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Abstract

Biopharmaceutical technology development is tailored towards the generation of cell expression systems
and bioprocesses for the production of recombinant proteins. Regulageycies require production cell

lines to originate from a single cell. Differanethods can be used to achieve clonality, including single cell
sorting via flow cytometry. Following cloning, typically hundreds of clones are screened to identify high
producers. Therefore, the ability to enrich for cells with high expression of tigetaecombinant protein

of suitable quality during the cloning process could reduce timelines and reduce the number of clones
screened. Here flow imaging technology for thelation of high producing monoclonal antibody
expressing Chinese hamster ovariA(@ cells was used to select cells based upon particular cell attributes
and used to establish whether these correlated with antibody titre. Subsequently, a directed emolutio
approach was undertaken to generate a new CHO cell host pool which was theareohip the original
control host for its ability to produce a range of antibody molecules.

Initially, a panel of recombinant CHO cell lines expressing a model antibodby (mad characterised in
terms of growth, productivity, intracellular recombinantrgbein and mRNA amounts. Imaging flow
cytometry assays, using commercially available dyes, were developed to investigate organelle content, and
multiplexed with heavy chairHC) protein antibody to probe correlations between organelle content and
productivity at the cellular level. Correlations at the population levels between the average intensity of the
organelle staining and cell culture parameters were also investigagsdsbme content was identified as
having a positive correlation with specific mpdoductivity. Cell sorting based on lysosome content (high,
mid and low florescence intensity) was performed ahigh lysosome content cell sortirigd to the
isolation of ells with increased productivity compared to unsorted cells. The range of incre¢iasewas
molecule dependent, with titre increasing by up to 200% for what was considered an easy to express mAb
(ETE), and 30% for a bispecific mAb. Moreover, the inciadiéee was due to an increased homogeneity

of the heavy and light chain (LCpesssing population and delayed apoptosis of the cells in culture.

Following this, directed evolution of theHO host was undertaken in an effort to isolate CHO cells with
increased lysosome content. To achieve this, the host cell line was subjectediiicahdirected evolution

with chloroquine (CQ), a chemical known to increase lysosome content in cells. The host cell line was
treated with CQ for 15 passages, until-€€atment no longer negatively impacted cell growth or culture
viability. The initial¢ontrol) and evolved hosts were then transfected to generate stable pools expressing
an ETE, difficult to express (DTE) mAb and a bispecific mAb. The evolved host outgktfierstandard

host for all three molecules tested, with increases in productivigging from 2 to 5.8old whilst
maintaining higher culture viability throughout the fdxhtch experiments. Mechanistic studies to
determine the cellular attributes undenpning the increase in titre following G&olution were then
undertaken, includingnonitoring protein expression of key target proteins in high lysosome content sorted
cells and the C@volved cells, and their respective controls. Transcriptomic analysRNAsequencing

was also undertaken to investigate differences between the stehdad C@volved hosts to understand

the mechanism(s) and pathways involved in the underlying increased performance. Surprisingly these did
not reveal any specific changeslysosome activity in the G€volved cell pool on day 7 of the féxtch

culture and thus the mechanism(s) underpinning the improved productivity from these cells is likely to be
the result of multiple changes in the expression of different pathways andgjproteins.

In summary, this thesis presents two strategies to increase reawanbiprotein productivity from CHO

cells through the manipulation of lysosome content. The cell sorting strategy can easily be implemented in
the cell line development procesto isolate cells with enhanced productivity characteristics based on
lysosome cotent, whereas the C@volution based approach requires the development of a novel host
cell pool through directed evolution, in less than two months.
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CHAPTER 1

General Introduction and Background

This introduction initially describes what biopharmaceuticals are and how they are produced. It then
focuses particularly on Chinesbamster ovary (CHO) cells as hosts for the expression of
biopharmaceuticals and the intracellular pathways that may implaeir productivity. The different
strategies that have been used to increase CHO productivity are also discussed, with a focus on hos
cell line engineering. The development and role of flow cytometry in cell line development and
methods that have been uddo isolate high producing CHO clones is then described. Finally, the role

that imaging flow cytometry could potentially play iretieell line development process is discussed.

1.1 Biopharmaceutical development

G2S IINB 4G GKS 0SIMWWIR/2IOKS AR GWNEE FNIVSegE (GKS LI
oF ASRQ Y2tSOdzZ Sa¢ ¢SNB arfaldSAyQa waawdded tRedzNR y 3
Nobel Prize along with Jerne and Kohler for the discovery of the principle behind monoclonal antibody

production. More than 30 years later, his prediction has become reality.

1.1.1 Biopharmaceuticals

Biopharmaceuticals are a class of biologite@lcromolecules that include monoclonal antibodies
(mAb) and antibodylerivatives, as well as vaccines, hormones and nucleicpagdiicts [1].
Antibodies and their deviatives are generally produced from cultunechmmalian cell lines by direct
secretion into the culture media. Monoclonal antibody andfiision proteins constitute the most
prevalent type of recombinant biotherapeutic proteins commercially produced andfalseest
growing group of molecules in climictrials[2]. The biopharmaceuticals market continues to grow,
with over 54 new biologics appved in the past four years and a predicted rket for antibodies
greater than $150 billion by 203Q, 3, 4]

In 1986, the fully murine monoclonal antibody Orthoclone OKT3, used for theeption of kidney
transplant rejection, was the first mAb approved &tinical usg5]. OKT3, gecific for the antigen CD3
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present on Tlymphocytes, can bind and blockTé YLK 2 08 i SQa NBalLkyasS G2 (GKS
being a potent immunosuppressive drug, it also happettede strongly immunogenic, causing the

human immune system to attatke foreign murine antibodief6]. This led not only to a decreased

drug efficacy, but also increased the risk of complications. Since OKT3 approval, the mAb landscape

has evolved from murine chimeric mAbs to humanised mAbs and eventu@fifhéuhan mAbs (Fig.

1.1), eachadvancement has been accompanied by an exponential increase in product approvals and
saleq2].

w8

Mouse IgG Chimeric 1gG Humanised IgG Human IgG

Figurel.1 Evdution of the mAb landscape. From fully murine 1gG (Immunoglobulin G, yellow), to chime
with a human constant domain and mouse variable region (variable region in yellow), to humanised |
murine antigenbinding domains (yellow lines) and fihytio fully human 1gG (blue).

The needfor less immunogenic antibodies was obvious. Scientific progress initially achieved the
production of the chimeric antibody, composed of a human constant immunoglobulin G (IgG) region
and a mouse variable region, and eventually humanised monolcdoridodes, composed of a human
framework of antibodies to which murine antigdamding domains are attached (Fig. 1.1), decreasing
immunogenic concern§/]. Despite the use of human and humanised monoclonal antibodies, the
problem of immunogenicity has not been completely solved. For instance, Humirdirghdully
human antibody, showed immunogenicity in 12% of patig8}slt is possible that postanslational
modifications, product impurities such as aggregates or fragments, and manufacturing process

related impurities ca cause his immunogenicity in the human body.

¢KS LRGSYGALE 2F GKS&a$S Y!oa WYIF3IAO odAfSiaqQs
antibodies, has only been made further evident with more recent scientific advances. Antibodies have

the ability,in theotry, to bind to any extracellular protein target, as long as the antibody has access to

the antigenbinding site. With a further understanding of diseases at the molecular level and the easier
accessibility to patients nexgeneration sequencing datto detect new targets faster, mAbs offer a

rapid way to activate, inhibit or block specific targets. Therapeutic proteins have become a major part
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of treatments in various disease areas such as cancers, multiple sclerosis, asthma, rheumatoid arthritis
and orphandisease$l, 2] Due to the specific binding nature of ardities, more recently these have
also been used to carry cytotoxic drug molecules to specific cell sites through the development of

antibody-drug conjugate[9].

1.1.2 Expression systems used for biopimaaceutical production

Therapeutic proteins can be produced in a wide range of hosts including isadtsect, yeast, plant

based systems and mammalian cell lines. Out of the 10 bestselling biopharmaceutical recombinant
protein (thereafter also referretb as recombinant proteins) products approved in the United States
and Europe in 2013, only three vegproduced irk. coliwith the others being produced in mammalian

cell lines (Table 1.1P]. This prevalence of mammalian cell lines oven-nmammalian cell lines
correlates with an increase in molecules requiring human frastslational modifications such as
glycosylation1, 10] Different expression systems have various advantages and drawbacks for the
manufacture of a specific biopharmaceutical and having a heterogeneous panel of expression systems
allows different production strategies dependimn posttranslational requirements of the molecule

(e.g. glycosylation) and scale of the product required, for example from small quantities for individuals

with orphan diseases, to hundreds of kilograms for blockbuster medicines.
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Tablel.1 Ten bestselling biopharmaceuticals in 201

Product Molecule Production Company Treatment Sales (U.S.$
type host billions)
Humira mADb CHO AbbVie Arthritis 11
(adalimumab)
Enbrel Fcfusion CHO Amgen Arthritis 8.76
(etanercept) protein
Remicade mAb Murine Johnson & Arthritis 8.37
(infliximAb) myeloma Johnson
Lantus (insulin Protein E. coli Sanofi Diabetes 7.95
glargine)
Rituxan mADb CHO Roche Arthritis and 7.91
(riximAb) cancer
Avastin mAb CHO Roche Cancer 6.97
(bevacizumab)
Herceptin mAb CHO Roche Cancer 6.91
(trastuzumab)
Neulasta Protein E. coli Amgen Neutropenia 4.39
(pegfilgrastim)
Lucentis mAb E. coli Roche Macular 4.27
(ranibizumab) degeneration
Epogen Praein CHO Amgen Anaemia 3.35

(epoetin alfa)

Various human cell lines and mouse myeloma cell lines are amongst those used as mammalian
expression systems. Human embryonic kidney (HEK) and human embryonic retinal cell line PER.C6
cells have the capability to produce peins like those native to human with the appropriate
translational modification$11]. HEK cells can deliver transient recombinant protein titres up to 0.6

g/L in fedbatch to produce a single chain variatfleantibody fragmen{12], while PER.C6 titres are

closer to those achieved in CHO cells, with stably transfectedredl leaching up to 8 g/L in fed

batch and 27 g/L in perfusionstgms[13]. For noshuman mammalian cell lines, NSO cultured cells
typically reach up to teifiold lower cell concentration and mAb production than CHO cell lines, with
reported titres ranging from 0.1 to 0.8 g/L in fdxhtch[14]. Despite reducing the risk of human virus

transmission, one disadvantage of rRbaman manmalian cell lines is that they can produce post
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translational mdlifications that are not present in humans, such as galaetdigleal,3galactose and
N-glycolylneuraminic acid, requiring screening for the appropriate glycan pr{ffes7]. Across the
different mammalian cell lines however, CHO cells remain the main expression system used
commercially for the production of monoclonal antibodies andissassed in more detail in section

1.2.

1.1.3 Overview of biopharmaeutical production

Biopharmaceutical manufacturing requires the production of commercially relevant quantities of
therapeutic proteins. It is now possible for cultured CHO cell lines to reach specific productivity of over
50 pg/cell/day and an overall térbetween 5 10 gL - a 1000fold titre improvement from the titres
achieved in the mid980s [16, 18] Commercialmanufacturing is usually performed in large
bioreactors, with volumes of 10,000 L or larger, usimgpension mammalian cell lines. The production
process relies on critical parameters such as the specific growth rate of the cell line, the length of the
process to achieve the final desired quantity and quality of product, and consequently the specific
production (gP) of the cel[49].

Biopharmacetical generation starts by delivery of the DNA, usually as part of plasmid DNA, encoding
the geneof-interest into the host cells (Fig. 1.2, Transfectionan§ient transfection of the vector is
usually used for small scale early characterisation of tficagy and manufacturability of the
molecule[20], but a stable transfection is standard for larggale production. DNA delivery methods
include c#&ium phosphate DNA eorecipitation, polyethyleneimine (PEI) delivery and

electroporation[21, 22]

Thetransgenevector usually contains a second gene that acts agetabolicselectionmarker, althaigh

other markers such as antibiotics can be usBae selection agent is added to the culture media a few days
post-transfection thereforeonly cells that have integrated the vector with the seleaimarkerwill survive

(Fig. 1.2, Selection). The two st@ommon selection genés mammalian cells for commercial production

of biotherapeuticsare dihydrofolate redctase (DHFR) and glutamine synthetase (GS). Cells are cultured in
media lacking hypoxantine and thymidine in the case of DHFR and, glutarttieecese of GS, to prevent
growth of nontransfected cells. Both systems also have the potential of being iglfor amplification

of the gene copy number: supplementitige GSsystem with methionine sulphoximine (MSX), an inhibitor

of GS activity, perits gene amplification by using MSX additions into the mgig Equivalent results

can be achieved Wi the use of methotrexate (MTX) with cells using the DHFR s)&&R5].

The next stepn cell line developmenis cloning, during which single cells are isolated and expanded as

clonal populations (Fig. 1.2, Cloning). Proof of monoclonality is required by regulatory adeéliesd

5
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different methods have been approveihcludinglimiting dilution, singlecell printing, cloning via flow
cytometry, and ClonePi27, 28] Limiting dilution usually requires two rounds of cloning to achieve the
required probability of monoclonalityvhich can be a legthy protocol. Cells are diluted to vetgw
concentrationsand plated into multiwells plate. Two rounds of limiting dilution can yieldrobability of

monoclonality up to 99%29].

ClonePixL (Molecular devices) uses automation and robotics to monitor protein secretion by measuring
fluorescence intensity of secreted proteins retained by seatid media around the original colonig28,

30-32]. Protein production can be assessed by the halo size and intensity of the fluorescence signal,
evaluged by images taken, enabling the picking of single cells from high producingesdig®, 31]
ClonePix is a more rapid cloning method than limiting dilytiaithough it still requires two rounds of
cloning In three weeks, ClonePix can screen 10,000 clones, in contrast to limiting dilution which can
typicallyprocess 1,000 clones in eight weeks. Screening a larger number of clones increases the probability
of finding higher producing clones. For instancion€Rx has been able to detect rare higinoducing

clones, with a frequency as low as 0.003%. Cloning vidlow cytometryisdiscussed more in depth later

in this chapter(see sectiori.4.3.

Following recovery from the cloning process, cell lines are screened and characterised to identify high
producers with the optimal growth profile and desired product dpyadttributes (Fig. 1.2, Screening). Cell
culture process development, after cell line generation and selection, requires process and media
optimisation. Prior to scaling up into industriatale bioreactors, it is important to predict how the cells

will behawe in culture conditions. This is usuadighievedon smaller scale systems, including 24 wpddkes

and shake flasks (Fig 1.2, Expansion).

Transfection Selection Cloning Screening Expansion
P X ~ -~ ‘ // \ //' '\\
Titre Shake
ambr flask Bnoreattor
) YooY
2 Wy vy ~¢Y~x
¢ g
\ J 4 Upto
) (e Growth rismt tomat B0

Product quality )
A J/

Figure 12 Cell line development (CLD) process workflow. Followigsfection of the host cell, a selecti
agent is added to the cells, ensuring that only cells containing the transgene will s@eligeare expanded a
cloned via FACS, ClonePix, single cell printing or limiting dilution, followed by clonal exp@isies are the
individually characterised in terms of growth, productivity and product quality. The selected clones thi
the desired criteria are then further characterised, for example in the ambr system, shake flasks and e\
bioreactors.
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Recent scalelown models, such as the ambr, have been developed to mimic the conditions of large
bioreactors.This technology uses singlise bioreactors that only require 115 mL of culture media

per vessel, and deliver cell culture profiles thatror those in 200 L stirred tank fdshtch bioreactors

[33]. Scaledown bioreactors are monitored individually via an automated workstation. The controlled
environment of the ambincludes monitoring and control of dissolved oxygen and carbon dioxide
concentrations, pH, temperature, and specific nutrient levels, specifically gl{@8séAmbralso has
specific physical features, enabling different form of gas distribution, as well as rate of stirring of the

media and cells, ensuring culture homogeneity.

Following a standard lday fedbatch pocess, the final culture media is harvested by centrifugation
for downstream processing. MAb capture and purification, at AstraZeneca, is typically performed by
protein A chromatography, which binds the Fc region on the heavy chain of the antibodynPxotei
chromatography also includes a low pH elution step for viral inactivation. Typically, purification also
includes further purification steps for example, aniexchange chromatography and catierchange
chromatography, as well as a final filtration gte remove virusesThe product is then filled into the
appropriate vial or deice bythe formulation team After the stability of the prodct has been tested

over time and over different storage conditions (iecreasedemperature), the final product is ready.

Upstream Process

Production

Inoculation Seed train
culture
Purification

Protein A lon-exchange Viral inactivation
chromatography chromatography and filtration

o -H-H-[

Centrifugation

Formulation
" Stability Final
Bulk fill studies product

v, R

Figurel.3 ¢ Overviewof the CHO production procesfom the upstream process which generatthe mAk
through purification (downstream proceywhich purifies the produend,formulation, which findthe optimal
formulation for the productandtestsits stability, to generate the fingbroduct.
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1.2 Chinese hamster ovary cells

Prior to their success as the cellular factory of choice for bioprocessing, CHO cells were popular for
studies in molecular and cell genetics due to their large chromosomes and the simplicity with whi
mutations could be distinguishg@4]. Their small number of chromosomes, usually ten autosomal
pairs and two sex chromosomes, also made them attractive. CHO cell lines were first isolated and
developed by Theodore Puck in 1957 from ovarian tissue from an outbred Chinese hgghgtar

reduce homozygosity34, 36] The trypsiisation of the ovarian tissue led to a population of
predominantly fibroblast cells and was subculturgd vitro for ten months. Despite numerous
passages, the cells did not display any signs of senes§&ncéAt some point throughout the ten
months, it was noticed that the original fibroblast morphology of the cells had changed towards an
epithelioid morphology anghhenotype, which outgrew the fibroblasts and umdent spontaneous
immortalization [34]. This new ppulation of cells also happened to be prolideficient, which
suggested that genetic mutations had occuri@8]. The genetic causes underlying the phenotypic
change or cellular immortalization are still poorly understood and if dagircell line generation was

performed today, iis unlikely that it would meet regulatory or industrial expectatif®#).

