considerable
decrease in VCD (average 73 % decrease in 24 h).
This is similar to previous reports such as those of flow
causing lysis in mouse myeloma cells at a wall shear
stress of 1800 dyne/cmz, validating the use of the our
flow apparatus (McQueen et al. 1987; Vickroy et al.
2007). Cell viability is however not substantially
reduced after exposure to shear at all levels of shear
stress (Fig. 1b), indicating the decrease in viable cell
density at high shear stress is likely due to cell lysis.
Due to high cell death at high shear stress, the effect of
shear stress on transfection of CHO-S cells using
lipoplex was further evaluated at low and moderate
shear stress.

Exposure to shear stress in presence of lipoplex
reduces transfection efficiency and increases cell
death

We then further evaluated the effect of exposure of cells
to shear stress in the presence of lipoplex (lipofectamine
2000: DNA complex). The immediate effect of shear
stress on cell death was similar as in the case when cells
were exposed to shear stress without the lipoplex.
However surprisingly, in the presence of lipoplex, VCD
at 24 h after exposure to shear stress was substantially
reduced even at low shear stress (Fig. 2a). An average
25 % decrease in VCD was observed at low shear and
40 % decrease at moderate shear, compared to cell
growth at an average 0.4 population doublings observed
in cells transfected in the well plate. This decrease in
VCD is partly caused due to greater clumping of cells in
the presence of shear stress during transfection, though
that alone is not sufficient to explain the difference, as
verified by including the cells in clumps during cell
counting. Viability was again, however, not substan-
tially affected suggesting the decrease in VCD is due to
increased cell lysis in the presence of lipoplex during
exposure to shear stress (Fig. 2b). Transfection effi-
ciency decreased significantly when cells were sub-
jected to shear stress in the presence of lipoplex
(Fig. 2c¢).

Higher cell death and lower transfection efficiency
of the lipoplex in the presence of shear stress could
possibly be due to the effect of shear on cells: for
example, reduced cell growth upon exposure to shear
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Fig. 1 The effect of shear stress on cell density and viability of
CHO-S cells. CHO-S cells were subjected to shear stress (low,
moderate and high, see Methods section for details on shear
stress levels) for 120 min and monitored for changes in viable
cell density and viability immediately after flow and after 24 h
of incubation. CHO-S cells not subjected to shear stress were
used as control. a Viable cell density (VCD) normalized to
initial viable cell density. Immediately after subjecting cells to
shear stress (filled bars), after 24 h (open bars). Initial viable
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cell density (VCDy), viable cell density immediately after flow
(VCDy), 24 h after flow (VCD,y). Log, transformation is used to
represent cell growth in terms of population doublings, and
make the data symmetric for changes in both directions (growth
and death). b Viability. Initial (white bars), immediately after
subjecting the cells to shear stress (grey bars) and after 24 h
(black bars). n > 3, error bars indicate 95 % confidence
interval. ***p < 0.0005; **p < 0.005; *p < 0.05 for compar-
ison to no shear condition
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Fig. 2 Cell density, viability and transfection efficiency of
CHO-S cells when exposed to shear stress in the presence of
lipoplex. CHO-S cells were subjected to shear stress (low and
moderate, see Methods section for details on shear stress levels)
for 120 min in the presence of lipoplex and monitored for
changes in cell density and viability immediately after flow and
after 24 h of incubation. Control culture was not subjected to
shear stress. a Viable cell density (VCD) normalized to initial
viable cell density. Immediately after subjecting cells to shear

stress could lead to reduced transfection efficiency. On
the other hand, shear stress could have an effect on the
lipoplex characteristics, which in turn affect their
ability to cause DNA uptake. Both these mechanisms
could by themselves or in a concerted fashion produce
the effect of increased toxicity and reduced transfec-
tion efficiency in the presence of shear stress. To test
whether the observed effect on cell toxicity could be
explained solely by the effect of shear stress on cells or
on the lipoplex, we next subjected either only the
lipoplex or the cells to shear stress prior to

201

Shear stress

Shear stress

stress (filled bars), after 24 h (open bars). Initial viable cell
density (VCDy), viable cell density immediately after flow
(VCD,), 24 h after flow (VCD,y4). b Viability. Initial (white
bars), immediately after subjecting the cells to shear stress (grey
bars) and after 24 h (black bars). ¢ Transfection efficiency.
n >3, error bars indicate 95 % confidence interval.
*##%kp < 0.0005; **p < 0.005; *p < 0.05 for comparison to no
shear condition

transfection. Further experiments were only carried
out at low shear stress.

Shear stress does not affect the transfectability
of the lipoplex complex

The lipoplex was exposed to low shear stress for 2 h
and subsequently immediately used to transfect CHO-
S cells. A control culture was also transfected with
lipoplex incubated for the same period of time in the
absence of shear stress to control for the effect of
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Fig. 3 Shear stress does not affect the transfectability of the
lipoplex. Lipoplex subjected to low shear stress for 120 min and
its unsheared control were used for transfecting CHO-S cells at
different time points. a Transfection efficiency. Lipoplex not
subjected to shear stress (white bars) and sheared lipoplex (grey
bar) b Viable cell density (VCD) normalized to initial viable
cell density. Cells transfected with unsheared lipoplex at

increased incubation time on the efficacy of the
complex. There is no remarkable difference in the
transfection efficiency of lipoplexes sheared for
15 min (Fig. 3a). The slight decrease in transfection
efficiency of lipoplex sheared for 2 h maybe attributed
to the higher incubation time compared to the
manufacturer’s suggested optimal duration as it is
also seen in the case of the lipoplex incubated for 2 h
in the absence of any shear stress. Surprisingly, there is
higher cell growth when cells are transfected with
lipoplex sheared for 2 h, seen from the 1.2 population
doublings for cells transfected with sheared lipoplex
compared to the 0.6 population doublings for cells
transfected with lipoplex incubated for 2 h without
shear (Fig. 3b). Our data do not suggest any explana-
tion for this observation of comparable transfectability
and reduced growth inhibition by lipoplex subjected to
shear stress.

Shear stress affects the transfectability of CHO-S
cells

Next we subjected CHO-S to low shear stress for
varying durations of time and subsequently immedi-
ately transfected them. Figure 4a shows the transfec-
tion efficiency of cells transfected without exposure to
shear stress or transfected after 15 and 120 min of
exposure to shear stress. A short duration 15 min
exposure of cells to shear stress did not decrease their
transfectability significantly. The transfection effi-
ciency however decreased significantly when the cells
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density (VCDy), 24 h after flow (VCDy4). The error bars
indicate 95 % confidence interval, n = 3. **p < 0.005;
*p < 0.05

were subjected to shear stress for 2 h prior to
transfection. As expected from the previous results,
VCD did not change significantly immediately after
exposure of cells to shear stress (see gray bars in
Fig. 4b). The average number of 0.9 population
doublings in 24 h after exposure to shear stress was
significantly higher for cells exposed to shear stress for
short duration prior to transfection compared to the
cells transfected without exposure to shear (average
0.5 population doublings, see white bars in Fig. 4b).
For both cases where either the lipoplex or cells are
subjected to shear stress followed by transfection,
VCD increases in the 24 h period post transfection.
This is unlike the case when cells are exposed to shear
stress in presence of lipoplex where the VCD
decreases in the 24 h period after exposure to shear.
A comparison of Figs. 2a, 3b and 4b thus suggests that
cell growth is adversely affected by the presence of
lipoplex during exposure of cells to shear stress.