1.2.1 History of CHO cells in bioprocessing

5SaLIAGS GKS aYealdSNERé Adz2NNRdzyRAYy3d G(GKS -0B)ReISNI G A2
line was shared by PudB5] with many interested laboratorie$39]. CHO cells quickly became
NEy2gySR T2NJ oS A ¢irFastdéubliNgRitné even yhRnedfa2vd laiiv Koetal bovine

serum concentrations, leading to their widespread use. Decades of individual and parallel culture of

this genetically unstable host led to sfdmilies of CHO cells lines (Fig. 1.3), with the mogular in

current times being CH®&1[40], CHGDX B1141], CHGToronto, CHe5 [42], CHGpro3 and CHO

DG44[43], all originating from CHOri (Fig. 1.3)34, 44] These different cell lines can be considered

& aljdzr aAaLISOASasyY | 3 NEgianitadich atdNdBvirdniedtRandirbuihitha & dzo 2
most of the descendants carry at least one mutatid4, 45] Despite originating from an initial clone,

this family of cellines has many differences in terms of their individual phenotypes and optimal cell

culture parameterg44]. Moreover, the karyotype of current CHO cell limasiesgreatly from that of

the Chinese hamster, with genetic changes such chromosomal rearrangements or deletions leading

to CHCcells being quadiploid, as many chromosomes no longer form distinct ({diss46] Ten years

after the isolaton of CHG®ori in 1957[35], the CHEK1 cell line was generatdd0]. To optimise the

creation of a stable cell line for recombinant protein productiosekection system was needed. GHO
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DXB11 was created as a derivative of the ®4Qystem, with the ai of developing a stable cell line

for protein production. CH@®XB11 generation relied on directed mutagenesis to eliminate DHFR
activity, resulting in cedlwith an inability to reduce folate hence halting thymidine and hypoxanthine
synthesig47] [41]. This cell line became the pioneering cell line in biotechnology due to its capacity
to enable gene amplification by taking advantage of the DHFR syit®mn However, minimal
reversion of DHFR activity was still present in @XB11, which led researchers to create a new cell
line. Using CH®Ori, full deletion of the two DHFR loci on chromosome 2 was performed, creating the
CHQDGA44 cell lind43]. CHGToronto, a sister cell line of CHQ, was later used to develop a

suspension cell line, CH&)42].

CHO-ori
Random immortalisation
Established by Puck

/\

CHO-pro3 CHO-K1 CHO-Toronto
CHO-DG44 CHO-DXB11 CHO-S

Figure 13 CHO cell lineage, with the numerous cell lines originating from the original CHO cell lineriCH¢
established by Puck in 1957.

In 1987, a tissu@lasminogen activator deveped by Genentech, was the first approved therapeutic
protein produced in CHO cell86, 49] Since then, CHO cell lines have dominated the production
pipelines and are the primary choice for production of mAbstaed derivatives, being used for the
manufacture of over 70% of currently appravbiotherapeutic recombinant protein®0]. As a cell

line that has been heavily used and chaterised over the past three decades, the CHO cell platform
process for developme and manufacturing has been established and continually improved, which
has reduced timelines both for generation of cell lines and for approval by regulatory agencies and

has increased access to goods like chemickdfined (CD)media[15].

CHO cell lines have also been demonstrated to be a safe expression $gating to easier approval
to market by regulatory agencies. CHO cells have ecestitisk of being contaminated by certain viral
infections compared to other mammalian cell lines and adventitious agent testing has proven to be

effective for the detectiorof viruseg51]. Moreover, CHO cell lines offer rapid growth in suspension,
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high productivity, flexibility to & adapted to serunifree CDmedia, scalability and the ability to
perform posttranslational modifications similar to human cell lifB&]. As described previously, high
specific productivity can be achieved by taking advantage of the gene amplification systems such as
DHFR or G®ediated gene amplification strategi¢®3-25]. Over the years, many other approaches
have been taken to increase the productivity of this host, which is discussed in greater degailon

1.3.

Importantly, CHO cells can perform hurdldte glycosylation such as galact@dign, alphal,é
fucosylation, bisecting{dcetyl glucosamine and sialylatifi6]. This is particularly important as pest
translational modifications that are compatible and native to humans are essential fofftbaoy of
many biotherapeuticecombinant proteins. Indeed, neglycosylated IgGs have been shown to have

low to no efficacy activity and can impact the safety profile of the recombinant pr{&irb3]

1.2.2 Structure, folding and secretion of mAb

Antibodies and antibodgerivatives are some of the main biotherapeutic reconapih protein
molecules expressed in CHO cells. The antibeslyalde serves a dual function: the identification of
foreign cells or macromoleaes at the Nerminus of the molecule, and thet€rminus is responsible

for triggering a response that aids cleaca of the foreign molecule. Subcategories of IgG exist that
include 1gG1, IgG2, IgG3 and IgG4. IgGs share more than a 90% identical ahtiontant, yet each
subclass has distinct characteristics in terms of antlgading, immune complex formationalki-life,
complement activation and triggering of effector c§id]. The IgGs subtypes vary both in their amino
acid sequence and the positions of their disulphide bonds. The hinge region of the different IgGs, that
connect the two heavy chains (HC),digulphide bonds, contains a variable number of these bonds:
2 for 1IgG1 and IgG4, 4 for IgG2, and 11 for 5B The variable region can recognize a poternyiall
limitless number of antigens, giving rise to the extreme heterogeneity of antibodies. Within the
variable regiorexist three hypervariable regions per chain, constituted -df05amino acids, which

form the antigenbinding pocke{54].

The antibody constant region affects various physical and chemical characteristics of antibody binding.
Studies in which the same vable regions were expressed with different constant regions showed
that the constant regions can influence thdiaity, magnitude of binding, specificity and kinetics of
binding [56]. Such findings are valuable for the design and oigttion of new antibodies and

recombinant proteins.

IgG1, the most abundant form of IgG and the type of molecule expressed in the celilimesthis

study, will now be referred to simply as IgG. The IgG istajyed molecule formed of two identical

10
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HC approximately 50 kDa, and two identical light chains (LC) approximately 25 kDa, attached together
by disulphide bonds, totalling a moleculaeight of approximately 150 kDa. It is subject to post
translational modifications such as phosphorylation, giytation and deamidation for exampg7].

Both HC and LC are composed of a variable region and a constant region. There are two types of LC,
lambda and kppa, whichconsist of one Merminal variable domain (VL) and one constant domain
(CL) (Fig. 1.4). The HC is composed oftenriinal variabé domain (VH) and three constant domains
(CH1, CH2, CH3) (Fig. 1.4), and the hinge region connecting CH1 to CH2, thdiffegidretween

the different IgG subclasses. The antibody can further be divided into functional parts. The Fab, the
antibody bindng regions, consists of one constant and one variable domain of the HC and LC, while
the Fc region consists of the two HOwains CH2 and CH3, and binds to various receptors on target
cells[3, 58] Binding of theantibody to its target can lead to different results, such as neutralization
(blocking of the target cell signalling pathway), antibaliypendent cedmediated cytotoxic activity
(recruitment of macrophages and natutgller cells for the lysis of the tget cell) or complement

dependent cytotoxic activity (lysis of the target cells through the formation of a protein corf§8gx

VH
VL
Fab region CH1 O
. _ CL

CH2
Fc region

CH3

Human IgG

Figure 14 Human IgG schematic. Heavy chain in blue; Light chain in orange. VH and VL correspovat tattle
region for the heavy and light chain, respectively. CH1, CH2 and CH3 are st@nta@omains for the hea
chain, and CL the constant domain for the light chain. Disulphide bonds are shown as black lines, and
pink line

11
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1.2.3 Cellular congaints

Despite being one of the most popular cell lines to produce biotherapeutic recombinant proteins,
there are still challenges in generating recombinantlogts, especially for the production of complex
protein formats. Increasing the gene copy ruen of the transgene has been found to increase protein
secretion, however it eventually reaches a plateau where no additional protein is secreted, and higher
copy number could cause stability issues in the mAb expression, if cells were to lose copies of t
transgene[60]. At low levels of transgene mMRNA expression, titre and HC mRNA correlates, however
this correlationis not found when factors such as translation and secyebottlenecks are considered

G KAIKSNI GNI yaONRLIN tS@Stad C2NJ SEF YL ST GKS
high amounts of mMRNA and polypeptid®-64].

1.3 Previous strategies to increase CHO cell productivity and modulate cellular pathways
Productivity in cultured mammalian cell lines has improved over the past forty years, with specific
productivity reaching over 50 pg/chlay ard harvest titres between § 10 g/L for some antibodies

[16, 18] Many different approaches to targeting different cellular pathways and bottlenecks have

been used to generate cell lines with more desirgireductivity profiles.

1.3.1 Host cell line engineering

Engineering strategies have been reported to improve protein production from CHO cells, by
manipulation of cell growth65-67], cellular longevity{68, 69] metabolites and pathways that
underpin recombinant protein production itself (Table I72}73]. Yields can be increased by
improving translational pathways to increase théldar capacity for protein production by specific
chaperone proteins or reducing ER stress by limiting the unfolded protein response (UPR) or the
endoplasmiereticulum-associated protein degradation (ERAD)-74]. The mammalian target of
rapamycin (mTOR), essential for cell proliferation and protein translation, can also be manipulated for
improved productivity[65]. Finally, prolonging the duration of the fdwhtch by manipulating
pathways related to autophagy or apoptosis can lead to increased overall produf@®jtg9, 75]

This section will discuss some of the pathways that have beessiigated for cell engineerirand

some of the strategies developed to produce improved host cell lines or culture conditions that

increase productivity.
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1.3.2 mRNA translation, protein synthesis, translocation and folding pathway

CKS 9w A& GKS YIFYYIlI ALy yOfdighifieant rdle ilNggSeloty prateiB | y St
synthesis, transport and folding. Secretory recombinant proteins are traatglddnto the lumen of

the ER, which contains chaperones and folding enzymes that operate as a quality control system, to

be correctly blded and assembled prior to transport to the Golgi appargifd. Posttranslational
modifications such as-lhked glycosylation and disulphide bond formation are carried out in the ER

[77]. Other functions of the ER include intracellular calcium storage and biosynthesis of lipids and

steroids.

The ER quality control system is separated into two branches: a generic one, applied to all proteins to
confirm structural and biophysical feaes, and a protewspecific control, involving the recognition

of specific proteins by specialized chaperoifié8]. Chaperones are a group proteins that assist
incorrectly or unfolded proteins to achieve their correct conformation, but are not a component of
the final protein[79]. ER chaperones include the family of heat shock protein (Hsp) such as the Hsp70
family, which contains thenmunoglobulin heay chain binding protein (BiP). BiRiikey player in ER
guality control and assists in protein folding and is also involved in ERAD and tlie8JB® BiP is
essential for the protection of newly synthesized antibody HC before it assembles witlC{B&].

Other chaperone proteins present in the ER include protein digiddpisomerase (PDI), glucese

regulated protein 94 (GRP94), and two lectins; calnexin and calretjg@lin

Most glycoprotein folding, ah quality control is processed byloaxin and calreticulin, which both
prevent aggregation and premature export of incorrectly processed proteins from tH8ER4]
Following correct folding, calnexin and calreticulin transfer the protein to rmesyof the PDI family

for disulphide bond formatior{82, 85] BiPbinds hydrophobic areas of the proteins, preventing
aggregation until correct folding occurs, and chaperones both-gigoosylated and glycosylated
proteins. The proteins are then transferred to GRP34 that presents the partially folded protein to PDls
to complete foldind82, 86] When folding conditions are not met, GRP94 stays bound to the unfolded

protein, releasing the unfolded protein only when the appropriate folding conditions are resi8igd

Three pathways regulate ER homeostasis: thesfRciateddlding (ERAF), ERAD and UPR pathways.
Disruption of ER homeostasis can be caused by many factors including apaulef polypeptide

into the ER, abnanal oxidation or calcium levels, glucose deprivation, pH changes, or inhibition of the
posttranslatioral modification machinery88, 89] These disruptions result in the accumulation of
unfolded proteins in the ERvhich are defimental to cells due to nonative hydrophobic patches on

their surface that have the capability of aggregating with other proteins. These stresses can activate

the ERAD response, autophagy or lead to activation of the UPR pali8ya30]

14



Chapter 1¢ General Introduction an&ackground

ERAD plays an important role in ER homeostasis, by preventing the accumulation of misfolded proteins
in the lumen and membrane of the ER, a main cause of ER fds&RAD consists of the retro
translocation of the unfolded polypeptide chain into the cytosol, followed by degradation through the
ubiquitin-proteasome systerntf2]. The UPR, on the other hand, increases the protein folding capacity
by increasing transcription of genes that encode ER quality control proteins, folding enzymes, and
proteins involved in ERAIBI]. Initial response of the UPR starts with adaptation: protein folding is
increased by expression of particular chaperones; global mMRNA translation is reduced; and finally the
degradation of unfolded proteins is imased[93]. If adaptation fails, apoptosis is initiated, leading to
removal of the translation machinery, the dowegulation of presurvival factors, and evémally
apoptosis.

Three ERransmembrane proteins are responsible for activation of the UPR. These proteins are
doublestranded RNAactivated protein kinase (PKkRe endoplasmic reticulum kinase (PERK),
activaiing transcription factor 6 (ATF6), and inokrequiring enzyme 1 (IRE1) (Fig. 1.5). Each of these
sensors, activates its respective transducer: ATF4, ATF6 andbinding protein spliced (XBP1s),

upon dissociation from BiP.

PERKSs key role is to modaaglobal mRNA translation, yet it is alsedlved in the transduction of
pro-survival and preapoptotic signals depending on the cellular environment. Apart from being one

of the main sensors involved in UPR signalling, it is also activated under hampadxénergydepleted
conditions[81]. The accumulation of unfolded or misfolded proteins in the ER leads to the dissociation
of BiP from the Merminus of PERK, consequently dctit A y 3 t 9wY FyR LIK2aLK2NE
subunit of elF2.Phosphorylation ofi KS SL CHM &ddzodzyAl LINB@ZSyidia G(KS R
subunits, inhibiting elF2 the formation of the ternary complex and translatianitiation, and
consequently inhibiting general protein synthefd]. Decreased translation decreases the protein
folding load inhe ER while ERAD simultaneously increases the removal of accumulated proteins. ATF4
translation is activated byleCHh LIK2 A LIK2NEf F GA2YyY Y & KshrQval geddsR Y2 (0 S a
[82, 93, 95]

The dissociatio of BiPfrom ATF6 leads to ATF6 activation, leading to an upregulation efytaval
transcriptional factors. ATF6 is composed of two homologues: AaR6é ATF6, with the former

being the primary protein in the transcriptional regulation of arvivd genesfollowing ER stress

[96]. BiP dissociation from the-tdrminus of ATF6 is followed by its translocation, and its binding to,
the Golgi localization sequences (GLSH &1.S2), which are in the luminal domain of ATF6
Subsequently, the cytosolic domain of ATF6 in the Golgi is cleaved ypiéeases (S1P and S2P),
which release the transcription factor ATF6. As a transcrigtotor, ATF6 upregulates chaperone

expression as well as the degradation ofaldéd proteins. ATF6 increases the expression of BiP, PDI,
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the death transcription factor C/EBP homologous protein (CHOP), and ERAD components as well as X
box-binding protein 1(XBP1)89, 93, 97]

XBP1 is a simple leucine zipper transcription factor and exists in two forms: the unspliced form, XBP1u,
negatively regulates ATR@nscription, and the spliced form XBP1s which is transoriplly inactive

and is the most abundant isoform under netress conditions. XBP1s, when translated, upregulates
chaperone activity and genes involved in the UPR and protein degradi@@éip®8] XBP1 can alsartal

to BiP, enhancing the recruitment of proteins, allowing the ER to cope with high levels of protein
expression[98]. As BiP dissociates from the IRE1 receptor, the activated form of IRE1 cleaves 26
nucleotides from the XBRfianscript, generating the active isoform XBP4%J. IRE1 can also activate

c-Jun Nterminal kinases (JNK), which can activate apoptosis if the ER stress is not def¥@@ked

."” — ] . — . .“‘
{ - YalatalEaTd a2 =,) T i1l 19 \
‘ Endo PDIaSMIC RetiCu lum |
\ Unfolded protein response /

\\ /\/ Misfolded protein / \
2 @ IREL | |

XBPlu mR
; XBPls mRNA
Protein Apoptosis
synthesis
ATF4 ATF6 XBP1s
\ ERAD |
Cytosol ER Chaperone //

- Pro-survival genes 4

Figure 15 UPR pathways. Under normal conditions, BiP is bound to the receptors, inhibiting their si
activity. Upon detection of ER stress, such as when misfolded proteins accumulate, BiP dissociates ft
ATF6 and IRE1 leadihg their activation and a subsequent signalling cascade to promote ERAD |
expression, ER chaperone expression and increase in expression-sifrpinal genes. UPR activation
inhibits protein synthesis and can trigger apoptosis if ER homeestasit restored.
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Considering the ER as essential for secretory recombinant protein folding and assembly, strategies
have been developed to optimise CHO cell productivity through improved protein folding by
overexpression of members of the PDI fanaind other EResident chaperone proteins.

Mixed results were observed with chaperone engineering by PDI overexpression, slikedy
overexpressed chaperones could have different functions than at their normal physiological
concentrations, or the usefoa strong promoter for PDI overexpression could give additional
translation burden to the ceflF1]. No increase in specific productivity was recorded for the expression
of interleukin15[101] or thrombopoietin[70], and only a minor increase in P wasaeled for mAb
producing cell line§70]. PDI overexmssion even resulted in a decrease in productivity for a tumour
necrosis factor receptor fusion protejh01]. Overexpression of PDI and BiP, as well as overexpression
of BiP alone, has also demonstrated a negativeceffe productivity of mAb$102]. Transient ce
overexpression of PDI and endoplasmic rdtimn oxidoreductase resulted in an up to 55% enhanced
gP, whereas stable emxpression had no effect or a negativffeet, possibly due to the altered
oxidation state of POQV1]. In another study performed in CHO cell lingpressing an IgG4, transient
PDI overexpression did not have any impact onild§i3]. Controlled expression of other chaperones,
such as calreticulin and calnexin, have &lsen reported to have a positive impact on titre, resulting

in significant increase specific productivity without affecting grofvei.

Regarding modifications to the control of UPR signalling, various approaches have been reported
around ectopic expression oKBP1 in mammalian cells to increase production of secreted
recombinant protein, with mixed results. XBP1s overespien in CH®&1 cells increased cell
productivity independent of the product expressed or type of promoters (i88d104] Ectgpic XBP1s
expression was accompanied by phenotypic changes, an increase in ER and Golgi content, suggesting
a reduction in secretory bottlenecks. There were no advantages however in using this strategy over
other standard praiises such as low temperatucailtivation or controlled proliferatiofi73]. Ku et al.,
reported that XBP1s overexpression had no effect on the productivity of CHO cells stably expressing
EPO, but noted a significant increase for transiently expressind @l On the other hand, Pybus

et al., highlighted that XBP1s overexpression had the most impact on productivity in cells expressing
difficult-to-express (DTE) molecules rather than etasgxpress (ETE), suggesting an improvement is
more likely seen in cells with ER bottlenecks at folding and assembly §fa@de¥he mixed results
highlight the metabolic differences in different host cells as wethasmpact of the molecule being

expressed.

Confocal visualisation of intracellular bottleneck pathways during production of DTE molecules may
inform novel engineering strategies. A DTE bispecific was found to accumulate in the ER, with none of

the molecué present in thecisGolgi[106]. ER morphology was also dilated, and aggregates were
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found in Russel bodies, where BiP and calnexin r¢&Ri. Visualisation of bottlengks in a protein
dependent manner could facilitate the design of interventions that would be tailored to the organelle

and molecule of interest.

1.3.3 Mammalian target of rapamycin pathway (mTOR) engineering

Rapamycin was discoveréda the Easter Islands from soil sample, and was quickly recognized for its
antifungal, anticancer and immunosuppressive properties, and eventually led to the discovery of the mTOR
pathways[107, 108] These pathways integrate intracelluland extracellular signals to sense nutrients

and energy levels, to instruct cell growth and proliferation, prosinthesis metabolism, autophagy and

cell surviva[108-110]. Two structurally and functionallyisinct complexes are formed around mTOR: a
rapamycinsensitive complex, mMTORC1 and a rapamiysansitive complex, mTOR{121].

mTORCI1 signalling is considered amaster regulator of cell growth andellularand metabolic pathways

such asmRNAtranslation, ribosome biogenesis and autophagy. mTORC1 is formed of the regulatory
associated protein mTORaptor), prolinerich Akt substrate 48Da (PRAS40), mammalian lethal with-Sec

13 protein 8 (MLST8) dDEP domia TORbinding protein (Deptor) (Fig. 1.8)11, 112] The raptormTOR
association is present der all nutrient conditios, but the stability of the complex changes based on
nutrient availability{113]. During starvation or low nutrient conditignraptor promotes mMTORC1 complex
formation and increases its didity, consequently decreasing mTORC1 activity such as protein synthesis
and cell growth, while activating autophagpathwayg4112, 113] ThemLST8 role in mTORCL is unclear, as

its deletion does not affect mMTORC1 activity, whereas PRAS40 and Deptor have been reported to be
negative regulators of MTORC1 when the activity dbRT1 is reduced and during growth factor daptet
conditions[112, 114116]. Activation of mMTORCL1 directly phosphorylates PRAS40 and Deptor, decreasing
their interaction wth mTORC1 and enabling its signal[thty].
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Figure 16 mTORC1 and mTORC2 protein complexes. mTORC1 complex comprises of PRAS40, De|
and Raptor, and regulates cgllowth, nutrient sensing, and mRNA translation. mTORC2 complex is cor
of Depor, Protorl/2, mSinl, Rictor and mLST8, and regulates cell survival, transcription and metabolis

MTORC2 has been associated with cytoskeletal reorganization and cethktimough Akt signalling,

as well as transcription, translation, apoptosis and metabolism cofiti@]. mMTORC?2 is composed of
Deptor and mLST8, but also rapamycisensitivecompanion of mTOR (Rictor), protédmding rictor

1 and 2 (Protor 1 and 2), and stremstivated protein kinasénteracting protein 1 (mSinl) (Fig. 1.6)

[112, 117] Deptor negatively regulates mTORC2 activity.

MTORCL1 enables sensing of cellular resources such as amino acids, growth factors and insulin, as well
as energy levelfl12]. mTORCL1 has been reported at different subcellular localisations, such as the
lysosome, mitochondria, plasma membrane, ER and nu¢ldir§. Whereas growh factor-activated
mMTORCL1 is found at all subcellular compartments, leticitheced mMTORCL1 activity only occurred at

the lysosome and nucleus, indicating amino acids sensing mechanisms at these Idéaghnshe
mTORCL1 pathway is regulated by PI3K and Akt and inhibited by AMPKL12] Protein synthesis

and cell growth are activated through parallel pathways. Phosphorylation of 4E binding protein 1
(4EBP1) leads to the dephosphorylation of eukaryotic initiation factor 4E (eilréB)ing transhtion
elongation (Fig. 1.7112, 119, 12Q]In parallel, phosphorylation of p70 ribosomal S6 kinase 1 (p70S6K)

by mTORCL1 also increases mRNA biogenesis and synthesis of ribosomal proteins through inhibition of
ribosomal protein SGL21]. Phosphorylatio of eukaryotic elongation factor 2 kinase (eEF2K) inhibits

its ability to phosphorylate elongation factor eEF2, and thus eEF2 remains active and leads to an
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increase infanslation elongation. This cascade of events leads to phosphorylation of 40S rddosom
subunit, increasing the translational efficiency of mRNAZ].

Rag GTPases are also amino-apiecific regulators of thenTORC1 pathwdt22]. Mammalian cells
express four Rag proteins, RaDAwith dimer formdion of RagA/B and RagC/D leading to the
activation of mMTOR(122]. The timeric protein Ragulator interacts with the Rag proteins to maintain
them on the lysosomal surfadé23]. The RagulateRag complex acts as a recruiter and an amino

acidregulated docking site orhe lysosomal surface for mTORC1.

NORMAL CONDITION

. ) |: BN Translation
: %.K \e_?_z/_' elongation
Ribosome & * 900
P7056K A Protein

E —~S6 — mRNA ‘
O O - biogenesis Svf"the‘SlS
o oo
. Y Cap-dependent o
-, 4EBP1 [ elF4E -
O ¥ translocation
(¥s) Amino acids
—
Cytosol
NUTRIENT DEPLETION AMPK

mTOR
inactive

Raptor

Lysosome

Figure 1.7 The role of mTORC1 in protein synthesis. Under normal (nuirieintconditions, top), mTOR
translocates onto the lysmme, phosphorylating and activating p70S6K (green P), activating tran
elongation, as well as ribome and mRNA biogenesis. mTORCL1 also inhibits 4EBP1 through phosphoryls
P) leading to caplependent translocation, and protein synthesis. @ndtressed or nutrientslepleted condition
(bottom), MTORCL is inhibited by AMPK and does not attach thiet lysosome surface, hence reducing pro
synthesis rates.
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Activated AMPK phosphorylates not only theptor subunit of mTOR, but also the tuberous sclerosis
complex 2 (TSC2¥hich prevents the formation of the repressive complex TSC1/TSC2. Ais a&iIPase
activating protem and inactivates Rdésomologue enriched in brain (Rheb)y a@TORC1 activator, its
inhibition allows Rheb to directly activate mMTORCL1 on the lysosome surface (Fig-24-828]). Rheb
overexpression has been showmnot only increase mTORCL1 activity, but also negatively regulate ULK1
[129]. A lysosomal proton pump,-ATPase, has also been identified as part of the lysosomal @TOR
complex. This pump not only transggrotons inside the lysosome, maintainiadgow pH, but is also able

to respond to an increase in amino acids inside the lysoq@meerated through autophagy for example)
leading toa conformational change that wéans v-ATPase binding with Ragula{@B0, 131] As inactive
MTORC1 resides in the cytoplasm, mMTORC1 activation is directly dependent on its translocation to the
lysosome membrane, althougtegative regulation of mMTORC1 also occurs hEr@l].

As mTORC1 activity corresponds to cellular nutritional status, its activity is directly linked to the autophagic
state: mTORC1 inhibition increases autophagy, whereas mTORCL1 activation reduces it (Fig. 1.8). Autophagy
initiation is coordinated through urBl-like-kinase 1 (ULK1) complex, along with autophagdsted gene

13 (Atgl3), focal adhesion kinase faniilteracting protein of 200 kDa (FIP200) and Atgl1®9, 132]

AMPK signallop can also directly initiate autophagy through phosphorylation of ULK1, whereas mTORC1
activity can repress autophagy through direct phosphorylation of ULK1 and Atgl3, which inhibits the
protein comple{129]. mTOR1 can also inhibit autophagy through inhibition of the Vsp34 complex, which
comprises of Atgl4, Beclihand autophagy beclih regulator 1 (AMBRA}27, 133] Activation of ULK1

and Vsp34, when mTORCL is inletjtincreases the recruitment of additional Atg proteins to phagophore

membranes to promote maturation of the autophagosofié0, 134]
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Figure 18 The role of mMTORCL1 in autophagy. Duriognal or nonstressed conditions, mMTORCL1 translocates

to the lysosomal membrane, where it inhibits ULK1, AMBRAL1 and TFEB, hendiglhiltophagosome
maturation, lysosome biogenesis and autophagy. During cellular stress, AMPK, inhibits mTORC1 through
inhibition of the TSGZSC1 complex which is necessary for mTORC translocation the lysosomal membrane. ULK1
complex, AMBRA1 complex amBEB/TFE3 can therefore activate autophagy and lysosome biogenesis.

The mTORCL effect on autophagy and ULK1 regulatalso strengthened through AMPK signalling.
Under starvation, AMPK inhibits mTORC1, activating ULK1, this activation is reinforced by AMPK
directly binding and phosphorylating ULJH32]. AMPK inhibition of mMTORC1 proceeds through AMPK
phosphorylation of raptor, disrupting the mTORC1 complex as well as the activation of TSC2 through
direct phoghorylation [110]. Both mTORC1 and AMPK oppositely regulate ULK1 activity by direct
phosphorylation, while ULK1 can bathagatively regulate mTORC1 by phosphorylation of raptor, and
negatively regulate AMPK by phosphorylation of its sublhitg].

As mTOR is a master regulator of many cell processes including protein synthesis and cell proliferation,
it might be considered an &l target for manipulation for optimising recombinant protein expression.
Dreesen and Fussenegger reported that ectoppression of mTOR significantly increased cell growth

and proliferation, culture viability as well as gP by up to thied [65]. Edros et al. further went on

to characterise the potential mechanistic patays underlying this improved host cdll35].
Comparing two CHO cell lines with a 1l difference in gP, the study investigated the diéetial

expression of the genes and proteins in the mTORCL1 pathway. It was reported that a gene of the PI3K
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pathway (Jv msubunit of PI3Kwas the most overexpressed, with a 71081 increasg135]. Other

genes that were significantly overexpressed included RagC, insulin, phospholipase D1, as well as
ribosomal protein S6 and the beta subunit of AMBB5]. Confirming these findings, Gfoey et al.
discovered elevated levels of RagC mRNA transcript in the hmaygome fraction of a highly
expressing and faggrowing cell line, further supporting a role of mMTORC1 in recombinant protein
production[136].

Courtes et al. characterised the impact of mMTORC1 on the translational activity of growth and mAb
productivity in CHO cells under rapamycin stress by performing polysome pr¢@bhg A 30%
decrease irmaximal growth was recorded in cells treated with rapamycin, but culture viability was
maintained for arextra 3 days compared to control cultures, leading to a 16% increase in titre in a
batch culture[66]. Othershave reported that rapamycin treatment improved culture viability by
inhibiting cell death through autophagy inducti¢®8]. Moreover, polysome profiling revealed that
mMTORCL1 activation positively impacted both growth and productivity, wiplamgcintreatment

leading to MRNAs shifting from polysomes to monosomes, indicating a decrease in mRNA translation
[66]. This was further confirmed with reports that elevated levels of 4EBP1 protein, presemt wh
mTORCL1 imhibited, were found in a cell line with low mAb expresdibd7]. It was found that the

ratio of elF4E:4EBP1 positively correlated with cell productitBy]. However manipulation of the
elF4E:4EBP1 ratio did not transform a low producing cell line into a high producing one, or vice versa
[137].

1.3.4 Lysosomes function and autophagy

ldzl 2 LK 383 FNRY (KSel DANFSIRzOGNEAYy &t O8Ro22 A 0a ST { dz
the degradation of intracellular components. Autophagy is considered a protective mechanism in
response to cellular stress under both normal and strdssenditions. Intracellular recycling and
degradation of organelles and proteins is important to maintain cellular homeostasis. Under normal
conditions, autophagy occurs at a low basal rate, maintaining homeostasis by cytoplasmic and

organelle turnover, ad eliminating damaged components that could bew toxic[138, 139]

Cytoplasmic cargo, such as proteins, organelles, lipids and nucleic acids, are degraded within
lysosomes, acidic membrafimund organellesontaining the hydrolytic enzymes catheps[ag0].
Lysosomes require a pH between 4 and 5 for optimal acid hydrolases activity, and play a critical role
in nutrient sensing and signalling pathways involving tllmetabolism and cell growtfil41].
Lysosomal genes and functions are differentially regulated under stiedgsosomes can adapt to

both intracellular and extracellar stress cues.
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The key cellular role of lysosomes is the degradation of intracellular waste and autophagy. There are
three distinct types of autophagy: macroautophagy (hereinafter referred $o amtophagy),
microautophagy, and chaperofraediated autophgy. In macroautophagy, the cytoplasmic cargo is
delivered to the lysosome by doubleembrane bound vesicles, autophagosomes, which fuse with
the lysosome to form an autolysosome. For microautoghdgsosomes themselves take up cytosolic
components, withoti the intermediary autophagosomefl42]. Finally, in chaperonmediated
autophagy, target proteins are trapsrted across the lysosome membrane inside a complex formed
with chaperone proteins, which are recognized by the lysosome membrane receptor lysesomal
associated membrane protein 2A (LAMP2A), activating their unfolding and degradation inside the
lysosome[140].

Autophagy isa conserved process across species, with many autopiedaped (Atg) proteins
expressed in different species, from yeasts to mammals. Formation dutsghagosome requires
sensing of environmental stress signals by AMPK, leading to the inactivatiofGRRC1. This initiates
autophagy through ULK1 signalling, initiate the formation of the phagophore around the target
intracellular cargo (Fig. 1.9). mRQ1 inhibition also leads to the hypophosphorylation of Atg13 and
its binding to Atgl, leading to rectoient of Atg9[143-145]. Atg9 begins to collect lipids from
different organelles, such as the ER, to form dophagosome membrand 46, 147]

The nucleation process and formation of the autophagosome is controlled by the PI3K complex,
composed of Beclid, vesicular protein sorting 34 and phosphatidylinos&qlhosptate (PI3P) (Fig.
1.9)[100, 148] Elongation of the autophagosome requires two ubiquiitke reactions. The first one
requires conjugation of Atg1&tg5, until its formation of the AtgtAtg5Atgl6 complex, locatkon

the ouer membrane, which in turn is responsible for recruiting IGBig. 1.9)149, 150] LC3I forms

from LC3 cleavage by Atg4 and conjugation with phosphatidylethanolaminél isGBen recruited

onto the membrane of autophagosome, to form a mature autophagodd4@, 150] Sequestosome

1 (p62), an autophagosome cargo protein binds with LC3 for formation of the autophagosome
membrane[151, 152] Mature autophagosomes bind and fuse with lysosomesdégradation and
release their cargo. Brokeshown products are then released back into the cytosol, for use by the cell

for metabolic pathway$153].
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Figure 19 Schematic of the autophagpathway - The different stages and proteins of formation of
autophagosomes including the initiation, phagophore nucleation, elongation of the autophagosome membrane,
maturation and the final fusion of the mature autophagosoméhwthe lysosome. Autophagosie cargo is
unloaded into the lysosome for protein degradation by lysosomal hydrolases.

Autophagy is also initiated by the activation of PERK, IRE1 and cytosdlidDa 154, 155]
Additionally, eC H h  LIKyZatiohJK &dlired for autophagy initiated by ER stress, while ATF4 and
CHOP have also both been shown to regulate more than a dozen Atg[jB4ae$55] If the UPR fails

to regore the ER homeostasis, the cell initiates an alarm signal. Compartment formation, such as
Russel bodies or BiP bodies, is triggered by accumulation of misfolded or unfolded dit&6€irks7]

These compartmentdlisplay different characteristics, such as enrichment of structurally and
functionally differen proteins (i.e. lectin chaperones, soluble-ERident proteins), that can be

targeted for ERspecific autophagy.

Lysosome biogenesis, homeostasis and otk&&ted functions such as autophagy are controlled by a
network of genes: the coordinated lysosahmenhancement and regulation (CLEAR) pathway (Fig.

1.10) [158]. This network is controlled by four key transcription factors (Thkgrophthalmia

associated TF (MATF), TFEB, TFE3 and TFEC, which bind CLEAR sites in the promotor region of those
target geneg158, 159]
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TFEB is considered the master gene regulator of the CLEAR pathway, and usually resides in the
cytoplasm, alongside TFE3, but can translocate rapidly to the nucleus under starved or stress
conditions to initiate lysosome biogene§lgll, 160162] Overexpression of TFEB caused an increase

in the number of lysosomes per cell, as well as increased number of autophagosomes, and increased
clearance of protein aggregates, emphasizing TFEBs rol®sotye biogenesis (Fig. 1.1058, 159,

163, 164] TFEB also stimulates autophagosome formation, the fusion of autophagosomes with
lysosomes and the final degradation of the autophagosdgsmsome comiex cargo. @erexpression

of TFEB has been associated with increased levels of autophagy and activation of TFEB transcriptional
targets including lysosomal hydrolagé89, 160] Finally, Settembre et al. showed that TFEBrauts

with the vATPasenTORC1 complex on the lysosomal surface to sense lysosome conékihgm

TFEB both a sensor of lysosomal state and an effector of lysosomal biogenesis as it translocates to the

nucleus[162].