Toxicity of lipoplex is not solely
attributable to liposome

To understand whether the effect of shear stress during
lipofection is exclusively due to the liposome, we
subjected CHO-S cells to shear stress in the presence
of liposome at a concentration equivalent to its
concentration in the lipoplex. In the absence of shear
stress, an average 1.9 and 1.2 population doublings
were observed in 24 h in the absence and presence of
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Fig. 4 Shear stress reduces transfectability of CHO-S cells.
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Fig. 5 Exposure of CHO-S cells to shear stress in presence of
liposome causes reduction in cell growth. CHO-S cells were
subjected to shear stress in the presence or absence of
lipofectamine 2000 for 120 min and monitored for changes in
cell density immediately after 120 min of flow and after 24 h of
incubation. a Viable cell density (VCD) normalized to initial
viable cell density for CHO-S cells subjected to a low shear
stress without the liposome. b Viable cell density normalized to

liposome respectively (Fig. 5). Thus the presence of
liposome by itself adversely affects cell growth. When
cells are exposed to shear stress in the absence and
presence of liposome, cells show growth at a lower
average of 1.6 and 0.6 population doublings. Thus the
adverse effect of liposomes on cell growth is substan-
tially enhanced in the presence of shear. This is
however in contrast to the case when cells are
subjected to shear stress in presence of the lipoplex,
where a 25 % decrease in VCD was observed
(Fig. 2a). This suggests that the adverse effect on cell
growth seen when cells are exposed to shear stress in
presence of lipoplex is not attributable solely to the
liposome.
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Shear stress does not affect toxicity of lipoplex
in inefficiently transfected K562 cell line

The results above indicate that toxicity of lipoplex is
increased in presence of shear stress. We next evaluated
whether the same effect is seen in K562 cells, which are
not as efficiently transfected by Lipofectamine 2000 as
CHO-S cells. There was no substantial cell death
immediately after exposure of cells to shear stress, both
in absence or presence of lipoplex (gray bars in Fig. 6a,
b). The cell density of K562 cells doubled 24 h post
transfection irrespective of whether cells were incu-
bated with lipoplex in the absence or presence of shear
stress (white bars Fig. 6a, b). The transfection
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Fig. 6 Effect of shear stress on cell density and transfection
efficiency of K562 cells in the presence or absence of the
lipoplex. K562 cells were subjected to low shear stress for
120 min in the presence or absence of the lipoplex and
monitored for changes in cell density and viability immediately
after flow and after 24 h of incubation. a Viable cell density
(VCD) normalized to initial viable cell density for K562 cells
subjected to a low shear stress for 120 min. b Viable cell density

efficiency of K562 cells is low, and is slightly, but not
significantly, increased in the presence of shear
(Fig. 6¢). Thus the adverse effect of lipoplex on cell
growth in the presence of shear is not seen in the
inefficiently transfected K562 cell line.

Discussion

Shear stress is known to affect various aspects of cell
physiology like endocytosis and pinocytosis (Davies
et al. 1984; Kudo et al. 1997; Rizzo et al. 2003),
membrane fluidity (Butler et al. 2001; Haidekker et al.
2000), inducing membrane fusion (Kogan et al. 2014),
and more recently it was shown to facilitate uptake of
extracellular macromolecules (Hallow et al. 2008;
Sharei et al. 2013), possibly through formation of
transient pores in the cell membrane (Mardikar and
Niranjan 2000). It is known that high levels of shear
stress are deleterious to suspension cells. For example,
McQueen et al. subjected mouse myeloma cells to
high shear stress in capillary tubes and showed that
flow caused lysis which was observed at a wall shear
stress of 1800 dyne/cm® (McQueen et al. 1987). Our
simple flow apparatus comprising of pumping sus-
pension cells using a peristaltic pump also showed
similar results for CHO-S cells with high levels of cell
death at high wall shear stress, but not at the low and
moderate shear stress levels. The use of a peristaltic
pump allows long duration aseptic unidirectional flow
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normalized to initial viable cell density for K562 cells subjected
to a low shear stress in the presence of lipoplex for 120 min.
Immediately after subjecting cells to shear stress (grey bars),
after 24 h (white bars). Initial viable cell density (VCDy), viable
cell density immediately after flow (VCD,), 24 h after flow
(VCD»y). ¢ Transfection efficiency. The error bars indicate
95 % confidence interval, n = 2

of cells. However, in this set-up, unlike systems using
syringe pumps, cells are also subjected to shear stress
in the peristaltic pump head, but this effect has been
controlled by keeping the fluid flow rate constant and
varying the diameter of the fluid path to vary wall
shear stress. Though shear stress has been known to
affect cell survival, and for reasons described above
can be expected to affect liposomal delivery of cargo
to suspension cells, to our knowledge there have been
no studies explicitly analyzing the effect of shear
stress on liposomal DNA delivery to suspension cells.

We report that exposure of CHO-S cells to shear
stress in the presence of lipoplex reduced transfection
efficiency and cell growth in the subsequent 24 h
period while causing greater cell clumping. We further
evaluated whether this effect could be attributed
simply to the interaction of the cells with lipid in the
presence of shear. The size and zeta potential of
lipofectamine 2000 has been reported to change upon
complexation with DNA (Son et al. 2000). In an
uncomplexed state, the reported zeta potential was
—4 mV and upon complexation with plasmid DNA, it
was —24 mV. The hydrodynamic diameter in a
complexed state was reported to increase to 488 nm
from 319 nm in an uncomplexed state (Son et al.
2000). Shearing of cells in presence of liposome alone
also reduces cell growth in the subsequent 24-h period,
though not to an extent similar to that due to the
lipoplex. This suggests that the increased toxicity is
not entirely explained by interaction of the liposome
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alone with the cell in the presence of shear stress. This
could be due to the differences in zeta potential and/or
size of the liposome and lipoplex reported in the
literature. To further check if the increased toxicity
due to lipoplex in the presence of shear stress might be
due to long-lasting modification of the lipoplex with
shear, we subjected the lipoplex to shear, subsequently
using the sheared lipoplex for transfection. It was
observed that there is only a slight reduction in
efficiency following the 2 h incubation of lipoplex
both in presence and absence of shear stress. Such
slight loss of transfection efficiency was previously
reported where the DNA-Lipofectamine 2000 com-
plexes were relatively stable and continued to provide
high transfection efficiency even up to 2 h after
complexation (Dalby et al. 2004). This however does
not preclude a change in shape and therefore increased
toxicity when lipoplex is sheared along with cells.
Interestingly, there is a slight increase in cell growth
when cells are transfected with sheared lipoplex
compared to the cell growth upon transfection with
lipoplex incubated under static conditions.