Translocation of TFEB and TFE3 is orchestrated by mTORCL1 activity. Interestingly, mTORC1 senses
environmental and intracellular signals, such as growth factors, nutrient availability, energy status and
stress to control cell growtfil65]. Under normal conditions, active mTORCL1 inhibits autophagy by
binding to the lysosome, while promoting mRNA translation, ribosome biogenesis and lipid synthesis
[166]. Under cellular stress, sh as nutrient deprivation, mTORCL1 is inhibited, leading to the
dephosphorylation and translocation of TFEB and TFE3, enabling lysosomes to maintain homeostasis,

respond to stress cues and promote cell suri¢éb, 161]
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Figure 110 Schematic representation of the CLEAR pathway, highlighting lysosome biogenesis through the
nuclear translocation of the transcription factors TFEB and TFE3. TFEB anc$i&&tion is dependent on
mTORCL1 activity and regulates autophagosome formation and fusion.

Increased autophagy can be interpreted as either the first step towards cell death or cell survival.
Genetic engineering of autophagic pathway has been used to prevehipeotect cells from cell
death. As nutrient deprivation can induce autophagy, reptrase highlighted the importance of
autophagy for cell survival under nutrient depleted conditions at late stages of the c{l&®ir§g168].
Nutrient feeding can extend culture longevity and increase antibody produdtiowever, this is often

not enough to prevent dedeath, which can also be caused by hyperosmolality, oxygen limitation,
hydrodynamicstress, harmful byproduct accumulation, and reactive oxygen species bhuyilfl168,

169]. For example, hyperosmotic stress lb@en shown to inhibit cell growth and apoptotic cell death

in CHO cells, but can induce autophagy through faster conversion #ftb CE21 [169].

As many preapoptotic signals can trigger autophagy, aapoptotic proteirs have been shown to
inhibit autophagy in many mammalian ce[s70]. For instanceBckxL overexpression has been
associated with improved culture viability and culture longevity. However, aslBaVerexpression
inhibits both apoptosis and autophagy, thethaors highlighted the limitation that their work did not

quantify the proportionof cells dying due to apoptosis and/or autophdg9]. Moreover, chemical
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inhibition of autophagy with 3nethyl adenine (MA) led to an up to 2-8old increase in titre in CHO

cell lines expressing tissyasminogen activatof75].

However, other studies have observed that autophagy activation is beneficial. Interactions between
Bel2andBeclim Y I Ay G Ay | dzi 2 LIK | Feéring nitriedt Hepletdl? BeNoding S £ SGS
to Beclinl protects against increasingvels of autophagy that could lead to cell detf0]. In CHO

cells, ceoverexpression of B and Beclifl resulted in increased viable cell concentration and
delayed apoptosifl71, 172] The combination of promoting autophagy and inhibiting apoptosis can
therefore potentially boost titre by preventing cell death, both programmed and-ajpoptotic.
Supporting this, chemical induction of autophagy by rapamycin hasledsto improved culture
viability accompanied by higher titr¢88]. Interestingly, Josse et al. observed that for low producing
cell lines, autophagy activation was detrimental to the cell line, leading to low recombinant protein
production as well adecreased culture viality [137]. Autophagy is a complex pathway regulated by
many different mechasims, and a fine balance between cell survival and cell death. The studies
discussed could highlight some fundamted differences between the cellular biology of a high

producing cell line and a low producing one.

1.3.5 Apoptosis

Apoptosis is a programmed cell death defined by the condensation of the nucleus and cytoplasm, the
association of chromatin with the nucleareqiphery, DNA fragmentation, cell shrinkage and
membrane blebbing173]. Multiple physiological and chemicalimuli can induce cell death by
apoptosis, and at least two initiation pathways have been identified: the extrinsic pathway and

intrinsic pathvay, also known as the mitochondmiaediated pathway174].

The exrinsic apoptosis pathway requires the activation of death receptors found on the cell
membrane surface, such as death receptors from the tumeecrosis factor (TNF) family, including

CD95 (APO1/Fas) or Fidfated apoptosisnducing ligand (TRAI74, 175] These transmembrane
receptors activate a downstream cascade of events, with the activatithreahitiator caspases 8 and

9, leading to the direct cleavage of downstream effector caspases such as caspases 3 and 7 (Fig. 1.11)
[175]. Caspases 8 and 9 also activate the BH3 interadbingain (BID), anp-apoptotic protein from

the Bci2 family. These prapoptotic Bcl2 family members induce mitochondrial damagemmitting

the cell to death by initiating the mitochondrial pathway of apopt¢si&t].

The mitochondrial pathway of apoptosis is controlled by the-Bgrotein family. These proteins
control the permeabisation of the mitochondrial outer membrane, leading to mitochondrial

membrane potential loss, and eventually causes the release of cytochcoamel other apoptotic
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factors directly into the cytosol, activating caspases and committing the cell {b#le 176] Thebck
2 gene is often found overexpressed in cancer cells and affects viability without affecting cell growth
[177].

The BcR protein family is composed of threibgroups: (1) the prsurvival proteins, such as Bl

BclxL, Belw, Mckl and A1, which inhibit cell death through interactions with-ppmptotic proteins;

(2) the executiners Bax and Bak that cause the mitochondrial outer membrane permeabilisation;

(3) the BH3only proteins which all have the BH3 domains, such as Bim, which sense cellular stresses
and initiate apoptosis accordingl¥76, 178] Under basal conditions, BH3 protein levels are low, and
increase in the presence of cellular stress or apoptotic stimuliyatitig Bax and Bak. Btland Bel

xL are attached to the membranes of the mitochondria, ER and nucleus, whereas other proteins from
the Bcl2 family are found in the cytoplasm. Apoptosis vidochondrial permeabilisation can be

prevented by BeR and BekL binding Bax at the mitochondifiar1, 179]

Bcl2 activation can be mediated by prolonged or severe UPR, emphasized by increased expression
and/or activation of PERK, ATF6 and IRB5]. ATF6, ATF4 and XBP1 all instigate the expression of
CHOP, which downregulates the expression oPBHfithe UPR restores homeostasis of the ER before

the levels of BeR fall below a criticathreshold, the UPR will be deactivated by binding of BiP to the
stress sensors. However, if the UPR fails to restore homeostasis befetddis| below the critical

threshold, apoptosis will be initiated.
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Figure 111 Schematic of the apoptosis pathway. Activatiohtbe TRAIL/Fas receptors under appropr
conditions activates caspases 8/9. These activategpaptotic proteins, which in turn can inhibit purviva
proteins, leading to apoptosis through caspases aftivation, and release of cytochrome c frome
mitochondria. ER stress can also trigger apoptosis by inhibiting theysxaval proteins.

Manipulation of the apoptotic pathways is one of the strategies that has been investigated to improve
recombinant protein production. Since apoptosis can account for up to 80% of cell death in a
bioreactor, imuced by nutrient and oxygen depletion, toxiccamulation and sheer stress, its delayed
onset maintains viable cell concentration, and consequently, increase in[tlt88s 181] Moreover,

cell death can comproreé the quality of the recombinant products and increase the workload for
downstream processes and purification. As apoptosis is genetically controlled and regulated through
molecular signal transduction, many approachessén sought to inhibit or delay aptysis by

manipulating pre and anttapoptotic proteins.

Overexpression of antipoptotic proteins such as B2| Mctl and BekL can delay apoptosis by
lowering the rate of decline in culture viability, hence keepirapld cell concentration high and
consequently increasing production of recombinant protein. Overexpressing these genes has also led
to cell lines being more resilient, less susceptible to hyperosmotic presandelimited lactate
production, promoting amncrease in lactate consumption anttimately limiting the adverse effects

of the accumulation of this metabolite in the medier7, 179183].
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As previously described, caspases involved in the apoptosis cascade can be divided into two functional
groups, the initiator caspase and effector caspase. Inhibition of the initiator caspases c8&pase
overexpression of a dominant negative mutant haen shown to result in an increase in cell growth

[67]. Downregulation of the effector caspases, casp&se, by introduction of small interfering RNA

or antisense RNA also demonstrated positive effects on extending cell culture lorig&dikyOther
strategies to decreasé¢he effect of apptosis, focusing on the overexpression of the human
telomerase reverse transcriptase has led to an increase in culture viability, and higher viable cell

concentrations under stressed conditiofis5].

1.4 Flow Cytometry in Cell Line Development

1.4.1 Importance of monoclonality

The U.S. Food and Dragministration (FDA) is one of the regulatory agencies responsible for drafting

federal regulations. Drug development, including biologics, must observe title 21 of the Code of
CSRSNIf wS3dzZ I GA2y d a2 NBointd ta)8ddgiderinte Masufadtuge arddo 2 RA S &
G6SadAya 2F az2y20f2ylf IyGdAo2Re t NPRdzOGa F2NJ I dzyt
[186]. The International Conference on Harmonisation is another organization publiggotatory
documentson drug development, comprising of international scientists from the U.S, Europe and

Japar26].

Biopharmaceutical production is under rigorous rules and guidelines, requiring proof of product
guality and consistency. Bduction of biologics in animal cells has the potential risk to be directly
exposed to contaminants from the cell, such as viruses, cellular nucleic acid and -growihting

proteins, and harmful impurities that can arise from themagacturing processself[26].

The FDA, the European Medicines Agency (EMA), as well as the International Committee on
Harmonisation guidelines require that the pration cell line origiates from a single cgil87]Y & C 2 NJ
recombinantproducts, the cell sudirate is the transfected cell containing the desired sequences,
GKAOK Kl a 0SSy Of2ySR FTNRY | aay3tsS OStf LINRIASyY
within a population originating from a single cell should be honmegeis, with an idential genotype

and phenotype, hence guaranteeing the safety and efficacy of the prddl@6t190]. However, the

reality is quite different, and monoclonality does not guarantee population homoggn®bre

importantly, many industrial cell lines such as CHO or NSO can show large variability in growth and
productivity profiles between batchdg488, 191] Further characterisation is required pedbning to

demonstrate the phenaotpic stability of the chosen cell line and proof of the consistency of the

manufactured produced therapeutic protein must be provid&€é2].
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1.4.2 Cell line heterogeneity

Artificially immortalized cell lines such as CHO cell lines are particularly known for their heterogeneity
and inherent gene instabilityChanges in chromosomal arrangement, gene copy number, and
transcriptional activity are some elements that create sucledity [193, 194] Lewis et al reported
missing genes and a high variability in copy number variation (CNV) across different cell lines, with
48% of CNV being unique to eacli ire [195]. Most of the different mutations across cell lines were

in genes related to processes that might impact the bioprocessing of recombinant proteins, like

apoptosig195].

Analysis of a cell lines stability with or without continued selective pressure has revealed high levels
of variation in productivity and growth196]. However, experimentsassessing population
homogeneity based on growth profile, in both transfected and untransfected cell lines, have revealed
that heterogeneity is an intrinsicell attribute, and does not arise from a metabolic pressure caused

by the production of recombira proteins or by the effect of selective pressiigs, 188, 196]

CHO cells have a high mutation rate, a natural process during which a population of cells acquire
different mutations, leading to diversity and tegogendty over time. Heterogeneity can prevent cell

lines from reaching optimal productivity, and it has been observed that with an increase of passage
number, a decline in specific productivity is often observed. This can be due to a mix of highmyoduci
cellswith a nonproducing population or low producing population: the subpopulations eventually
outgrow the high productivity cells, as they do not have the burden of expressing the recombinant
product[197, 198. Indeed, when a clonal cell line expressing an IgG1 was sorted via flow cytometry,
the nonproducer population had a faster growth rate than the producing dal#8]. This non
producing population could result from loss of chromosomes or sections of DNA, or gene silencing
through methylation, that contain the HC and LC genetic information. A more recent study reported
cell ines that maintained the same transgene copy number, while there was an increase in the
proportion of cells that lost HC protein expression, due to apparent gene silei€fy Krebs et al.
describe a cell line characterisation process that ensures early selection of a cell line that will not be
impacted by loss of mAb expression. This includes measurement of intracellular HC and LC protein
levels by an atomated flow cytometry process, and singlell quantitative PCR transgene analysis,

(2 34833 02GK (KS O8ftQa BYYSGiAO yR LKSy2(sLR¢
Levels of expression of IC LC and HC, measured by flow cytometry, between cells from the same clonal
population can vary drastically, with standard deviations that are 50 to 70% of the jp@@n201]
Populaton noise (a stable intrinsic cétl-cell variability) or temporal noise (protein expression levels

fluctuating over time, due to random protein synthesis or breakdown) can atsount for non
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genetic differences between cells, and can lead to mistakilmyvgporoducer for a temporarily high
producer[200, 201]

ACHOcelaQ 3ISySGAO AyadloAtAade Aa Fftaz2 NBEFGISR (2
different process conditions, such as their adaptatfomm basal culture media to growth media
conditions. Each single cell may respond to changes in the cultymeoess differently, emphasizing

GKS FFrOd GKIG wofz2yltQ OStt ftAySa Ay GKS aidNROQ
havesug§a i SR G KIF i GRENKBSKQ WOIf @ yisd,2®2 NBE | OOdzNI G S

1.4.3 Flow cytometry methods to isolate high producers

Flow cytometry is a commonly used cloning method, which has the advantage of beirg high
throughput and able to assess cell characteristics at the sgadldevel.Cloning via flow cytometry
combines screening to enrich the productivity of selected clones with a moredffitéent cloning
method, reducing timelines (Manz et al., 1995; Camalli AtRubeai, 2004). Many flow cytometry
based screening methods have Imedescribed in the literature, including the monitoring of 19G
production by capture of the antibody via binding to the cell surface using microbead tech20&jy

or surface affinity matri§204-206], introducing fluoresent markers into the vectof207-210] and

other vector modifications to enable the secreted mAb to bind to cell surface proteins, such as the

development of an antibodynembrane switch211-213].

Extracellular cell surface staining of seecemAbs has had mixed results in terms of isolating high
producing cell lines. Okumura et al., tried to isolate kegpressers with an antibody that binds the
mADb presented on cell sate, without succed214]. Howe\er, others report isolating high producing
clones with similar methods, especially with the incubation of CHO cellgCatwhich leads to a
transient association of secreted mAlmsthe cell surfacg215, 216] Retaining secreted proteins on
the cell surface has also been successful with the use of microbeads. Microbead techalésggn

the formation of agarose microdroplets around smgklls, creating a microenvironment that would
retain secreted proteinf203]. Desjite isolating higkexpressers, this method reqges the equipment

for bead formation, which are between 8500 um in size, and a flow cytometer equipped with a
200 um nozzle. Another strateggurface affinity matrix, uses the capture of secreted prateivith
antibodies linked to cell surface proteirsing biotiravidin bridge[204]. Thismethod has proven
successful in enriching populations with higkpressers in an immunological context, as well as in
CHO cellf204, 205]
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Many coeexpression methds have been described in the literature to produce surface displayed Abs,

or to use other cellular markers to correlate with productivity. DeMaria et al., described the co
expression of the mAlnd the cell surface protein CD20, iatn is usually not expesed in CHO cells,

where expression of the two proteins was linked by an internal ribosome entry site (IRES). CD20
expression levels were shown to correlate with the expression of the recombimatgin, and could

rank clones effetively based on their mi&\productivity[217]. The antibodymembrane switch (AMS)

technology, described by Yu et al., relies tiaraative splicing of the HC, by intlucing a membrane

anchoring domain in the HC CH3 domain, anchoring the secreted antibody onto the cell $2ifakce

By staining cells with an arliuman Fc antibody, it is possible to isolate high prodsicand following

cell sorting, cellsan be switched back #/ LINE RdzOG A2y Q Y2RS o6& (NI yafFsSOia
This inhibits the expression of the AMS, hence focusing cellular resources on transcription and
translation of the recombinant proteinfanterest [211]. Similary, surface display of H®as also
FOKASPSR gAUGK || @SOG2NI O2yGFAyAy3 | €SF{1& (NI y:
followed by a transmembrane and cytoplasmic domga?2]. Cells enriched in this manner had

increased productivity when compared to cells cloned by limiting diluitorioned by flow cytometry

using a old capture staining méitod[212]. Chakraarti et al. also developed a switdila membrane
associateddomain to anchor the antibody to the cell surface. By assigning an amber stop codon to a
non-natural amino acid, the addition of the ngfil- G dzNJ £ | YAy 2 F OAR Ayid2 GKS
attachment of the mAD to the cell surfacecreasing productivitpy ~2fold [213].

Coexpression of th recombinant protein and GFP hasoalseen used. Expressiaf GFP in an
expression cassette, and DHFR and the recombinant protein in a second expression cassette showed
a correlation between GFP signal and recombinant protein expression, enablingrtet 86 high
producing cell lines s®d on GFP fluorescenf210]. Coeexpression of a mAb and GHfked by an

IRES hashewn similar result§209]. Yoshikawara eal. used a fluorescein methotrexateagent,

which binds to BIFR, and fluorescence was found to correlate with MTX resistance and so could be
used to isolate high producef218]. Despite successfully isolating high producers, this method is
limited to cell lines that use DIRFas a selection marker. Finally jts@FP, with half of th&FP on the

HC and the other half on the LC, is only active when HC and LC are combined and was also an efficient
indicator of mAb productiof207]. However, for methods relying antracellular measurements, it is
important to remember thatincreased intracellular expression may not always correlate with an
increase in protein secretion, due to accumulation of proteins in the ER if secretory lecltleare

present[215].