The reduced transfection efficiency and increased
lipoplex toxicity observed at low shear stress could also
possibly be due to the effect of shear stress on cells,
making the cells more susceptible to lipoplex toxicity. In
that case, these effects should be seen when transfection
is carried out immediately after subjecting cells to shear
stress. Indeed, subjecting CHO cells to sustained low
shear stress prior to transfection (for 2 h), resulted in
reducing the transfectability of CHO cells, but did not
increase cell death. This indicates that the observed effect
of reduced transfection efficiency could be due to shear
stress affecting the ability of cells to uptake and/or deliver
the foreign DNA to the nucleus. This also suggests that
the increased toxicity of lipoplex in presence of shear
stress is a result of cellular interaction with lipoplex in the
presence of shear stress and likely not due to other long-
term cellular changes upon exposure to shear stress.
Lipoplexes with low toxicity in vitro, when injected into
the blood stream where they are subjected to shear stress,
have resulted in significant toxicity to blood cells in the
form of transient leukopenia and neutropenia both in
animal models and human clinical trials (Freimark et al.
1998; Li et al. 1999; Ruiz et al. 2001; Tousignant et al.
2000; Zhang et al. 2005), though the cause of this is not
clear. We did not observe a similar effect of higher
toxicity in presence of shear stress in K562 cells. K562
cells were not efficiently transfected by the lipoplex used
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in this study whereas CHO-S are efficiently transfected. It
remains to be seen whether transfectability has any role in
the relationship between shear stress and toxicity of the
lipoplex.

In conclusion, enhanced toxicity and reduced
transfection efficiency of lipoplex is observed in
CHO-S cells exposed to shear stress. Further studies
will be necessary to fully understand the mode of
toxicity. We propose that this factor should be taken
into account in the design and planning for large-scale
transfections in bioreactors for transient protein
expression. Our results may also be relevant to gene
therapy where shear stress may contribute to perfor-
mance of in vitro static cell cultures not being
predictive of performance in animal models where
the lipoplex is intravenously injected and evaluation of
liposomal delivery agents in the presence of shear
stress could be considered as an intermediate testing
step before animal studies for gene therapy.
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HIGHLIGHTS

® In situ delivery of a multi-component nutrient feed by hydrogel (NutriGel).

® NutriGel sustains release of amino acids for at least 7 days.

® Independent modulation of release rates of 16 amino acids demonstrated.

® NutriGel enables a completely closed system for fed batch culture of animal cells.

® NutriGel improved IVCD and productivity by 1.8 and 3-fold compared to batch culture.

ARTICLE INFO ABSTRACT

Keywords: Small-scale culture of animal cells in suspension is of importance for many applications. At a small-scale, fed-
In situ nutrient release batch is achieved either by manual bolus feeding or the use of liquid handling robots. In this study, we report an
CHQ CeHS. alternate application of a hydrogel for in situ continuous delivery of a nutrient feed comprising 18 amino acids,
‘;:;I;‘;;;‘ds vitamins, antioxidants, and trace elements. We show that amino acid release is sustained for at least seven days.

Importantly, release rates of individual amino acids can be independently modulated by changing their loading.
We demonstrate the application of this hydrogel for complete in situ feeding of nutrients to a suspension adapted
CHO cell line expressing IgG leading to 2.7-fold and 4-fold improvement in integral viable cell density (IVCD)
and volumetric productivity respectively. This is similar to improvements obtained by bolus liquid feeding.
Further, supplying glucose from the same hydrogel to eliminate manual feeding led to a 1.8-fold increase in IVCD
accompanied by a 3-fold increase in volumetric productivity as compared to batch culture. In summary, this
study provides a proof-of-concept that hydrogels can enable completely closed in situ feeding for mammalian
cell culture requiring no external intervention. Such continuous in situ delivery can potentially enable closed
culture systems maintaining nutrients at low levels mimicking physiological concentrations.

Closed system
Hydrogel for continuous feeding

1. Introduction nutrients, such as glucose and amino acids, are substantially consumed

during culture, while others such as bulk salts may not show an ap-

Small-scale culture of animal cells in suspension is of importance for
many applications such as process development for production of re-
combinant proteins and viral vaccines, stem cell culture, and cell
therapy applications such as the recently FDA approved CAR-T therapy
[1]. Increasing culture longevity and/or cell growth is of importance for
such applications. In vitro culture of animal cells requires a large
number of nutrients including sugars such as glucose, most amino acids,
vitamins, antioxidants, bulk ions, and trace elements. Some of these

preciable change in concentration [2]. Recent reports indicate that high
initial nutrient concentrations above physiological levels may result in
metabolic differences in cells in culture, which can result in reduced
biological relevance of in vitro cell culture models [3]. Feeding nu-
trients during the course of the culture enables replenishment of the
exhausted nutrients to prevent their limitation while at the same time
avoiding initial oversupply and associated waste metabolite production,
which could be inhibitory to cell growth [4-6]. The value of such

Abbreviations: HEMA, 2-hydroxyethyl methacrylate; CAR-T, Chimeric antigen receptor T cell; EGDMA, Ethylene glycol dimethacrylate; PITC, Phenylisothiocynate;

IVCD, Integral viable cell density

* Corresponding author at: Chemical Engineering and Process Development, CSIR-National Chemical Laboratory, Pune, 411008, India.

E-mail address: mc.gadgil@ncl.res.in (M. Gadgil).

https://doi.org/10.1016/j.bej.2019.107436

Received 31 July 2019; Received in revised form 8 November 2019; Accepted 14 November 2019

Available online 15 November 2019
1369-703X/ © 2019 Elsevier B.V. All rights reserved.

207



J. Rawat and M. Gadgil

Table 1
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Compositions of payloads used in this study.

L-Amino acids ** HEPES Glucose Vitamins Trace elements Thioctic acid Antioxid leoside pr Linoleic acid
NutriGel, +2 + + + + + + +
NutriGel," +° +
NutriGel,® +b +
NutriGel,” +2 + + + + + + +
NutriGel,**™¢ +2 ++
NutriGel," ™V +2 + + + + + +
NutriGel, "~ +2 + + + + + +
NutriGel, "~ A° +2 + + + + + +
NutriGel,"~ ¥ +2 + + + + + +
NutriGel,"~ ™ +2 + + + + + +
NutriGel,"" +° + o S + + +
NutriGel, "¢ +2 + ++ + + + + +

L-Amino acids®
(mg)

L-Amino acids”
(mg)

Trace elements

Arginine hydrochloride 29, Asparagine monohydrate 2, Aspartic acid 1, Cysteine dihydrochloride 5, Cystine hydrochloride monohydrate 6,
Glutamic acid 1.5, Histidine hydrochloride monohydrate 5, Isoleucine 11, Leucine 11, Lysine hydrochloride 16, Methionine 3, Phenylalanine 7,
Proline 4, Serine 5, Threonine 10, Tryptophan 1.7, Tyrosine 10, Valine 10, Glutamine 25