Finally it was reported that cells isolated based solely on gatingorward scatter (FSC) and side

scatter (SSC) had a 314/-fold higher final titre than ungated cell214]. The FSC corresponds to the
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amount of lase beam that passes around the cell, indicating its relatize,swhereas the SSC
measures the amount of laser beam that is deflected from particulates inside the cells, reflecting the
granularity of the cells. Giag based on the smallest cells, basedr8IC, and cells with the lowest
granularity, based on SSC,uked in the highest expressers in fbatch overgrow cultures (FBOG).
This is the only strategy reported in the literature that does not rely on veotmdifications and that

is reagentfree, potentially making it easier for regulatory agencies to appro¥the process.

1.5 Imaging flow cytometry

In recent decades, novel advances in the field of flow cytometry have been made with the
development of a commercially available imaging flow cytometes,ImageStream (referred to as

the IS, Amnis/Merck). The kéeature of the IS technology is that @rabines the workflow and high
throughput of a conventional flow cytometer with the acquisition of up to 12 images per cell, thus
enabling spatial resotion and quantitative morphology analysis that can be achieweith
microscopy{219]. Three objective lenses are available; 20 x, 40 x and 60 x. ImageStiabsea a

flow of suspension cells and collects déigtd (3de scatter) images, brightfield images anglto nine
fluorescent images. This feature is one of the greatest advantages of IS: for each collected event,
images of each cell are available. Foré K WR2 (i Q R Adimslisior&al$IdR pld, if is podsé & 2
to retrieve the images corresponding that cell. Unlike conventional flow cytometry, in which gating

is limited to light scattering and fluorescence, imaging flow cytometry (IFC) offiéesedi gating
strategies such as aspect ratio of a celbf#orof cell diameter, reflecting cell cirarity), cell diameter,

cell volume and many other morphological features. Moreover, the data software, IDEAS
(Amnis/Merck) includes multiple dafarocessing algorithms for image analysis. For instance, new and
complex features can be created using Booldagic or combining twaimensional masks, to
investigate morphological features, intensity threshold, colocalization and spot counting. Imaging flow
cytometry has been used in a wide range of studies ranging tiee analysis of microparticl¢220,

221], the intracellular localisation of prob§222], fluorescenin situ hybridization (FISH) studigxl 9],

to the analysis of cells in early or late stages of apoptosis and ne[2asi225].

Unlike a standard flow cytometer, the IS providesr@ased sensitivity for smaller particles, as it is
able to distinguish particles ranging fromut to 20 nm[221, 226] This is particularly importanof

the detection of microparticles, and cellular content.diSo offers visual confirmation, providing
verification of the phenotypes of interest, and validating that unwanted cells, such as small cells or

aggregates arexcluded.
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George et al. describegl method to quantify the nuclear translocation of NucleactBakappalight-
chainenhancer of activated B cells (iKB) by visually comparing per cell, the colocalization of a
nuclear dye and the staining pattern of B with overlap of the two signalsonsidered as
translocation of N&kB[222]. Ths method relied on the builin similarity score feature, based on the

t SFNB2Y Q& O2NNBfFGA2Yy O2STTAOASY(d o6 wo Zatiahkmh OK O2 Y
the fluorescent image. The correlation coefficieminges from¢ 1 to 1, wherea positive value
indicates a positive correlation between the two signals (i.e. Translocation -«BNRvhereas a
negative value indicates a negative correlation (uetranslocated NkB). One limitation of the
correlation codficient is that distributon of extreme values at each end of the spectrum are
compressed: cells that are highly translocated would be assigned the same correlation coefficient,
despite having ifferent staining pattern by visual inspection. The simifasitore solves this problem

by offering a more dynamic range, not being bound positively or negaf{®22}.

TSR o S
Y'Qa Qa Ol |%9—6¢

Compared to the cordation coefficient, a negative similayitscore signifies signal localisation in

different areas, a positive score indicateslooalisation and O indicates no correlation.

Finally, differentreports have also described the analysis of cell death andosisrcombining
fluorescent and morpholgic features to discriminate cell types and features. Combining annexin
V/propidium iodine (PI) staining (annexin V binds to phosphatidylserine, a membrarker of
apoptosis, while Pl is unable to permeabilise e membranes, and hence is used tded# dead

cells) and the morphological analysis, researchers were able to show that nuclear condensation and
fragmentation correlates with annexin V dwaspase stainin@25], and using PI threshold intensity

and staining morphology, secondary necrotic/late apoptotic and necroptotic cedgld be
distinguished224]. Lve, early apoptotic, late apoptotic and necrotic cells could be distinguished by
measuring the size afytoplasm (brightfield area minus nucleus area) and combining this data with

annexin V signdR23].

IFC does come with its own limitations, especially when coetp@® flow cytometry or microscopy.
Traditional microscopic methods have better spatial resolution tharat@ allow for timdapse
experiments, and spatidémporal analysis of the samp]226]. Moreover, IS has a maximum speed

of 300 events/sec, which can only be reached with high sample concentrations® aell€fmL
Sanples with a low concentration can take tens of minutes to acquire or may not even reach their

acquisiton target, this is drastically different from the higiiroughput of standard flow cytometry.
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One of the most time consuming tasks during IFC ewelidction is focusing the cells, as out of focus

cells would be excluded from analyf226].

1.6 Project aim and objectives

The main aim of the work described in this thesis to develop IFC assays to characterise cell lines
and identify cell attributes that correlate with cell culture parameters such as productivitgrowith,

or product quality.The initial work startedby the organelle content characterisation of a paof cell

lines, to investigate whether organelles essential in protein synthesis and autophagy might be
differentially expressed between low and higtoducers.Such cell attributes could then be usedaas
screening parameter during the FACS cloning sfefpe CLD process to increase the proportion of
cells with a desired attribute. Moreover, this cell attribute could be targeted in the host celldine t

engineer a host with improved qualities. Specifroswere to;

1. ImageStream Assay development (Clea®)

1 Confirm robustness of IFC when compared to standard flow cytometry

1 Optimise assays for IFC

2. Characterisation of recombinant mAb expressing aakli(Chapter 3)

1 Characterise a panel of 19 cells Bneith different growth and productivity profile,
including mAb mRNA and intracellular protein

1 Identify a marker of productivity at the single cell level

1 Characterise the panel of cell lines in termsrafacellular organelle content at the
single cell leel, as well as mAb mRNA and intracellular protein

1 Investigate correlations at the single cell level between organelle content and HC
content

1 Investigate correlations at the population level between orgile content and cell

culture parameters

3. Targets for cell sorting (Chapter 4)

1 Explore the effect ofell sorting a mix of clones based on lysosome content

1 Explore the effect of cell sortingdividual clones based on lysosome content

4. Directed evolutbn of the host cell using chloroquine (Chapter 5)
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1 Determine optimal concentration of chloroquine, adgemotropic agent used to
increase lysosome content, for directed evolution

1 Investigate thepotential of the evolved host vs. standard host for mAb pratolity
and product quality

1 Mechanistic studies of the two hosts, exploring the differences in trgptsand

protein expression
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CHAPTER 2

Materials and Methods

2.1 Mammaliancell culture

2.1.1 Cell lines and cell culture

AstraZenecaroprietary host CHO cells were cultured in chemically defined (CD), protein fr€&1OD
medium (Life Technologies, Carlsbad, CA, USA) supplemented with 6 rgMtamine (Life
Technologies, Carlsbad, CA, USA). Recombinant CHO cell lineslaatesl sendcultured in CBCHO
medium containing 5@M methionine sulfoximine (MSX) without glutamine, before beadgpted to
AstraZeneca proprietary production medium for fledtch overgrown (FBOG), supplemented with 50
UM methionine sulfoximine for the gssages por to the FBOG (MSX; Sigirich, St. Louis, M,
{1 0® /[ dzf GdzNB&a ¢ SNB 3 NRBshaking lindubatoc (ynmel AGA Birsfelden K dzY A R
Switzerland) at 140 rpm (revolutions per minute), 70% humidity and 62&i®@onment. Cells were
sub-culturedevery 34 days in 250 mL vented Erlenmeyer flasks (Corning, NY, USA) in 50 mL culture

volume at a seedig density of 3.0 x £¥iable cells per mL.

2.1.2 Cell concentrations and culture viability

Cell concentration and cuite viability were acquired using a®ELk cell counter (Beckman Coulter,
Brea, CA, USA) instrument by sampling cell culture media, usosppate buffered saline (PBS; Life
Technologies, Carlsbad, CA, USA) as a diluent when necessaryCHb \¢etounter uses the trypan

blue dye exclsion method: live cells possess intact cell membranes which inhibits trypan blue from
entering the cel, whereas dead cells do not. A cell suspension is mixed with trypan blue, and the Vi

CELLkellcounter automaticdl counts the number of live and deadlls.
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The integral of viable cell concentration (IVC) was determined using the following equation:
Owot — 0 O

With @ being the viable cell concentration (cells per mL) and tcthleure time (daypndi being the

timepoint measured

2.1.3 Cryostorage of cell lines

A total of 3.0 x 10viable cells was harvestatiiring the midexponential phase (day-®) of growth

when culture viability was >95%, centrifuged at 130xg for 5 min and the supernatant removed. Cell
pellets were then resuspended in 1 mlCAculture media supplemented with #db(volume/volume,

viv) dimethyl sulfoxide (DMSO; Sigraddrich, St. Louis, MI, USA). Cryovials were placed inside Mr

Frosty containers (Sigmdrich, St. Louis, MI, USA) filled with 100% isopropyl alcohol, which was then
placedintoay n x / ¥ NB ®urSoetbrd teamélenofid cryovials into cryostats containing liquid

nittogen g(Mcpc x / 0 F2NJ f2y3 GSN¥Y aid2N}r35d ¢KS aNJ CNRa
F LILINBEAYFGSt @& mMx/ kYAYS LINBASNWAy3a OStftdz I NI AyidSs

2.1.4 Thawing of cell lines from frozerntacks
Frozen cryovials werp dzA O1 f & GKIF SR Ay T1m: SGKFIy2f 4 NYSR A
exposure to ice crystals, until partially thawed. Warmed culture media was addedndsepto the

thawed cells, to reach a seeding density of 3.0%vible cells per mL in a sraRask.

2.1.5 Fedbatch overgrow cultures

For FBOG experiments, cell cultures were seeded at 0.9vialide cells per mL in 50 mL or 70 mL of
media without MSX in 250 mL vented baffled Erlenmeyer shake flasks (Corning, N¥Fee@&\ere

added every otheday using AstraZeneca proprietary feeds over -@dy period.

2.1.6 Determining cell culture supernatant glucose and lactate concentration
During FBOG experiments, glucose and lactate concentrations in the culture supernatant were

monitored using a YSI 290@bhemistry analyser (Xylem Analytics, Beverly, MA, U.S.A) by sampling
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200pL of culture media which was centrifuged at 2,200xg for b Mihen glucose levels were lower

than 5 g/L, glucose was supplemented to give a concentration of 8 g/L.

2.1.7 Chloroquine teatment of cells

Chloroquine (CQ) powder (InvivoGen, San Diego, CA, USA) was reconstituted in sterile water to a
working concentratiorof 100 mM. For directed evolution of host cell lines, various amounts of CQ
were added directly into the media at eaclagsage to give the desired final concentration in the

culture.

2.1.8 Ambr experiments

Experiments were conducted using an ambrl5 systemd@®as Stedim TAP, Royston, UK), with 24
vessels. Process programs for the ambrl5 were created using-laouge softwae (AstraZeneca,
Cambridge, U.K.). Bioreactors were inoculated at 7. xdl&/mL in each vessel. Cells were fed with
I &4 G NI % Sopstaly ed orLdhys 2,4,6,8,10 and 12.

2.2 Recombinant protein quantitation

2.2.1 ProteinA affinity purification

Supernatansamples were taken throughout the FBOG culture and centrifuged at 8,000xg for 5 min.
Immunoglobulin G (IgG) content in the supernatavds then quantified by proteih HPLC (high
performance liquid chromatography) affinity chromatography on an Agilent 1B@1(Agilent
Technologies, Santa Clara, CA, USA).

2.2.2 Determination of cell specific mAb productivity
The cell specific mAb productivity (qP) corresponds to the mAb production per cell rate over time. gP
was calculated from the linear slope of the plot of iantdy titre versus the integral of viable cell

concentration. The overall gP was the average ofitldévidual gPs between the days sampled.
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2.3 Generation of plasmid DNA and transfection of CHO cells

2.3.1 Plasmid DNA transformation

DNA was transformed into anial component free (ACF}cdmpetent cells (ifhouse, AstraZeneca,

Cambridge, UK) and spreadto ACF PYAG plates. A single colony was picked and used to inoculate
cultures using ACF broth containing ampicillinn@use, AstraZeneca, Cambridge, UK). Gedtwere

AyOdz: I SR 2@SNYAIKG G otx/ X onn NISWMizelayid).lThed KI 1 A Y
Ffft26Ay3 RIesxs OStta 6SNB OSYyiNATdzASR |G ocnnESX
QIAGEN Plasmid Plus Maxi kit (Qiagen, HildBi®& | y 2 0 | OO0O2NRAYy 3 (G2 GKS YI yc
DNA concentration at the 260 nm absorize was then measured using a Nanodrop 1000 (Thermo

Fisher, Waltham, MA, USA). To verify DNA purity, the ratio of A260/A280 was also calculated: good
guality DNA wl have a A260/A280 ratio between 1.7 and(2 Linearization of plasmid DNA was
undertakenby adding 3QuL of BSA free PvLienzyme (SigmaAldrich, St. Louis, MI, USA) and5

buffer H (Sigma\ldrich, St. Louis, MI, USA) for every l@DNA, withinca | G A2y 2 @SNY A IKI

2.3.2 Plasmid DNA purification

Purification of DNA was achieved using a phase lock gel extraction and ethanol precipitation. The DNA
was added to a 5Prime phase lock gel (PLG) tube (VWR, Radnor, PA, USA) with addition of an equal
volume of organic extraction solvent (phenol: chloroforispamyl alcohol 25:24:1; Invitrogen,
Carlsbad, CA, USA). The organic and aqueous phases were mixed by rapid inversion to form a
homogenous suspension. Tubes were centrifuged at 13,000xg for 5 mindoagephe phases. The

top nucleic acid layer was traferred into a new PLG tube, and an equal volume of chloroform (VWR,
Radnor, PA, USA) was added to the sample and mixed thoroughly by inversion. Following
centrifugation, the top nucleic acid containilayer was transferred to a fresh Eppendorf tube. Migl

acids were precipitated by adding 2 volumes of ice cold 100% ethanol (VWR, Radnor, PA, USA) and 0.1
volume of 3 M sodium acetate (Sigmddrich, St. Louis, MI, USA), and mixed by inversion. Samples
WSNBE OSYiNARTFdZASR T2 NJ o etthé DNA. Théi celvpellZEt was thErdvadhad inn x /
1 mL of 70% ethanol, and centrifuged for 10 min. In a sterile cabinet, the supernatant was then
removed by aspiration, and the pellet was allowed to air fdny10 min. DNA was resuspended in
endotoxinfree serile water (Sigmaldrich, St. Louis, MI, USA), and after solubilisation, the DNA
concentration was measured at 260 nm using a Nanodrop 1000 instrument (Thermo Fisher, Waltham,
MA, USA). The final conueation was adjusted to 40Qug/mL in water and the ancentration

confirmed using a Nanodrop 1000 instrument.
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2.3.3 Agarose gel electrophoresis
A 0.8% agarose-@el (Invitrogen, Carlsbad, CA, USA) was used to check DNA linearization from 50 ng
of uncut vector50 ng of linearized vector andh of digested nowpurified vector mixed with 1L of

loading buffer (Invitrogen, Carlsbad, CA, USA), DNA was separated using a voltage of 80 V for 40 min.

2.3.4 Electroporation of plasmid DNA into CHO cells

CDCHO medium (Lif€echnologies, Carlsbad, CA, USA) wagiassed angre-warmed. Stable cell

lines, from shaking pools, were generated via electroporation using the Amaxa Cell Line Nucleofector
Kit system (Lonza, Basel, Switzerland). For each pool, 2.2ietle cells wee harvested and
centrifuged at 130xg for 5 min. Twii@nsfection events were required per pool, usingdof DNA per
transfection. Cells were resuspended in J@0Amaxa Nucleofector solution, the DNA added, and the
mix was transferred into a cuvette. [Bewere electroporated using programQ24, the trarsfected

cells were gently added to 41 mL of-CBIO media without MSX selection. The following day, 8 mL of
fresh media containing 48L 50 mM stock MSX was added to each shake flask to give a final
concentration of 50uM. Cells were then left to recoverfowo weeks before being assessed for the

emergence of stably expressing pools of cells.

2.4Molecular biology

2.4.1 RNA extraction

Total RNA was extracted from cell pellets using the commercially availabésiRiNt (Qiagen, Hilden,
DSNXYIye&o |yR GNBFGSR ¢gA0GK 5blasS G2 NBY2@S I|ye
instructions. RNA concentrations were quantified using a NanoDe®0 instrument (Thermo Fisher,
Waltham, MA, USA) with the RMA program,at 260 nm absorbance wavelength. For RNA, a
A260/A280 of ~2.0 is considered good purity.
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2.4.2 gRFPCR

Primers were designed for HC and LC mRNA quantification by?@QRT(quantitative real time
polymerase chain reaction) using the OligoPerfect Desig(iErermoFisher, Waltham, MA, USA), the

generated primer sequences are below (Table 2.1).

Table 21. HC ad Kappa LC primers used for gRTIR

Gene Primer Forwardcw S @S NEBJS 0 p Q
Heavy Chain Forward
CAAGTGCAAGGTCTCCAACA
Reverse
ACCAGACAGGTCAGGGACAC

Kappa ight Chain Forward
GCAAGGACTCCACCTACAGC
Revese
TGTTGAAGCTCTTGGTCACG

GAPDH Forward
GCQCAAGAGGGTCATCATCTC
Reverse
CCTTCCACAATGCCAAAGTT

gRFPCR was carried out using the Qiagen Quantifast SYBR grB€IRKIt (Qiagen, Hilden, Germany)

according to theY I y dzF I Ol dzZNB NN & A y-RadNHwOnioA hgimocytlef RBRad, K S . A 2
Hercules, CA, USA). PGRYcRA GA2Y AT NBGSNES GNIYAONRLIIAZ2Y G |
YAydziSa AyOdzl dAa2y G donx/ +FYR nn OgXf Sdzda Ry 3 minK
primers in Table 2.1, and the hol®eping gene glyceraldehyde-pBosphate dehydrogenas

(GAPDH) as a reference gene. Expression levels of HC and LC were normalized to GAPDH levels.
Opticon Monitor 3.1 software (BiRad, Hercules, CA, USA) was used for data analysis of the cycle

threshold (@) and melting curve. Relative quantification waed by comparative@nethod[227].