Arginine hydrochloride 8, Asparagine monohydrate 8, Aspartic acid 8, Cysteine dihydrochloride 8, Cystine hydrochloride monohydrate 8, Glutamic
acid 8, Histidine hydrochloride monohydrate 8, Isoleucine 8, Leucine 8, Lysine hydrochloride 8, Methionine 8, Phenylalanine 8, Proline 8, Serine 8,
Threomne 8, Tryptophan 8, Tyrosine 8, Valine 8, Glutamine 8

A date 0.00006, A molybdate tetrahydrate 0.0006, Copper sulphate pentahydrate 0.0001, Ferric nitrate nonahydrate

(mg) 0.005, Ferrous sulphate heptahydrate 0.04, Nickel chloride 0.00001, Sodium metasillicate nonahydrate 0.001, Sodium selenite 0.001, Stannous
chloride dehydrate 0.00001, Zinc sulphate heptahydrate 0.04
Vitamins Ca-p-Pantothenic acid 0.2, Choline chloride 0.9, p-Biotin 0.0004, Folic acid 0.3, Niacinamide 0.2, Pyridoxal hydrochloride 0.2, Pyridoxine
(mg) hydrochloride 0.003, Riboflavin 0.02, Thiamine hydrochloride 0.2, Vitamin B12 0.07, Myo-Inositol 1.3
Antioxidants L-Ascorbic acid 2, Ethanolamine hydrochloride 1.4, Glutathione reduced 0.2, Putrescine dihydrochloride 0.01
(mg)

Nucleoside precursors (mg)
Miscellaneous (mg)
Glucose (mg)

Thioctic acid (mg)

HEPES (mg)

Hypoxanthine 0.2, Thymidine 0.04
Linoleic acid 0.004

Glucose 100

Thioctic acid 0.011

HEPES 100

(x-number of + indicates x-times of concentration indicated above, ab
bottom layer of the hydrogel).

feeding strategies to achieve higher cell growth and culture longevity
has been amply demonstrated in the development of fed-batch pro-
cesses for recombinant protein production [2,5,7,8]. In small-scale
cultures, nutrient feeding is predominantly made possible by bolus
addition of highly concentrated feed solutions. This is usually carried
out using liquid handling robots in the case of microbioreactors or
manually for the ubiquitous shake flasks or spinner flasks.

Bolus feed addition has several limitations. The solubility of some
components, such as tyrosine, is low at neutral pH, and pH adjustments
are necessary to achieve the desired solubility [9,10]. These can con-
tribute to increasing the osmolarity of the culture. Feeding such con-
centrated solutions can also lead to large step increases in concentration
and pH at the time of feeding, which may be undesirable [11,12]. Bolus
feeding during process development may lock-in production processes
to have intermittent feeding strategies. Manual feeding also requires
frequent handling of the cultures, which increases the chances of op-
erator-induced errors. Lesser manual intervention and fewer steps with
limited exposure to the environment reduce the probability of con-
tamination. This is especially important for the imminent cell-based
therapies where limited quantity of patient-derived cells are available,
and cells are the final product of interest that cannot be subjected to
sterilization [13].

The disadvantages of manual bolus feeding can be overcome
through the use of a continuous feeding process, not requiring manual
intervention. Automated closed system have been demonstrated for ex
vivo production of cells such as human placental, human CD4, and CD8
T lymphocytes, [14], and stem cell [15] for cell-derived therapies.
Automated continuous feeding for small-scale platforms cannot how-
ever, be achieved without upgrading to additional infrastructure and
robotic platforms [16-18]. These systems require appreciable capital
investment. An alternative approach for continuous feeding is the
continuous in situ delivery of nutrients via diffusion through hydrogels.
Hydrogels are three-dimensional polymer networks that swell in water
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indicate the amino acid composition type,

T Indicates the presence of 4 mg tyrosine in the

[19]. Hydrogels have been extensively used for biomedical applications
like the slow release of drugs, hormones, and growth factors [20]. Our
group has previously described the use of hydrogels for continuous in
situ feeding of individual nutrients such as glucose in shake flasks [21].
However, mammalian cells in culture require feeding of a complex
mixture comprising many nutrients. This study aimed to investigate the
feasibility of developing hydrogels for simultaneous in situ release of all
nutrients provided in feed formulations for a fed-batch culture of
mammalian cells such as glucose, amino acids, and vitamins. Such in
situ diffusion-based continuous delivery of nutrients can enable fed-
batch culture in a completely closed system requiring only gas ex-
change.

In this study, we have used suspension adapted CHO cells expressing
recombinant IgG as a model system to establish the proof-of-concept for
using hydrogels for in situ feeding of all nutrients required for the
culture of animal cells. We characterize the individual rate constants for
a simultaneous release of amino acids through the hydrogel. Alanine
and glycine are formed as waste metabolites during culture and hence
are not included in the feed. In the range of loading evaluated, we show
that the amino acid release rates are proportional to the initial loading
of the amino acid. This feature enables independent control of the re-
lease rates for all amino acids as per the requirement of the particular
cell line. Tyrosine and cystine are expected to be an exception to this
due to their poor solubility, and indeed tyrosine, whose release rate is
measured, shows a constant zero-order release. We show that in situ
delivery of all nutrients led to a 1.8-fold (p value 0.004) increase in
integral viable cell density (IVCD) accompanied by a 3-fold (p value
0.011) increase in volumetric productivity as compared to batch cul-
ture. To our knowledge, this study demonstrates, for the first time, the
feasibility of achieving a completely closed in situ feeding platform for
continuous feeding of complex nutrient feeds to animal cells, which
does not require manual intervention or liquid handling technology.
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2. Materials and methods
2.1. Hydrogel synthesis

Poly-HEMA hydrogels were synthesized using 2-hydroxyethyl me-
thacrylate (HEMA, 97% pure, Sigma-Aldrich Corp, USA) monomer and
ethylene glycol dimethacrylate (EGDMA, Sigma-Aldrich Corp, USA)
crosslinker at 86:14 mol/mol HEMA:EGDMA in the presence of an in-
itiator Azobisisobutyronitrile (0.5%, Sigma Aldrich Corp, USA). A
bottom layer of the hydrogel was created by polymerizing 200 pL of the
HEMA:EGDMA mixture in a 1.3cm diameter glass disc at 75°C for
1.5h. A cavity was then formed over the bottom layer using an ap-
propriate mould and 400 pL of the HEMA:EGDMA mixture by incuba-
tion at 75°C for 1.25h. The diameter of the cavity was 9mm.
Subsequently, the solid powder of the payload was added into this
cavity. The exact composition of the payload varies in different ex-
periments and is described in Table 1. Four hundred and fifty micro-
liters of the HEMA:EGDMA mixture was used to create the monolithic
central reservoir and final layer of the hydrogel, sealing the cavity. The
hydrogels were then washed in sterile ultrapure water for two days.
After washing, the hydrogels were sterilized using UV for 25min on
each side of the hydrogel. Hydrogels were incubated overnight in cul-
ture medium before addition to the cultures. The HEMA:EGDMA hy-
drogel was previously assessed for cytotoxicity to CHO cells and found
to be non-toxic as processed [21].

2.2. Release kinetics for amino acids

The release kinetics of amino acids were analyzed at 37 °C. The
hydrogel was added into phosphate-buffered saline (PBS) with 0.05%
sodium azide under shaking conditions to simulate conditions during
release in shake flasks. Samples were taken on alternate days for amino
acid concentration measurement for 16 days. Amino acid quantification
was carried out using HPLC. The samples were subjected to precolumn
derivatization with phenylisothiocynate (PITC) and the derivatized
amino acids were quantified on HPLC (Agilent 1200 infinity series)
with reverse phase C18 column (Purospher star RP18 (5um) end-
capped, Merck, Darmstadt, Germany). Briefly, 100 L of the sample was
spiked with 15 pg of norleucine as internal standard and lyophilized.
Subsequently, 20 uL of methanol:water:trimethylamine 2:1:1 (v/v) was
added, vortexed and lyophilized. = Further, 20pL of
methanol:water:trimethylamine:PITC 7:1:1:1 (v/v) was added, vor-
texed, incubated for 20 min at room temperature and lyophilized.
Derivatized samples were resuspended in 1mL of eluent A (85 mM
sodium acetate and 0.3 mM sodium azide in 98% water and 2% acet-
onitrile, pH 5.2, (w/v)). Chromatography was carried out after injecting
5 uL of derivatized sample using elution gradient of Ty min = 3% eluent
B (100% acetonitrile), Tos min = 13% eluent B, T4s min = 50% eluent B,
Tas min = 3% eluent B. Flow rate was maintained at 0.8 mL min~ .
Eluted derivatives were detected with a diode array detector at 254 nm
with a bandwidth of 4nm. The peak area for each amino acid was
normalized to the internal standard. Amino acid concentration was
calculated using response factor calculated from the peak area of the
respective amino acid (normalized to norleucine) in a standard con-
taining 15 ug/mL of aspartate, glutamate, glutamine, glycine, aspar-
agine, serine, histidine, threonine, arginine, alanine, proline, tyrosine,
valine, methionine, cystine, isoleucine, leucine, phenylalanine, trypto-
phan and lysine. It is important to note that in this method for amino
acid measurement, cysteine and cystine were not resolved as separate
peaks but coeluted as a single peak and hence could not be accurately
quantified.

2.3. Cell culture

A suspension CHO cell line expressing IgG, provided by Inbiopro
Solutions (Bangalore, India), was used to evaluate the effect of the
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addition of the hydrogels to increase culture longevity and productivity.
Cells were inoculated at a density of 0.3 x 10° cells/mL in 25 mL cul-
ture volume in 100 mL Erlenmeyer flasks (Borosil). Cells were regularly
passaged in our in-house medium formulation based on DMEM:F12
containing 3 g/L glucose and 5mM glutamine. The complete medium
formulation is provided in Supplementary Table 1. For fed batch ex-
periments, shake flasks cultures were incubated at 37 °C, 10% COo,
110 rpm. Glucose was fed to bring its concentration back to 2 g/L: at
viability above 85%, glucose was fed when its concentration decreased
below 2 g/L, while at viability below 85%, glucose was fed when the
concentration decreased below 1.5 g/L. For cultures supplemented with
NutriGel,™™T, cells were inoculated at 5 x 10° cells/mL in 50 mL
culture volume. These cultures were incubated at 37°C, 10% CO,,
130 rpm. Glucose was fed to bring its concentration back to 4 g/L: at
viability above 85%, glucose was fed when its concentration decreased
below 4 g/L, while at viability below 85% glucose was fed when the
concentration decreased below 2.5 g/L. The hydrogel was added on day
3 for all the cultures and at day 0 for the NutriGel,”™"" cultures. For
bolus fed cultures, cultures were fed with 0.5X of the corresponding
feed (20X) on day 3,6,8,10 or day 3,4,6,8. A total of 2X of the feed was
added, where 1X corresponds to medium concentration without the
bulk salts. A total of 2.5 mL liquid feed was added to 25mL culture
volume of the bolus fed cultures. The hydrogel is added as a pre-swollen
solid, so there is no volume change due to hydrogel addition. The
composition of the bolus liquid feed was the same as NutriGel”. The
amount of payload in NutriGel” was 250 mg, while the liquid bolus feed
addition resulted in the addition of 125 mg of the feed, both to the same
initial culture volume. The hydrogel payload was kept higher due to
loss of payload during the initial washing and pre-incubation of the
hydrogel for at least 2.5 days to remove unpolymerized monomers. The
loss of payload was variable for the different components. Glucose was
fed to maintain glucose concentration between 2-2.5 g/L, and a total of
7mM of glutamine was also fed to the cultures. Samples were taken
every alternate day for measuring cell density, viability, glucose con-
centration. Cell density was quantified by manual counting using a
hemocytometer. Viability was assessed using the trypan blue dye ex-
clusion assay. Glucose concentration was measured using a YSI
Biochemistry Analyzer. Volumetric IgG titer was determined by a
sandwich ELISA. Briefly, ELISA plates were coated with capture anti-
body-rabbit anti-human IgG and subsequently blocked with 1% bovine
serum albumin (BSA) in phosphate-buffered saline (PBS). 0.01% Tween
20 in PBS was used to wash plates. Human IgG was used to generate a
standard curve for quantitation. HRP conjugated rabbit anti-human IgG
(Merck Millipore, Mumbai, India) was used to detect IgG in culture
followed by the addition of substrate TMB/H,0, (Genei Laboratories
Pvt Ltd, India). The reaction was stopped using 1 M H,S04. Absorbance
was measured at 450 nM on Bio-Rad iMark microplate reader (Bio-Rad
Laboratories, Mumbai, India). Samples selected for ELISA had a viabi-
lity of 60% or more.

2.4. Statistical analysis

Two-tailed Student's t-test was used to determine the significance of
the difference between each pair of data. All p values lower than the
significance level of 0.05 are denoted by asterisks in figures. A p
value < 0.05 is denoted by *, < 0.005 by **, and < 0.0005 by ***.

3. Results and discussion

Glucose and glutamine are the major nutrients consumed by
mammalian cells. Amino acids other than glutamine have been shown
to account for majority of the cell mass in proliferating mammalian cell
lines, also indicating their importance to cell growth [22]. Various cell
lines producing recombinant proteins have been shown to improve
their productivity, product quality, and delay apoptosis upon supple-
mentation of customized amino acid feed [23-28]. Depletion of even
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non-essential amino acids, such as asparagine, has been reported to
result in misincorporation of other amino acids during translation. This
indicates the importance of maintaining adequate amino acid supply
[29-31]. At the same time, recent reports have also shown that high
concentrations of amino acids in the culture lead to the accumulation of
inhibitory metabolites [32]. Thus, feeding amino acids is essential to
maintain an adequate supply of nutrients while avoiding a large initial
excess. We have previously reported the use of hydrogels for the in situ
delivery of glucose to animal cell cultures. We now explore whether
similar hydrogels can enable simultaneous in situ delivery of a mixture
including 18 amino acids.