2.5Flowcytometry andimagingflow cytometry

Samplepreparation for both standard flow cytometry and imaging flow cytometry was identical.
Imaging flow cytometry samples contained a minimum of 2 million viable cells whereas samples for
flow cytometry contained 1 million cells. Centrifugation stepsenygeribrmed at 400xg for 5 min, and

cells were washed in PBS, unless specified otherwise. Individual staining, unstained and host cell
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(negative control for HC and LC protein and mRNA) samples were prepared to aid set up of the flow

cytometer.

2.5.1 HC and.C mRNAuantification by PrimeFlow RNA

Two custom probes were designed by Affymetrix to target the variable region of the HC and LC
antibody mRNA (Affymetrix, Santa Clara, CA, USA). Samples were prepared according to the
Y| ydzF I OG dzNB NI acellsier dix@dahd permeabilfizédl Fah®irubated with the gene
specific probe set for target hybridization. Signal amplification was performed by incubating samples
with pre-amplifier, and amplifier DNA. Finally, florescefaeelled probes were added, vdh bird to

the amplifier DNA, this achieves 8,000 to 16,00 signal amplification (Fig. 2.1).

For multiplexing of HC mRNA and IC HC protein, following permeabilization, samples were stained
gA0K MYHn 3Bumidn g @dnjogatédHo Aleyaididss (Invitrogen, Carlsbad, CA, USA)
F2NJ on YAydziSa +d yx/ o

Sample preparation Target hybridization Signal amplification

X ZZ Gene-specific Preamplifier ==_ Label probes
label ext
—— e e : Add fluorescently labeled
9 i probes to cells

- Amplifier } g
P
EFE
1 Label proteins with antibody : Incubate cells with : Hybridize with preamplifier -2 EC
: (optional) i gene-specific probe sets i and amplifier DNA
Fix and permeabilize cells %_{i

: in suspension

: Labelintracellular proteins

I with antibodies (optional) Process cells using

¥ aflow cytometer

=4 ==

Suspension cells with fixed RNA

CD8 mRNA Alexa Fluor 647

CD8 PE-Cyanine7

Figure 212 Schematics depicting the PrimeFlow mechanisms of action (source: Merck), starting with s
preparation, target hybridition, signabmplification and finally detection of the probes
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2.5.2 Intracellular HC and LC protein analysis

Cells were fixed using a 1:1 solution of Fixation Medium A (Invitrogen, Carlsbad, CA, USA) and flow
cytometry buffer (PBS with 5% (w/v) BSA) for 15 miinroom temperature. Cells were then
permeabilised and stained with Permeabilisation Medium B (Invitrogen, Carlsbad, CA, USA) containing
MYHn 32 (-humanHo® QanjugatedytadiMexa Fluor 488 (Invitrogen, Carlsbad, CA, USA) and
321 4 T o-humdd kaga donfugated to APC (Allophycocyanin, Biolegend, San Diego, CA, USA).
Samples were incubated for 15 minutes at room temperature and washed with PBS prior to flow

cytometry analysis.

2.5.3 Organelle assays

The organelles investigated included Golgi appss, ER, lysosome and mitochondria. Quantification

of the specific organelle content was performed using the following dyes:-{Ebl@reen, EfD red,

LysalD red, MITAD red detection kit (Enzo Life Saes, Farmingdale, NY, USA) and MitoTracker
DeepRed (Invitrogen, Carlsbad, CA, USA). Staining was performed using the recommended protocol
from the manufacturer. EFD and MiteL 5 ¢ SNB Ydzt G A L)X SE S Rumdnilgek 321 0
conjugated to Alexa Fluat88 (Invitrogen, Carlsbad, CA, USA) to invetighe correlation at the

single cell level between productivity and organelle content. @8lgivas not multiplexed with HC

protein due to the apparent loss of specificity of the staining following permigabidn. Cells were

also stained with DAPI ot®x Blue nuclear countestain. Lysosome quantification was performed
usingLYSO5 Ay fAQGS OStfta 69yl 2 [AFTS {OASyOSaszx CI NXYA
protocol. Finally, oxidative stresd the cells was also measured using CellR@&ngkit (Thermo),
F2tt26Ay3 GKS YIydzZFlI OGdzZNBNRA LINRG202t @ {dFAyAy3
was not recommended. Excitation and emission values, lasers used and IFC collectieischen

listed in Table 2.2.
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Table 22 Reagents used for IFC or FC with the excitation and emission, laser used, and the IFC collection
channel

Reagent ExX/Em Laser IFC collection channe
PrimeFlow HC 650/665 642 nm 11
PrimeFlow LC 495/519 488nm

HC protein 495/519 488 nm
LC protein 650660 642 nm 11
GolgilD Green 450/550 488 nm 2
ERID Red 550/660 561 nm 5
MITOID red 558/690 561 nm 5
MitoTracker Deep Red 644/665 642 nm 11
DAPI 358/461 405 nm
Sytox 444/481 405 nm
LYS@D Red 564/660 561 nm 5
CellRox Green 500/550 488 nm N/A

2.5.4 Data acquisition and analysis for flow cytometry

Flow cytometry was performed using a BDCanto or LSRFofteaseytometer (BD Biosciences, San
w2asSs /13 {102 gAGK GKS .5 C!/{5A8n az2¥iél NBc
intensity. Doublets and debris were removed by gating on forward and side scatter dot plots, and
10,000 events were acquireBlowJo software (FlowJo LLC, Ashland, OR, USA) was used for statistical

analysis of the samples.

2.5.5 Data acquisition and analysis for iaging flow cytometry

An ImageStream® imaging flow cytometer (Merck, Kenilworth, NJ, USA) with the INSPIRE® software
was tsed to collect 10,000 events (or 10 minutes of acquisition, whichever ended first). Images for
each event were captured using a 60Xealive with the lasers and collection channels described in
Table 2.2, alongside channel 1 and 9 for brightfield and bl for darkfield. Cell classifier, the IFC
equivalent of a size gate, was set to 50 on dwmeer limit of the brightfield channelotavoid debris
acquisition. Analysis was performed using IDEAS® software (v6.2). Compensation settings were
calculated umg the builtin software algorithm in besdfit mode and refined manually. Focused cells

were gated using the plot of contrast versumdjent RMS features in the brightfield channel (Fig.
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2.2A). Single cells were gated using a dot plot of the aspectvati&us cell area for the brightfield
channel (Fig. 2.2B). Intensity gates were set based on the negative control intensity (Figar&2C)

samples were analysed using those gates (Fig.&2Bihing intensity was normalised to cell size.

>

Focus B Single cell

Normalized Frequency
Aspect Ratio BF
=
(=]

f T T T T 1
0 20 40 60 80 100 0 100 200 300 400 500

Gradient RMS BF Area BF
C Negative control - HC D Sample - HC LC IC protein
LCIC protein
1e7 1e7
LC pos 4LC pos
166 5 [ 1e6 4
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=
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@

[ Negative

7| Negative

T T T T 1 LA
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Figure 213 IFC data analysis workflogyA) Gating of the images that are in focus. B) Gating of the single
C) In this example, the stained host cell linet(ansfected) was used to sep the gates for protein expressic
D) Example of HC and LC protein profile for a cell line expressing a standard mAb.

2.6 Fluorescencectivated cell sorting

2.6.1 Cell sorting

Fluorescence activated cell sorting (FACS) was performed with a BD FACSArigBDriinHciences,

San Jose, CA, USA) equipped with aptithozzle and default pressure of 120 psi. Stream and drop

delay were seup using beads (BD Biosciences, San Jose, CA, USA). Unstained dbdstai«€l

cells were gated based on forward and sgdatter and based on lysosome signal intensity. Pools of

20,000 cells were generated. Cells were sorted into 15 mL Falcon tubes (BD Biosciences, San Jose, CA,
USA) into 1 mL of GDHO media supplemented with 50% conditioned media. Conditioned media was
harvested fresh on the day of sort;2days possplit, from! & i NI %Sy SOF Qa Kz2aid OSf f

CDCHO media +glutamine. Cells from the conditioned media were removed by centrifugation and
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filtration through a Nalgene 0.pm filter (Thermo Fisher, Wtham, MA, USA). A pasbrt quality
check, from the gemated pools, was performed acquiring 500 events to monitor the accuracy of the

sort.

2.6.2 Cell recovery

Cells were transferred from the 15 mL Falcon into av24 plate and allowed to expand and gramw

- adlGA0 AyOdzl 42N I o hexcéll coh@mMhtivhainddased, cellsywey S & S
subsequently transferred into 1®ell plates, 8well plates and eventually shake flasks. Fresh media

was used with each transfer into a new vessel. Gelith was monitored by visual inspection using

a benchtop microscope (Zeiss, Oberkochen, Germany).

2.7 Protein analysis

2.7.1 Protein extraction

Cell pellets containing a minimum of 1%M@able cells were thawed on ice and resuspended in a

solution of mammaliarprotein extraction reagent (MPER, Thermo Fisher, WalthaMA, USA)
supplemented with a cocktail of phosphatase inhibitors (Thermo Fisher, Waltham, MA, USA), protease
inhibitors (Thermo Fisher, Waltham, MA, USA) and EDTA (Thermo Fisher, Waltham, MK RER).

is a mild lysis detergent that dissolves cell menmieiy allowing the extraction of total intracellular
LINPGSAY® {I YL S& 6SNBE AyOdzol GSR 2y A0S F2NJon Y

14,000xg. Supernatants were transferred intesin Eppendorf tubes and kept on ice.

2.7.2 Bradford assay to étermine protein concentration

The Bradford assay is used to measure the total protein concentration of a sample. A Coomassie dye
is added to the whole protein extract, and under acidic condititmes colour of the dye changes from
brown to blue. This cour change is dependent on the presence of the following amino acids: arginine,

lysine and histidine, which bind to the dye.

A bovine serum albumin (BSA) standard was serially diluted in water@sioky Start Bradford Protein
Assay (Bidrad, Hercules, CAISA), producing a standard curve from 2 mg/mL down to 0 mg/mL, with

6 concentrations in between. Standards and samples were measured in duplicate by pipeitiodg 3
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each sample into an Eppendarbntaining 1 mL of Quick Start Bradford 1x Dye ReageoiR@&d,
Hercules, CA, USA). After 10 min incubation, [20@f sample was transferred into a-@&ll plate.
Absorbance readings were measured by a PolarStarOptima plate reader (BMG Labtech, @rtenber

Germany), at a wavelength of 595 nm.

2.7.3 SDSPAGE analysi

SDSPAGE (sodium dodecyl! sulphgtelyacrylamide gel electrophoresis), is a method that separates
proteins based on their mass. For detection of HC and LC polypeptides, batbchaed and reduag
conditions were used. Protein extracts were mixed witatev, gel loading buffer (Thermo Fisher,
Waltham, MA, USA) and either reducing agent (Thermo Fisher, Waltham, MA, USA) or N
Ethylmaleimide (NEM, Signasddrich, St Louis, MI, USA) to obtain a firzahple containing between

20 and 40ug of proteinw SRdzOSR &l YL S& ¢SNB KSFGSR Fd wmnnx/
samples, reducing the disulphide bonds. Samples were then loaded ort@% NuPAGE Bisis SDS

gel, with running buffer containin@50 mL MilliQ water and 50 mL SDS buffer (TherisbeF,
Waltham, MA, USA). A visible Novex Sharpgtaied protein ladder (Thermo Fisher, Waltham, MA,

USA) and a Magic Mark XP western protein ladder (Thermo Fisher, Waltham, MA, USA) were run

alongside amples for estimation of molecular weight. Gelsraveun for 40 min at 200 V and 400 A.

2.7.4 Western blotting

Protein samples were transferred to nitrocellulose membranes using the iBfoinidte blotting
system (Thermo Fisher, Waltham, MA, USA). Membraneae Wiwcked in 5% (w/v) BSA (Sigma
Aldrich, St Losi MI, USA) in PBS Tween solution for 30 min. Membranes were then washed three
times with PBS Tween, and incubated overnight with the desired antibodies (Table 2.33ARDH

rabbit antibody was used toedect hamster GAPDH as a housekeeping proteiméomalisation of
protein expression. Overnight incubation was followed by three washes in PBS Tween to remove

unbound antibodies prior to membrane development.

Western blot membranes were incubated for Imin chemiluminescent Amersham ECL reagent (GE
Life Sciences, Marlborough, MA, USA) and proteins were detected using an Imageé@6a4900 ECL
set on chemiluminescence, using a chacgepled device camera (GE Life Sciences, Marlborough,
MA, USA). Acqed images were analysed using ImageJ (NIH, Bath®&4D, USA), quantifying the

bands intensity and normalising the protein of interest levels to GAPDH expression levels.
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Table 23 List of primary and secondary antibodies used for western blotting

Antibody Dilution Molecular weight Distributor
Primary
HRP conjugated human antilgG 1:10,000 50 The Binding Site
(Fe)
HRP conjugated human ardKappa 1:10,000 25 The Binding Site
Anti-GAPDH rabbit 1:2,000 35 Cell Signalling Technology
Anti p62/SQSTMrabbit 1:1,000 60 CellSignalling Technology
Anti-Lamp 1 rabbit 1:1,000 100 Cell Signalling Technology
Anti-Lamp2A rabbit 1:1,000 100 Abcam
Anti - LC3B rabbit 1:2,000 20 Cell Signalling Technology
Anti - BckxL rabbit 1:1,000 30 Cell Signalling Techlogy
Anti Atg12rabbit 1:1,000 20 and 5660 CellSignalling Technology
Anti - phosphorylated mTOR 1:1,000 250 Cell Signalling Technology
Anti - phosphorylated 4EBP1 1:1,000 1520 Cell Signalling Technology
Anti- p70 S6 (Thr389) 1:1,000 70-85 Cell SigallingTechnology
Anti - Lamtorl 1:1,000 18 CellSignalling Technology
Anti-caspase 3 1:1,000 32 Cell Signalling Technology
Anti - cleaved caspase 3 1:1,000 17-19 Cell Signalling Technology
Secondary
Peroxidase conjugated antrabbit 1:10,00 Jackson ImmunoResearct

2.7.5 Automated western fo supernatant analysis

The automated, high throughput capillary electrophoresis western system, Peggy Sue (Protein Simple,
Minneapolis, MI, USA), was used to quantify proteins in the crude supernatanegtedvon day 14

of the FBOG. Proteins are moveddhgh a capillary tuband immobilized by photochemical capture

based on their molecular weight. Detection antibodies come in contact with the immobilized proteins,
similarly to the traditional western blting method[228].

¢KS SELISNARYSYy(l 6Fa&a O2yRdzOGSR F2tt2Ay3a (wS YI ydz
data, samples were diluted in PBS tpdimL inwater and mixed with the 5x Master Mix containing

{5{ FTYR RAGKAZ2OIKNBAG2f 05 @Cdab %mird for YrodeirSréductios &B A y Odz
denaturation. Samples and the ladder (provided in the kit), were loaded onto the plate. Antibody
solutions(anti HC¢ HRP conjugated), blocking solution (antibody diluent), detection solution (a mix

of luminol and peragide), stacking and separation matrices were loaded onto the plate as well, into

their respective wells. A box of singlee silica capillariesas loaded onto the Peggy Sue to start

sample analysis.
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2.7.6 Glutathione measurement assays

To evaluate oxidative mss in cells, the ratio of glutathione (GSH) and glutathione disulphide (GSSG)

was measured using a luminescermsed assay (Promega, MadisMi), USA). The assay was
LISNF2NYSR | O02NRAY3I (2 GKS YI ydzZl O dxeld seell LINE G 2 (
plate, and incubated with a lysis reagent, either for total glutathione or for oxidised glutathione. For

total glutathione measumment, both GSH and GSSG were reduced, whereas for oxidised glutathione,

a reagent was added that blocks GSH] eeduces GSSG to GSH. Luciferin generation and detection
reagents were then added into the wells. GSH converts the lucifesdgent, a GSH prebcalled

LuciferinNT, to luciferin by a glutathionet&nsferase enzyme coupled to a firefly luciferase riact

The luminescence signal was measured with an EnVision plate reader (PerkinElmer, Waltham, MA,

USA). The ratio of GSH:GSSG was calculatadti®luminescence measurements.

2.7.7 Protein digestion for LBAS/MS analysis

Cell culture supernatant samples fratay 14 of the FBOG were diluted toSLmg/mL in water, and

20pL samples were mixed with 3. 8 M urea (Sigmaldrich, St. Louis, MIl, USA).T(Thermo Fisher,

Waltham, MA, USA) stock at 500 mM was added to give a final DTT concentration of 10 mMsSampl
GSNBE GKSYy RSYyFGdNBR F2NJ mn YAY +a& pnx/ ® ¢NELA
reconstituted in 100 mM Tris buffer pH 7.2 and addedhdit:20, enzyme: substrate ratio. Samples

GSNBE (KSY AyOdzml 4G4SR Fd oT1x/ F2N) dzZLJ 62 n K2dzZNE D

2.7.8 LCGMS/MS

LCMS/MS (lguid chromatography mass spectroscopy) analysis was carried out using a Triple
Quadrupole Mass Spectrometry (Waters, Milford, MA, USA) to agsetsin, peptide and glycan
profiles. An aliquot of 7.fg of digested protein was loaded onto a carbagndBlumn at 5%C (Waters,
Milford, MA, USA). The buffers used were the following:

- Mobile phase A: 0.02% TFA (v/v) in water
- Organic phase B: 0.02% TVA) in acetonitrile

Each sample cycle lasted 10 min. During the first three minutes, samples were desaltialatate
of 0.200 mL/min in 5% B and the flatwough discarded. After 3 minutes, the percent of buffer B

increased linearly to elute the saie up to a percentage of 30% over 5 mins. The-flonwugh was
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directed into the MS for analysis. At 8 minutése column was washed with 90% buffer B for 1.6 min

followed by equilibration back to 5% buffer B for 0.2 minutes.