3.1. Hydrogels can maintain a continuous supply of amino acids for an
extended duration suitable for supporting animal cell culture

A hydrogel formed by the bulk polymerization of HEMA with
EGDMA as a crosslinker was evaluated for in situ release of a nutrient
mixture including 18 amino acids. Since alanine and glycine are typi-
cally excreted by cells in culture, they were not included in the feed.
Briefly, this hydrogel comprises a central monolithic reservoir system
surrounded by a hydrogel layer. The nutrient payload is dispersed as a
solid powder within the hydrogel matrix in the central reservoir. We
first formulated a simple feed mixture having the same composition as
the culture medium but without bulk salts. These hydrogels will be
henceforth called NutriGel, (composition in Table 1). The release of
amino acids from washed and pre-swollen NutriGel; was monitored in
PBS buffer over a duration of 2 weeks. Cysteine/cystine could not be
accurately quantified. Fig. 1a, b shows the cumulative release for 17
amino acids in the feed mixture. All amino acids continue to be released
from the hydrogel for a period of at least seven days.
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Release rate constants were further calculated for all amino acids.
Assuming a 0.75 void fraction in the central reservoir and after ac-
counting for the amino acid content lost during the wash, we calculate
that at the initial amino acid loadings used, the concentrations of all
amino acids in the reservoir except cysteine/cystine and tyrosine will be
less than their solubility at 37 °C. Hence, the release rate is assumed to
follow first-order release kinetics as described by the equation [33]

dm;
dt

= ki(mo; — my), resultinginm; = mm-(l - ﬁ) o
for i = 1-17, where m; is the amount of ith amino acid released at time
t, mg; is the initial loading of the ith amino acid in the reservoir, and k; is
the rate constant for release for the ith amino acid. The amino acid
release data for the first seven days was fit to the above equation (1) for
all amino acids except tyrosine to obtain the release rate constants. The
r? values for all fits were above 0.95 except for proline, phenylalanine
(r® > 0.92) and aspartate (r* > 0.68). For amino acids with very low
solubility i.e., cystine and tyrosine, a zero-order release is expected,
described by [33]:

dm;
dt

For tyrosine, the amino acid release data was fit to the above Eq. (2) to
obtain the release rate constants (r> > 0.84). It should be noted that
consistent with its low solubility, the release rate for tyrosine is very
low, and the release rate of cysteine/cystine is also expected to be very
low. Fig. 1e and f shows the release rate constants for all amino acids.
As per equation (1), the amino acid release rates are proportional to the
initial loading of the amino acid within the central reservoir. Thus, this
provides a very simple tool to vary individual amino acid release rates
for all amino acids (except cysteine/cystine and tyrosine) by varying

= ki, resulting in m; = k;t

(2)

Fig. 1. Cumulative amino acid release profile
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their initial loading.

To independently confirm the effect of initial loading in the central
reservoir on the release rate, we next evaluated a feed mixture com-
prising 8 mg each of all 18 amino acids along with 100 mg HEPES
(composition in Table 1). These hydrogels will be referred to as Nu-
triGel,™. Figs. 1c, d, and e, f shows the cumulative release profile and
release rate constants for release of all amino acids from NutriGel,".
The release rate constants are similar to those calculated for NutriGel;,
indicating that the release rate is indeed proportional to the initial
loading of the amino acid in the reservoir except for tyrosine and is not
substantially affected by changes in the composition of the other amino
acids in the reservoir.

A plot of release rate constant in NutriGel," vs. solubility at 37°C
shows a weak positive correlation (Fig. 1g) (amino acid solubility at
37° C was calculated using the Sober equation, § and 6 for the equation
were obtained from Bowden, 2018 [34]). There is no correlation be-
tween the release rate constants of the amino acids and their molecular
weight (data not shown). This is not surprising since the molecular
weights of all amino acids lie within a narrow range. The local pH in the
reservoir, which is not known, could affect the charge on the amino
acids and hence their release. Due to the buffering action of HEPES and
the effect of pH on the solubility of amino acids, we next assessed
whether the presence of HEPES in the payload had any effect on release
rates. The release rates for the amino acid formulations in NutriGel,
were then analyzed in the presence of an equal amount of glucose in-
stead of HEPES (NutriGel,®). With the exception of lysine, there was no
substantial difference between the release rate constants in the presence
or absence of HEPES (Fig. 2).

To increase the release rates of tyrosine, the amino acid with the
lowest release rate constant, we dispersed 4 mg of tyrosine directly in
the bottom layer of the hydrogel. Release kinetics of tyrosine from such
a matrix was separately measured and found to be 0.09 mg/day. All
hydrogels containing tyrosine thus dispersed are indicated by including
T in the superscript in the name of the hydrogel. Since an oversupply of
cysteine can cause toxicity [35], no further loading of cysteine/cystine
was evaluated. However, a similar strategy can be used to increase the
supply of cysteine/cystine if desired.

With the demonstrated ability of NutriGels to release amino acids
over at least a week, we next explored whether such hydrogels could be
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Fig. 2. Effect of inclusion of HEPES in the payload
on the release rate constant. Release kinetics of

g = amino acids for prewashed NutriGel,™ or NutriGel,®
2 2 0.04 were characterized in 25 mL PBS with 0.05% sodium
_§ ':) azide at 37 °C under shaking conditions. Amino acid
& é concentrations were quantified by reversed phase
,,? ‘g 0.02 HPLC. Release rate constants for Nutrigel," (grey bars)
8% and for NutriGel,® (white bars). Release rate constants
g § for NutriGel,” are taken from Fig. 1E,F. Error bars
N 0.00 indicate 95% confidence interval, n = 2.

used to achieve a closed in situ feeding system for animal cell culture.
Though the release rate of only amino acids has been measured here,
other low abundance components of cell culture medium like vitamins,
trace elements, antioxidants also play an essential role [26,28] and
have been included in the feed mixture payload of the hydrogels used
for cell culture. We have used a recombinant CHO cell line expressing
1gG as a model culture system to assess whether in situ feeding of amino
acids and other micronutrients can enable an increase in longevity of
the culture in order to increase productivity. We first use a hydrogel
with a nutrient feed payload having the same composition as the cul-
ture medium but without the bulk salts (NutriGel,).