Samples directed for MS agais were ionized by the source going through an electrospray capillary
voltage of 3 kV, cone voltage 20 Vuste temperature 78C. Samples were then directed onto the

first quadrupole (Q1), followed by fragmentation in Q2, and finally daughter ions eapteired and
recorded in Q3. Data analysis was performed using the MassLynx software (Waters Milford, MA, USA)

2.8 RNA sequencing

2.8.1 Total RNA isolation using TRI reagent

Triplicate cell pellets for RNA sequencing were sampled from the evolved host andrstéodt on

day 7 of the FBOG. Cell pellets were flash frozen in liquid nitrogen and sto&@3runtil ready to

be used. Total RNA was extracted using the DZetRNA MiniPrep kit (Zymo Research, Irvine, CA,
{10 FOO0O2NRAY3 (2 ded Brief) cflidzWéredrésidpgddetd i TRIIRBadent,
centrifuged, and an equal volume of-980% ehanol was added to the supernatant. The mix was
then transferred onto a Zym8pin IIC column. In column DNase | treatment was performed on
column, removingcontaminating genomic DNA. RNA was eluted in DNase/RNase free water. RNA
content was quantified usagpnthe RNAIO NanoDrop 1000 program (Thermo Fisher, Waltham, MA,
USA), at 260 nm wavelength.

2.8.2 RNA quality assessment

RNA quality was assessed using theefgiP100 Bioanalyzer (Agilent Technologies, Santa Clara, CA,
USA), a microfluididsased platform ugg miniature chips. RNA samples were diluted to
approximately 1 ngiL in water, and 5 ng of RNA was loaded on the LabChip, followed by addition of
the RNA600O Pico marker. The RNA ladder was also loaded onto the chip for size estimation (Fig. 2.3).
The mcrochip was then quickly vortexed and loaded onto the bioanalyzer. The fluorescence was
measured and displayed in a dd#de manner or electropherograms @ling 18S and 28S RNA peaks.

The ratio of 28S to 18S permits the calculation of the RNA integnipau(RIN), an indicator of RNA
quality and degradation, ranging froml®, with 10 indicating intact RNA (Figure 2.3). RNA sequencing
was performed with saples that had a RIN higher than 8.
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Figure 214 Bioanalyzer sample results. A) @ké and B) electropherograms @hling the RNA peaks of t
ladder and of an RNA sample. The area under the curve of the 18S and 28S peaks are calculated to
the RIN.

2.8.3 Library synthess, sequencing and reference mapping

Messenger RNA purification and library preparation were performed by Leeds Institute of Molecular
Medicine (Leeds, UK). Sequencing data was collected olaoneef a HiSeq 3000 (lllumina, San Diego,
CA, USA) using 250 bp, paired end read typ€he sequence reference of the easy to express (ETE)
and difficult to express (DTE) mAb were prepared in house and included both heavy and light chains.
Sequencealata was analysed for quality using the FastQC software (Batoréistitute, Cambridge,

UK). Raw sequences were cleaned of adapters and primers using Cutadapt

(https://doi.org/10.14806/ej.17.1.20D and Timgalore (Babrahaminstitute, Cambridge, UK) to

remove primers, adapters, and leguality bases. The trimmed reads were mapped onto the
annotated CHOKGS transcriptomf229]using the STAR read aligi280]. BAM files were generated
using SAMtool§231]. BAM files are used to generate count matrices. All ioeenbormatics analgis

was carried out by Luigi Grassi at AstraZeneca, using R studio.

55


https://doi.org/10.14806/ej.17.1.200

Chapter X; Materials and Methods

2.8.4 Differential gene expression analysis and gene ontology analysis

Transcript expression was quantified using the Salmon [282] and FeatureCountf233], which
assigns reads to the target genes and summarizes the data into a table. Differential gene expression
analysis was performeddm this dataset usig edgeR234] and DESeqg®235], two countbased
statistical methods downloaded from Bioconductf#36]. The software edgeR can acat for
biological and technical variability of replicate samples tigtoua negative binomial reference
distribution and an empirical Bayes method, stabilising overdispersion across [@&4ésDESeq?2
software also relies on a negative binomial distribution and Bayesian approach, enabling the
guantitative analysis of RN#eq data using shrinkage estimators for dispersion and-dbaige,

focusing on the strength of the differentially expressed genes rathen just their presencg235].

Principal component angsis (PCA) analysis was performed to visualise the distribution of the
triplicate samples. This allowed comparison across triplicates, based on the molecule expressed, and
control vs. Cehost. Differentially expressed genes were visualised using the plagatm

(https://CRAN.Rbroject.org/package=pheatmafRpackage, which generates heatmaps.

Gene ontology (GO) enrichment analysis was performed using 8@ a webbased software
program. This software maps gemsgmbols to their molecular function, KEGG pathway, biological
process ad cellular component. The GO enrichment analysis was performed both with and without a
threshold for foldchange. For the thresholdased analysis, differentially expressed genestitied

from DESeq2 analysis were input. Thresholds for fold change2-%old change) and adjusted p
values (padj < 0.05 or fadj < 0.1) were investigated-d®lj controls for the false discovery rate of a
list of genes using BenjamiHiochberg algoritm [238], allowing a more stringent selection of
differentially expressed genes. Fiyalnanual screening of genes and gene pathways was performed

to identify target genes of the Gt@eatment.

2.9 Statistics

To analyse the impact of the organelle content on cell celjpsrameters such as titre, PCA analysis
was performed using Minitab dwiare (Minitab, PA, USA). Data from each cell line including the
content of Golgi, ER, mitochondria, lysosome, HC and LC protein and mRNA, were input to assess their

effect on productity. Different days were analysed independently or combined.

Excel (Mirosoft, WA, USA) was used for most of the data analysis and graph generation. The Pearson
correlation coefficient (R) was used to determine the strength of any relationship between tw

variables, and was calculated with the following equation:
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Finally, ttests were performed to determine if the differences between the means of two different

conditions were statistically significant.
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CHAPTER 3

Application of imaging flow cytometryrfthe characterisation
of intracellular attributes in CHO cell lines at the single cell
level

Declaration of contribution
Part of the work described in this chapter has been published as

Pekle E, Smith A, Rosignoli G, Sellick C, Smales CM, Peard®CAplication of Imaging Flow
Cytometry for the Characterization of Intracellular Attributes in Chinese Hamster Ovary Cell Lines at
the SingleCell Level. Biotechnol J. Mar 29:e1800675%. $0.1002/biot.201800675.

For this publication, all the experimtl work was conducted by me, except for titre analysis which

was completed by Mr Andrew Smith at Medimmune. | was also central to the experimental design,
performed the data analysis, wretthe first draft of the paper, as well as editing subsequenttdraf
Ff2y3 ¢A0K -dutkoss. EJF thitSdNaptar (Chapter 3), the content of the paper has been
Y2ZRAFTASR G2 ItA3dy SAGK (GKS (GKSAAAQ aftaNddnot | YR
included in the paper. The complete publication tenfound in Appendix A.
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3.1 Introduction

Mammalian cells are the expression system of choice for the commercial manufacture of therapeutic
glycoproteins, such as monoclonal antibodies (mAbs), with over 70% being produced usindl€HO ce
[50]. During cell line development, random integration of the expression plasmid and host cell
heterogeneity results in varied expression levels of the transgene, req@xiggsive screening to
identify highly productive and stableocles[200, 239, 24Q] Strategies to identify cell lines with an
increased probability of a high final titre at the cloning step could redimelinesand diminish the

total number of cells required to be screened to isolate such clones. FACS is commonly used for cell
cloning in cell line development, having the advantage of being athigighput method that can
deposit single cells into welts multi-well plates, supporting the regulatory demands for clonality,
and allowing assessment of cellular characteristics at the soaléevel. Combining FACS with post
sorting visualisation by fluorescent imaging showed that >99.5% of cells wewad [@41]. Various

flow cytometrybased screening methods have been developed to enable selective isolation of high
producing clones. Rese include the capture of secreted mAb via binding to the cell surface using
microbead technology[242], surface affinity matrix204], introducing fluorescent markers into the
vector [208] and vector modifications tenable secreted mAb to bind to cell surface prote@sl,

212] Although such approaches give enrichment of high producingesjothey tend be labour

intensive and time consuming.

Recent advances in flow cytatny have been made with the development of a novel imaging flow
cytometer, ImageStream (IS, Amnis/Merck). A key feature of IS is that it combines the workflow and
high throughput of conventional flow cytometers with the acquisition of up to 12 imagescekr
enabling the spatial resolution and determination of quantitative morphology that can be achieved
with microscopy219]. Imaging flow cytometry (IFC)amges that may be obtained include siseatter,
brightfield and up to nine fluorescent images, and such data has been used in a range of studies
including assessing nucleaanslocation222], detection and disamination of tumour cells and FISH
studies[219]. The current study describes a novel approach to study recombinant CHO cell lines using
IFC technology to idéify cellular characteristics thatocrelate with productivity at the single cell

level, with the potential of being integrated into the CLD platform.
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3.2 Results
3.2.1 Preliminary characterisation of a panel of 19 cell lines

To investigate cellar differences between high and low producing cell lines and determine any
correlations between organelle content and cell culture parameters, it was important to study cell
lines with a range of titre and growth profiles. A panel @fcgll lines were crsen from an initial large

panel of cell lines. These cell lines express a model IgG1 mAb and were initially characterised in terms
of growth, productivity, intracellular protein and mRNA levels over @dy FBOG in baffled shake
flasks (BSF). Moreover, subset of these cells lines (all except 1, 5, 8) were cultured in the AMBR
microbioreactor system. As the AMBR offers a controlled environment in terms of pH, dissolved
oxygen, and constant impeller speed, it was important to undeigtahether data fromhe BSF was

predictive and consistent with those under controlled bioreactor conditions.
3.2.1.1 Cell culture characterisation and comparison of BSF and AMBR systems
Growth

Cell counts, measured by Vicell, were taken on days 0,31,72,8, 9, 10, 11ral 14 for the BSF, and

every 2 days for the AMBR. The cell lines exhibited a range of growth profiles, with maximum VCD
ranging from 115x10cells/ml to 470x18cells/ml in BSF (Fig. 3.1 A). Compared to the BSF, results

from the AMBR Isow a more consisteri¥ CD, without the fluctuations that were observed in the BSF
6CAIDd odm . 0P ¢KS NIrylAy3a 2F OStt tAySaQ YI EAYdzy
t SINE2YyQa O2NNBtFIGA2Yy O2STTAOASYNBRGwW BSFMAMISH KS Y I

indicating a strong correlation (Fig. 3.1 C).

Celllines 1, 8, 14 and 15 had the highest maximum VCD and highest final IVC, peaking at ovet 7500x10
cells x hour/L on day 14 (Fig 3.1 D). At the lower end of the spectrum, celléing8 and 19 had th

lowest maximum VCD, and their IVC barely reached over 200@el6 x hour/L by day 14. The
remaining cell lines IVC on day 14 ranged from 3036 to 608816 x hour/L. Final IVCs in the AMBR

(Fig. 3.1 E) were consistent with tBSF experiment with strong positive correlation between the

two systems, although for some cell lines, the values were lower in the AMBR compared to the BSF (R

=0.71; Fig. 3.1 F; App. B Table 1).

For the BSF, all cell lines had a starting culture ltiabbove 90%, whictvas maintained for all until
day 7 (Fig. 3.1 G). The final range of culture viabilities on day 14 was between 20 to 82%. The decreased
culture viability was most pronounced between day 10 and 14, accentuated by the lack of cell counts

between these days-or the AMBR, initial viabilities were above 94% (Fig. 3.1 H). Most cell lines

61



Chapter 3 Application of imaging flow cytometry for the claaterisation of intracellular attributes in
CHO cell lineat the single cell level

maintained a culture viability above 90% until day 8, except for cell lines 2, 7, 13 and 17, for which
culture viabilities ranged from 80 to 89% on day 8lt@®e viability stated to decline in all cell lines
after day 8, and most cell lines had a final culture viability between 70 and 88%, higher than the BSF

final culture viabilities.
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Productivity

Product titre samples were taken on days 7, 9, 11 khébr theBSF, and on days 8, 10, 12 and 14 for

the AMBR. In BSF, the highest titres reached were 7418 and 5201 mg/L by cell line 7 and 12,
respectively (Fig. 3.2 A; A@pTable 1). Most titres ranged from 2000 to 4000 mg/L. Cell lines with the
lowest poductivityincluded 1, 3, 5 and 19, which had final titres lower than 1500 mg/L.
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Figure 3.2Titre data from the BSF and AMBR experiment: FBOG cell lines titre in A) BSF and B)
Comparison of the final titre between BSF and AMBR, showing a strong corddativeen the two system:
t SEFNE2YyQa O2NNBfFiA2y O2STFFAOASY d w I ndyHOD
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Similarly, in the AMBR system, cell line 7 had the highest titre, 5678 mg/L, although lower than in the
BSF (Fig. 3.2 B). The trend of the harvest titre fodifferent cell lines is consistent between AMBR

and BSF, with the BSF titres generally higher than the AMBR titres (R= 0.86; Fig. 3.2 C). Cell line 7,
which had the highest titre, also had the highest gP both in the BSF and AMBR (Fig. 3. BA;alybp.

1). Overall gPs were similar and consistent between the two systems (R = 0.91; Fig. 3.3 A, B).

A Overall gP B Overall gP - BSFvs. AMBR

80 80

70 70

60 60
-ﬁ; 50 50
2 T
£ 40 & 40
o =
- Z °
% 30 30

e9
) e
20 20 -
“!""' °
10 10 ¥ ®
LY ‘ LIRTL ‘T
0 I 0
1 2 3 45 6 7 8 9 101112 13 14 1516 17 18 19 0 10 20 30 a0 50 60 70 80
mBSF = AMBR BSF qP

Figure 3.3Specific productivity data from the BSF and AMBR experiment, A) Overall gP in the 19 cell
BSF and AMBR. Cell line number is on thgig B) Comparison of the overaP between the two systen
AaK2gAy3a I A0GNRBYy3 O2NNBfFiA2y>S gAGK t SIENR2YQa (

Metabolites

Glucose and lactate levels were monitored during the FBOG (Fig. 3.4). Glucose concentration reflects
the energy available, whereas lactate informs the accumulation of metabolic Byroducts that

could deteriorate culture environment, inhibiting cell grbwand mAb productiof243]. As the

culture switches from growth phase to production phase, lactateetem decreases and there is

usually a metabolic shift to lactic acid consumption, increasinfRp#.

Metabolites were more closely monitored in the AMBR; however, reduced sampling for BSF did not
have a negative impact on growth orgaluctivity for cells in BSF. Differences in glucose consumption
can be observed between the different cefles (Fig 3.4 A, B), consistent with the differences in
growth and productivity. Despite less frequent monitoring of glucose levels in the BB&,nibt

negatively impact productivity or growth, as both showed a strong positive correlation with profiles
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observed in the AMBR. Lactate measurements ended on day 10 of the FBOG for the BSF (Fig. 3.4 C),
and lactate levels decrease from most cell limesrf day 3 onwards. Measurements of lactate in the
AMBR (Fig. 3.4 D) during the late stage of the FBOG eeMeakate spike in a few cell lines (cell lines

16, 18 and 19). Lactate is usually produced by the cell during the exponential phase, whildh&hen t
cells enter the stationary phase, cells shift towards lactate consump2és]. This metabolic shift
however dos not always happen, and some cell lines continue to produce lactate even in the later
culture stages, and the cues that trigger the metabolic shiémain unknowrj245]. Many culture
parameters are thought to be involved in the metabolic shift, such as pH, ggr@availability and

mitochondrial function[246, 247]
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Figure 3.4Metabolites profiles for the BSF and AMBR experiment: glucoseentrations throughout the FB(
for A) BSF and B) AMBR cultures. Lactaihcentrations for the C) BSF and D) AMBR. Last measureme
day 10 for the BSF, and day 14 for the AMBR. Glucose and lactate concentrations were measured L
bioanalyer.
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Conclusion

When considering botthe growth and productivity of the cell lines, the trends observed between cell
lines are consistent between the BSF and AMBR. The differences in the controlled environment of the
AMBR compared to the BSF does hswme impact on growth and productivit@enerally, titres were

higher in the BSF than in the AMBR, which for some cell lines could be caused by the increased growth.
The overall ranking performance of the cell lines were consistent between the two systeimating

that for experiments, obseations made in BSF are likely to be predictive of how the cell lines would

behave in the more controlled, microbioreactor environment.

3.2.1.2 Intracellular HC and LC protein expression

Cell pellets wer¢aken on day 4, 7 and 9 of the BSF FBOG forcelitdar (IC) protein quantification
by western blotting. Both reduced and noeduced conditions were analysed (Fig 3.5 A. B).
Quantification of both HC and LC was performed using the reduced westerrbploteasuring the

HC and LC bands intensity usinageJ, and normalising to the house keeping protein GAPDH.

Western blot analysis revealed that cell lines 3 and 5 expressed an aberrant HC protein as can be seen
on both the reduced and nereduced image, with the HC band on the reduced blot presgritself
at a lower molecular weight. Other cell lines showadhged range of expression levels for both IC HC

and LC protein.