3.2. Continuous feeding of complex nutrient feed using NutriGel; improves
culture longevity and volumetric productivity of recombinant CHO cell
culture

NutriGel;” was evaluated with a suspension CHO cell culture pro-
ducing IgG to assess whether the in situ supply of nutrients through the
hydrogel has a beneficial effect on productivity and/or culture long-
evity. A culture without NutriGel;” served as control. Glucose was bolus
fed to all the cultures, as described in the methods section. The
NutriGel;” hydrogel was added on the 3rd day of the culture inoculated
at a density of 0.3 x 10° cells/mL. Fig. 3 shows the effect of the addi-
tion of NutriGel,” on culture performance for a representative culture.
The biological replicate cultures had differences in cell density in the
later stages of the culture beyond day 13 and are hence not averaged.
We also compared NutriGel;” to the traditional bolus fed cultures,
where the bolus feed had the same composition as the payload of Nu-
triGel, " and was supplemented as a liquid feed at fixed intervals. Fig. 3
also provides a comparison between the continuous mode of feeding
through a hydrogel and the manual bolus mode of feeding. The viability
of the cultures without the hydrogel decreased below 60% beyond day
8, while the addition of NutriGel,” or bolus feed resulted in main-
tenance of viability above 60% for at least 13 days among all replicates,
thus substantially increasing the culture longevity. This is reflected in
an average 2.7-fold (p value 0.0023) increase in integral viable cell
density (IVCD) and an average 4 fold and 4-fold (p value 0.0012) in-
crease in volumetric productivity of IgG (Fig. 3d) with NutriGel ;"
Bolus feeding led to an average 2-fold (p value 0.0027) increase in IVCD

A B C D Fig. 3. In situ delivery of nutrients
= ok ok through NutriGel,” leads to im-
2~ 8 100 ’E‘ 2 23 5 18 ok proved culture performance.
E’g 6 [ B e =1 . Suspension adapted CHO cells expres-
E% ; 8§ % 2 sing IgG were inoculated at 0.3 x 10°
82 4 2 50 23 2 cells/mL. Cultures were either bolus
%% 2 §< 25 S 4 § 0.6 fed only glucose (control), bolus-fed
s 3 K] |'I‘| complete nutrient feed (bolus fed con-
0F v v 0+ T = U "Bolus | 1 0.0 = " Bolus | trol) or NutriGel,” was added to the

0 10 20 0 10 2 Control o NutriGel, T oS iGel,T
) fed utriGel, Control  foq  NutriGel, culture on the 3rd day and cultures
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(NutriGel, 7). (A) Viable cell density. A

representative growth curve is shown. (B) Viability (C) IVCD (D) Relative IgG titer. O — control, A -bolus fed control, O — NutriGel,”. Error bars indicate 95%
confidence interval, n = 5 for cultures supplemented with Nutrigellr, n = 4 for control cultures, n = 2 for bolus-fed control cultures.
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Fig. 4. In situ release of only amino acids does not result in improved cell
growth. Suspension adapted CHO cells expressing IgG were inoculated at
0.3 X 10° cells/mL. NutriGel;**™¢ was added on the 3rd day. Cultures were
bolus-fed with glucose as required. (A) Viable cell density. (B) Viability. O -
control, O - NutriGel,**™, Error bars indicate 95% confidence interval, n = 2
for control cultures and n = 3 for cultures supplemented with Nutrigel,*>™¢.

and an average 3.8 (p value 0.0001) fold increase in volumetric pro-
ductivity of IgG compared to the control. The differences between the
bolus and NutriGel fed cultures are not statistically different. Thus,
supplying the feed nutrient mixture through the hydrogel led to sig-
nificantly increased culture longevity and volumetric productivity
compared to the control demonstrating the proof-of-concept that a large
number of nutrients can be simultaneously supplied in situ to support
cell culture. It should be noted that the composition of the nutrient feed
mixture loaded into the hydrogel is identical to the medium formula-
tion, with the exception of the omission of bulk salts and glucose, and
has not been optimized for improved culture performance.

Nutrients in cell culture medium other than amino acids such as
vitamins, trace elements, and antioxidants also have a significant im-
pact on cells in culture and have been shown to improve growth and
productivity [28]. The NutriGel,” hydrogels have a payload of vita-
mins, antioxidants, trace elements, and other micronutrients, as listed
in Table 1, in addition to amino acids. Though the release rates of these
other nutrients included in small quantities in the payload have not
been quantified, we questioned whether the release of any of these
other nutrients contributed to the increased culture longevity. We in-
vestigated this by making hydrogels identical to NutriGel, ", but without
particular classes of nutrients such as vitamins, trace elements and
antioxidants and analyzing their effect on culture longevity.

3.3. NutriGel; hydrogels also supply other classes of nutrients that help in
improving culture longevity

We first formulated NutriGel,*"¢ with a payload of only amino
acids in a composition identical to that in NutriGel, along with glucose.
The NutriGel,**™¢ were similarly added to the culture on day 3, and
the culture was fed with glucose as a bolus when the glucose con-
centration decreased below 2g/L. The culture data shown in Fig. 4
indicates that in situ supply of only amino acids through NutriGel, *™¢
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does not result in a culture performance similar to NutriGel,” (Fig. 4).
Viable cell densities of cultures supplemented with NutriGel;**™C are
similar to control cultures without the hydrogel and show no increase in
IVCD. This supports the conclusion that at least some of the other
micro-nutrients are being delivered to the culture through the Nu-
triGel; " and their release contributes to the improved culture longevity.

3.4. Vitamins and trace elements are released from the NutriGels and
contribute to improving culture longevity

To identify the nutrients essential for enhanced culture longevity in
NutriGel,” as compared to NutriGel,**™¢, we supplemented CHO
cultures with hydrogels identical to NutriGel,”, but with one category
of micro-nutrients absent. The payload in these experiments was as-
sembled by mixing all individual components in solid form for the
macronutrients, while the micronutrients were added as a stock solu-
tion followed by drying, due to their low levels. These hydrogels were
NutriGel,"™Y, NutriGel;™™, NutriGel,"*°, NutriGel,”™, and
NutriGel, ™ lacking vitamins, trace elements, antioxidants (ethanola-
mine, putrescine, glutathione, and vitamin C), thioctic acid and nu-
cleoside precursors respectively. Fig. 5 shows the IVCD, and peak viable
cell density for NutriGel, ", NutriGel, " Y, NutriGel; ", NutriGel, "°,
NutriGel,"™, and NutriGel,™. The absence of vitamins in the hy-
drogel led to the lowest IVCD followed by the absence of trace elements
indicating their importance in maintaining culture longevity. When
NutriGel,**T was supplemented with vitamins and trace elements in
the payload, the IVCD was restored to levels similar to NutriGel,” (data
not shown).

3.5. Use of NutriGel,™"7 to reduce the differences in release rates of all
amino acids in fed-batch cultures

The amino acid composition in the payload for NutriGel, is similar
to the culture medium. As shown above, the release rates of amino acids
are proportional to the initial loading in the reservoir. Thus, amino
acids, such as arginine, which are already in high abundance in the
medium, have a high release rate. It is increasingly becoming evident
that excessive supplementation of amino acids can lead to the pro-
duction of inhibitory metabolites [32]. Amino acids, like arginine have
also been shown to have a negative impact on protein production [36].
At the same time, amino acids like aspartate, which are present at low
concentrations in the medium, have low release rates, which could limit
their availability [37]. Consequently, in order to support cultures at
higher viable cell density, we next examined the effect of using Nu-
triGel,” hydrogels containing 8 mg each of all amino acids instead of
NutriGel,". Additional vitamin and trace element loading was included
in the NutriGel,"” hydrogels since the release of these two groups of
micro-nutrients was seen to be essential for the increased culture
longevity. This hydrogel is referred to henceforth as NutriGel,"V™.

We evaluated the effect of in situ feeding cultures seeded at a higher
cell density of 5 x 10° cells/mL. NutriGel,""" was added to the cul-
ture at the time of inoculation while no hydrogel was added to the

Fig. 5. Effect of exclusion of different classes of nu-
trients from the payload of the NutriGel on culture

~60 *k 2 *
'é g 'é 6 '_\ longevity. Suspension adapted CHO cells expressing IgG
§40 82 4 were inoculated at 0.3 x 10° cells/mL. NutriGels deficient
[al:) = T:S‘ in a single class of nutrients were added on the 3rd day
g % 20 ; 2 2 and cultures were bolus fed glucose as required.
N I—I S % Nutrigel, ", Nutrigel,” ™V (without vitamins), NutriGel, "™
% 0+ S Te T . T A0 T : : o (without trace elements), NutriGel, ™ (without nucleoside
= 5 e : :‘ g li_ 'Esn & E 3. § 2 precursor), NutrigellT'Ao (without  antioxidants),
-g) E"D '§; - 53 ) ‘B En - e = ?n NutriGel, ™™ (without thioctic acid). See Table 1 for the
2 g E %" f__-f ‘5 E ‘B %" _?a E‘) g detail formulation of the NutriGels. (A) IVCD and (B) Peak
Z. 2 5 2 Z ;2 3 g 3 Z viable cell density. Error bars indicate 95% confidence
s oz z Z z X
Z interval, n = 2.
6
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Fig. 6. Use of NutriGel,™ ™" hydrogel to reduce the
differences in release rates of all amino acids in
fed-batch cultures. Suspension adapted CHO cells
expressing IgG were inoculated at 5 x 10° cells/mL.
Nutrigel,™V"" was added on day zero and cultures
were bolus fed glucose as required. Control cultures
were bolus fed only glucose. (A) Viable cell density. A
representative growth curve is shown. (B) Viability (C)
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control culture. Both cultures were bolus fed glucose as described in the
methods section. There is no difference in peak viable cell density with
the addition of NutriGel,”"™" indicating the per cell supply of nutrients
achieved in this condition does not support higher cell growth. In the
absence of NutriGel,"V™, cell viability was maintained above 80% till
day 6. Addition of NutriGel,"™ ™" led to viability above 80% till day 10
with an average 1.2-fold higher IVCD (p value 0.24) and a 1.9-fold (p
value 0.014) increase in volumetric productivity of IgG compared to the
control. Volumetric productivity of 1.5g/L was achieved with
NutriGel,™V*T (Fig. 6). This again demonstrates the ability to improve
culture performance by in situ release of nutrients. Though this parti-
cular hydrogel loading formulation did not support higher growth,
culture volume and/or amino acid loading can be trivially changed to
adjust the per cell release rates to further optimize the release rates per
unit volume for increased growth if desired.

3.6. A completely closed continuous in situ feeding via hydrogels for animal
cell culture requiring no operator handling

With NutriGel,", we successfully demonstrated the utility of a hy-
drogel to feed amino acids and other nutrients to improve culture
performance in terms of growth and productivity, but glucose was
supplied via bolus additions. To make a complete in situ feeding system,
glucose was also further delivered through the same hydrogel to avoid
any bolus feeding. NutriGel; ™ has an identical payload as NutriGel, "
with the addition of 200 mg glucose. Release kinetics for hydrogels
loaded with 200 mg of glucose is shown in Fig. 7a. Cultures supple-
mented with NutriGel; ¢ hydrogel on day 3 led to improved culture
longevity with an average 1.8-fold (p value 0.004) higher IVCD along
with a 3-fold (p value 0.011) higher volumetric productivity of IgG
compared to the control cultures in batch mode (Fig. 7e, f).

A B

IVCD (D) Relative IgG titer. (O - Control, O -
NutriGel,™™T, Error bars indicate 95% confidence
interval, n = 2.

Importantly, with the addition of NutriGel, ™, there is no requirement
for operator handling for the feeding of cultures (Fig. 7). The statistical
significance of the differences between this completely closed culture
and the NutriGel added cultures which were bolus fed glucose as de-
scribed above is p = 0.03 and p = 0.21 for IVCD and titer, respectively.
This indicates no significant difference in titer when glucose is either
fed as a bolus or through the NutriGel. The difference in IVCD may be
due to the nature of the glucose release kinetics through the hydrogel. A
separate hydrogel could be used for glucose delivery to provide in-
dependent control on the rate and duration of glucose release. The use
of other slowly metabolizing sugars in addition to glucose may result in
further improvements to the culture performance. A separate glucose
loaded hydrogel can also be used to obtain independent control over
the glucose release rate.

4. Conclusion

In this study, we report for the first time, the development and
application of a diffusion-based inexpensive hydrogel system for con-
tinuous in situ feeding of a complex mixture of all nutrients required for
mammalian cell cultures, including amino acids, vitamins, and trace
elements. The hydrogel includes the complex nutrient feed dispersed in
the form of a solid in a central reservoir. This prevents dilution of the
culture seen in traditional fed-batch cultures where the feed is added as
a concentrated solution whose strength is limited by the solubility of
the nutrients included. At the end of the culture, the culture can be
pipetted/pumped out from the culture vessel leaving the hydrogel be-
hind. No additional separation step is required. We demonstrate that it
is possible to modulate the release rates of individual amino acids
through this hydrogel by changing their initial loading in the central
reservoir, with the exception of low solubility amino acids tyrosine and

C

Fig. 7. Complete in situ continuous delivery
of all nutrients through NutriGel;™¢ also

3 g ~6 100 results in improved culture performance.
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possibly cystine/cysteine. This provides the ability to tailor release rates
for individual amino acids as required for the specific application. The
release rates of these low solubility amino acids can be increased if
required by loading them outside the reservoir of the hydrogel. The use
of higher solubility/stability modified amino acids, such as phospho-
tyrosine disodium salt can also allow control over the release rate of the
low solubility amino acids through the reservoir if desired [10,38].
Though the release rates of the other micronutrients like vitamins and
trace elements were not measured, we show that their incorporation
was essential for the improved culture performance. This indirectly
confirms that at least some of the other nutrients are indeed delivered
through the hydrogel. Further characterization of release rates of mi-
cronutrients will help in the optimization of the feed loaded in the re-
servoir.

Such systems can help small-scale animal cell culture platforms to
achieve continuous nutrient feeding in a completely closed use-and-
throw format without any additional infrastructure. We have not
evaluated the shear sensitivity of the NutriGel, but such studies can
guide exploration of application in small scale single-use bioreactors
like the WAVE bioreactor. In situ continuous feeding at small-scales can
also allow the development and use of leaner culture medium, which is
more representative of conditions encountered by cells in vivo [39]
since cell growth will no longer be limited by the initial nutrient con-
centrations in the medium. In situ nutrient feeding reported in this
study, in addition to in situ pH management described previously [40],
can enable completely closed systems in single-use platforms requiring
no operator intervention which may be of use in bioprocessing as a
screening tool for animal cell-based bioprocesses and in production of
patient-specific cell-based therapies.
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