A Reduced B Non-reduced

12345 6 7 8910 111213141516 17 18 19 12345 67 8910 111213141516 17 18 19

Actin wo —— ——— —— —
GAPDH " 0 0 S (o B s o et 0 0 0 O 5 OO HHH}LHHt“ - r=sSs-enme

HL - — -

H . - — Rpmp— - H - - ~— ——-
HHLL - - - ——— - ~ - _———
— - -
L e v ——— >y -
LL - - - -

R el i ————

Figure 3.59C HC and LC protein quantification by westenpitinig on day 4 of the FBOG, for A) reduced (
and B) norreduced (right) conditions. Cell line numbers are indicated atttip of each blot. Housekeepi
genes Actin and GAPDH quantification can be found at the top of the reduced gel. H refergyteingia and
to light chain, so HHLL is the intact mAb, HL is a half mAb, HH is the HC dimer, LL is the LC dimer.
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Corelations between IC protein subunit expression and IgG titre were then investigated (using the

t SFNER2Y QA& o&feidiNE.tDhy(UAR HC pfdtein had a strong positive correlation with final

titre (R=0.70; Fig. 3.6A) whereas LC had a weaker coorel@=0.51; Fig. 3.6B), and later timepoints
showed weaker correlations than day 4 (on day 7, R = 0.50 for HC2R ferOLC; on day 9, R=0.49

for HC, R = 0.41 for LC). Correlations with gqP were strong for both IC HC and LC on day 4 (Fig. 3.6C, D;
R= 078 for HC, and 0.77 for LC), and decreased with culture time (on day 9, R= 0.41 for HC, and 0.21
for LC). Considerirthese results, early culture (day 4) IC HC protein would seem to be a predictor of

overall productivity and final titre.
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Figure3.6 Comparison of productivity with IC HC and LC protein, A) Comparison of final titre with IC HC
on day 4, showing a pogtiS O2 NNBf I GA2y 0t S| NEDY he@as NNk dorielat
was observed with the B) IC LC miatcontent (R= 0.51). Comparison of overall gP with A) IC HC protein
4 (R=0.78) and D) IC LC protein (R=0.77). HC and kD prete quantified by band intensity on their respec
reduced western and normalised to GAPDH protein expression.
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3.2.1.3 HC antlC mRNA expression

Cell pellets were also collected on day 4 and 9 of the culture for quantification of relativedHan

message expression (MRNA) using gPCR, normalised to GAPDH. A wide range of expression of HC and
LC mRNA was observed across thelieadbs (Fig 3.7 A). Consistent with observations made at the

protein level, day 4 HC mRNA levels showed a positiveJsdr G A2y GAGK FAyLFf GAQ
correlation coefficient of R=0.75 (Fig 3.7 B, R = 0.58 for day 9). On the other hand, Lge slessad

no correlation with final titre (Fig 3.7 D, R = 0.25 for day 4, and R = 0.41 for day 9). A strong aorrelatio

was also observed between HC message and gP on day 4 (Fig 3.7 C, R =0.82 on day 4, and R = 0.51 for
day 9), and a weak correlation walsserved with the LC (Fig 3.7 E, R = 0.43 on day 4, and R = 0.47 on

day 9).

Drawing from the results observed both tithe HC protein and message, it can be concluded that
both could be used as a marker of productivity. It was crucial to confirm thaethesults could be
replicated with the HC and LC protein and mRNA assays compatible with IS. If these results were
reproducible, HC could be used to predict productivity at the single cell level and further, could be

multiplexed with other assays.
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Figure 3.7Quantification and comparison of HC and LC mRNA with productivity, A) HC and LC mRN.
expression, normalised to GAPDHO |/  Ywb! O2ydSyid KFa | Lk2aiid.
correlation coefficient R 8.75) and C) with overall gP (R=0.82) whereas D) LC mRNA does not show a ct
with the final titre (R = 0.25) nor with the E) overall gP (R=0.43).
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3.2.2ImageStream assay development and validation

The first step of the IS characterisation wasleveloplFC assays to investigate the content of IC HC
and LC polypeptide, HC and LC mRNA, and for specific organelle assessment. The aim of the assay
development was to multiplex a productivity marker or predictor, such as IC HC, which is usually only
guantifiable in fixed cells, with an organelle dye that can be used in both fixed and live cells. If a
correlation at the single cell level, or population level, between IC HC and an organelle was observed,
the organelle dye could then be used to stain artéct forive cells by flow cytometry, thus increasing

the proportion of high producing cell lines. The organelles chosen were the ER, the mitochondria, the
Golgi apparatus, the lysosome and the nucleus (Fig. 3.8 A). These organelles are the mailesrganel
and havre commercially available dyes. Moreover, these organelles are essential for processes linked
to increased productivity. ER and Golgi are involved in protein synthesis and quality, mitochondria are
at the heart of metabolism, the nucleus can infoon the subcellular locations of the different
staining (in the nucleus or in the cytoplasm), and lysosomes are directly involved in autophagy. For
each organelle, a range of dye concentrations was tested for both live and fixed cells, to identify the

optimal staning conditions, with high stain intensity and low background.

3.2.2.1 ImageStream data analysis

The analysis software, Ideas (Amnis, Merck), has-iouilinctions that enable spot counting (Fig. 3.8

B), for counting spots in punctuated staigisuch ashe Golgi apparatus. Another feature is masking,

to determine cell size by creating a mask on the brightfield, or the size of an organelle (Fig. 3.8 C).
Masks can be created based on a threshold of fluorescence intensity. Finally, a colocatizate

can also be calculated to determine whether two signals are colocalized, with a score of 0 indicating

no colocalization and scores above 2 indicating colocalization (Fig. 3.8 D).
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Figure 3.85ample images of the assajaveloped on the IS and analytical features. A) Images show brigh
fluorescent staining, and an overlay of the staining. B) Sample images featuring spot counting of t
apparatus, with bright field anfluorescent channel images with the nunrf spots on the right corner of ti
image. C) Masking of the cell size based on the bright field image, and of the organelle size base
threshold of the ER intensity. D) Colocalization of HC mRNA andisiadieich shows no colocalization, anc
and LC mRNA, which show strong colocalization.

3.2.2.2 ImageStream validation against standard flow cytamnye

Standard flow cytometry is widely accepted as a robust method for investigating cellular attributes,
however IFC is a relatively new techrpfoand has not been as extensively used. We therefore
assessed the reproducibility and consistency of resudtavben standard flow cytometry and IFC. To

do this, three separate vials of a recombinant CHO cell line were thawed and independently cultured

in shake flasks. After the first passage, triplicate samples were taken from each flask on three separate
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days au stained with MitoTracker and DAPI, with the plate loaded in reverse order on the last day to

avoid order bias (Fig. 3.9, Fig 3.10 A).

—p ImageStream
Mitochondria +

nucleus stain o B g i __  _ =» Flowcytometry

Figure 3.9Schematic of the robustness experiment. This represents what was done for one vial, bt
individual vials were thawed. From each thawed vial, ttgeparate shake flasks were inoculated. Tripli
samples were taken fastaining with a mitochondria dye (MitoTracker) and a nucleus dye (DAPI) and ¢
on ImageStream and standard flow cytometer.

The percentage of double positive cells across instruments and days, ranged from 94.8% tad.00% (F
3.10 B, C). Oneway ANDVA followed by Tukey test revealed that some of the differences between
means were statistically significant, meaning any variations in percentage of double positive

population below 6% can be accounted for by variation betwestriments or days.

The inensity of the nuclear staining was consistent between instruments and between shake flasks
originating from the same vial, showing no statistical difference (Fig. 3.10 D, E). For the mitochondrial
staining, differences in intertgiwere present between stke flasks originating from the same vial and
between vials, despite no differences in growth or viability. These differences which could be due to
intrinsic differences between cultures (Fig. 3.10 F, G), and were consistentdret®eand standard

flow cytometry, with a strong correlation between the signal intensity recorded by the different
instruments for both dyes (Fig.3.10 H, F=R0.42 DAPI and 0.97 MitoTracker). There was thus
confidence that any observations made on theaging flow cytometer codl be transferred to

standard flow cytometry.
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Figure 3.1(Results from the robustness experimeatmparing ImageStream and standard flow cytometr
Sample IS images showing the bright field, nuclear staining (DAPI), mitochondria Sfislibiigacker), an
composite images. B, C) Average percentage of cells positive for both nuclear and mitdahstaghing fo
each vial on different days on IS B) and flow cytometry €3) Bverage of DAPI median intensity D, E)
MitoTracker medianntensity F, G) of individual shake flasks on day 3, representative of observations ¢
days for IS D, Fnd flow cytometry E, G). H, I) Overall, there was a strong correlation between the
YSI adzZNBR 068 020K AvyaidNHzeicerdt & = 6.655dr hikleaystai and R NS
mitochondrial stain) R is the coefficient of determinadn.
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3.2.2.3 ImageStream validation against standard techniques

Having validated that IFC was as robust as standard flow cytometry, it wartialskeverify that the
correlations oberved between HC content, both protein and message, and productivity were
replicable with the IFC assays. Another FBOG in BSF of initial panel of 19 cells expressing the same
mAb was initiated. Samples for IFC amelywere taken on day 3, 7 and 10 of thBOG in BSF.
Confirming the data obtained by western and gRIR, HC protein intensity and message on day 3
correlated very strongly with both titre and gP (Fig. 3.11 A, B, Table 3.1). LC protein and message also
showed a positive correlation with produgity early in the culture, although weaker than the

correlation observed with the HC (Table 3.1).

Next, we investigated multiplexing HC mRNA and HC protein at the single cell level. A positive
correlation betweerHC message and protein at the single les#l was observed (Fig 3.11C, R=0.65).
Moreover, images obtained via imaging flow cytometry revealed different localisation of the HC
protein and HC mRNA (Fig. 3.11D). Since both HC mRNA and protein earlyuhutleesbiowed
positive correlation withihal titre, and between each other, HC protein was chosen as the predictor
of productivity at the single cell level for this study. HC protein was then multiplexed with the different

organelle assays, being more @#mand cost efficient than the mRNA assay.
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Figure 3.11HC protein and message quantification by ImageStream, and comparison with finBlatikré\) H
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Table3.1t SI NE2y Q& O2NNBf I GA2y O2SFFAOASYld 0SG6SSy YSRALY

message, and productivity.

Final titre | Overall gP

D3

HC protein 0.84 0.60
HC message 0.79 0.92
LC protein 0.61 0.44
LC message 0.73 0.78
D7

HC protein 0.13 -0.10
HC message 0.32 0.55
LC protein -0.02 -0.12
LC message 0.12 0.34

3.2.3 Investigation of correlations between organelle content and cell culture attributes

Having develped appropriate IFCsaays, a FBOG with the 19 cell lines was repeated in baffled shake
flasks, for 14 days. Samples for IS analysis were taken on day 3, 6 and 10 of culture. The following
assays were performed in triplicate: R protein, mitochondri&lC protein, HE&.C progin, and Golgi
apparatus (day 6 and 10 only). The Golgi dye was not multiplexed with HC protein, as permeabilization
of the cell membrane caused diffusion of the dye into #specific cellular locations. H@ mMRNA

assay was not dona itriplicate, due tathe lengthiness of the protocol and the cost of the reagents.
Lysosome staining required live cells, and hence was not multiplexed with HC protein, and single

samples were taken. Cell lines 18 and 19 had to be discarded after day® afeeding error.

Correlations from this experiment were then investigated between HC and cell attributes at the single
cell level; and at the population level between median intensity of organelle and culture parameters,
such as growth, titre and spéici productivity (qP)Trends in the cell culture data obtained from this
fed-batch was consistent with the data from the previous FBOG Bppg. 1), with high correlation
coefficients between final titres and gP (R = 0.86 and R = 0.79, respectivei)ires and gP lowr

in this experiment compared to the initial FBOG. Samples acquired required large volumes of cultures
(7.5 mL on day 3, equivalent to 10% of the overall culture volume, and 4.8 mL on day 6), which could

have negatively impacted finatre.
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3.2.3.1 HC mtein content comparisons between staining

The effect of multiplexing organelles dyes on HC staining was investigated by comparing HC intensity
across the different multiplexed assays (LC protein, mitochondria and ER). Strong coselaie

observed between HC intensities from different multidheg (R ranging from R = 0.83 to R = 0.98 on

day 3, R ranging from R =0.91 to R = 0.95 on day 6, and R ranging from R = 0.87 to R = 0.92 on day 10).
Multiplexing HC antibody with the dyes didt impact the integrity of the HC staining.

3.2.3.2 HC and LC protein and message profiles

IFC analysis of HC and LC protein and message revealed not only cell lines with a wide range of
expression, but also some cell lines with multiple distinctiepybations: a sufpopulation that
expressed HCnal LC, a supopulation that only expressed one of the chains, and aptulation

that expressed neither (Fig. 3.12 A). Cell lines with a mixed population include cell line 1 (~14% HC/LC
positive, ~85% noexpressing), cell line 3 (~ 50% HC/LC posit38% negative and ~ 15% HC only),

cell line 4 (~75% HC/LC positive, ~25%-axpressing), cell line 5 (~50% HC/LC positive and ~35%
negative) and cell line 18 (~65% HC/LC positive and ~ 25% negative). Dreab@apulations were

also present at the messadevel, except for parent 1, for which the population that was negative for

HC/LC protein was positive for LC mRNA. The other parents all had a single HC/LC population.

One possible reason for these celkknto have a mixed population could be due te ttell line not

being monoclonal, as these cell lines underwent only one round of cloning. Another possibility is loss
of transgene copies or transcriptional silencing of promd@48]. Interestingly, on day 10, the
intensity of HC and LC protein was significantly lower than on dagd 8 across most cell lines, except

1, 3,5 ad 17 (Fig. 3.12 B, C). Staining fluorescence intensity are normalised to cell size: as cells get
bigger with culture time, the ratio of signal intensity to cell size would decrease and could explain
some of he lower HC and LC intensity. Another possjtititexplain this decrease in HC and LC protein
later in the process could be caused by an increase in mAb secretion, as the cells have exited the

growth phase and can concentrate cellular resources on maAdyation.
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Figure 3.2 Comparisons o& sample of cell lines with heterogenous and homogenous HC and LC proteir
expression, and HC and LC protein content throughout the FBOG, A RME&MA and protein profiles of cell li
1, 4, 7 and 18, showing heterogenous and homogenous populaf®)idC and C) LC protein content on da
6 and 10 of the FBOG.

3.2.3.3 Analysis of correlation at the single cell and population level

As previously seen, the cell lines studied here had a wide range of mAb protein expression. The
differences in productivity between cell lines can be explainedomdy by a diverse range of mMRNA
levels, but also by differences in the cellular propertibattgovern the growth and biosynthetic
capacities of individual clones. Energy metabolj249] and protein synthesig1], folding[71], and
secretion[250] pathways can influence the final production and secretion of mAb. We therefore
investigated with IS whether productivity differences observed between cell lines were correlated
with variations in he mitochondria, ER, lysosome and Golgi content of cells, as well as HC and LC
polypeptide and mRNA (Fig. 3.13). For ER and HC, the colocalization score was also analysed,

corresponding to the relative amount of HC residing in the@&Rrelations were irgstigated at the
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Figure 3.13ample profiles of ImageStream analysis: of cell liftef® and 18 (bttom) for the various IS
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No linear correlations were found for individual celels between the mitochondrial contemind HC
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found at the population level between mitochondrial content and productivity, or specific productivity

on ary of the days investigated. Additiohalno correlations were observed between the HC content
YR GKS 9w O2ydaSyld
and titer or specific productivity (App. Table 2, Tabl&.2).

The colocalization score betwe&R and HC showed a strong negative correlation with productivity
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on day 3 (Table 3.2). This indicates that as more HC protein accumulates in the ER, cell line productivity

was decreased. There was however no corretatit the single cell level betweendtcolocalization

score and ER or HC protein amount, indicating that the amount of IC HC protein or ER do not predict

the ER folding capacity.
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Table 315t S| N&A 2 y Q & coéifRidliNGBtivderiithedrganelle content on diféat days and the cell culture
IAINRPGGK YR LINPRdAzZOGAGAGRE @Ol tdSad Fe¢KAA O fdzS O2NNBaLR,
7 is excluded as an outlier, due to high titre.

Mitochondrial content ER content Golgi content Lysosome content ER / HC colocalisation score
d3 dé d10 d3 dé d10 dé di0 d3 dé d1o d3 dé di0
Final Titre -0.22 0.23 -0.03 0.16 012 -0.48 -0.11 -0.49 0.24 0.08 -0.11 -0.64 -0.48 0.34
0.54
gP -0.04 0.25 0.09 0.36 0.4 0.4 0.26 0.27 (0.84* ) 046 0.05 0.75 -0.43 0.22
Final IVC -0.32 -0.69 -0.07 -0.64 -0.43 0.36 -0.48 0.18 -0.56 -0.55 0.02 0.65 047 0.05

Lysosome aatent increased with culture time (Fig. 3.14 Ay dbrrelations were found between titre
and lysosome content on day 3 (R = 0.23), however there was a positive correlation with overall qP
(Fig. 3.14 B, R = 0.84, excluding cell line 7 as an outlier dughtaitre; and R = 0.56 when including

cell line7). No other correlations were found on other days of the FBOG.
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Figurel6.14 Lysosome content throughout theB®G and comparison to overall gP; A) Lysosome content
fAySa GKNRBdJdAK2dzi I mn RIFI&8&4 C.hD 2y RIF& o0oX ¢
correlation coefficient R = 0.85.

Finally, principal component analysis (PCA) was performed to confirm the correlations that were
observed on dag. The median intensity of the organelles and HC/LC protein and mRNA wedehcl

in the PCA analysis, as well as cell size, HC/LC ratio for IC protein and mRNA, and the colocalization
score between ER and HC. Biplot on day 3, comprising of all the degaared HC and LC protein and
MRNA medians, is separated into two compondfig. 3.15A). Cell line positions obtained from the

biplot were then tagged based on their IVC (Fig. 3.15B), gP (Fig. 3.15C) and final titre (Fig. 3.15D). This
allows the visuadiation of the impact of the different organelles and HC/LC protein and mRIN#on

different culture parameters.
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Along the first component, HC and LC protein and mRNA, as well as lysosome content were found to
relate in the positive direction, whereas tielocalization score between HC and the ER had a negative
value (Fig. 3.15 App.B Table 3). When looking at the IVC, high and low IVC were divided across the
first component, whereas the second component did not seem to relate to growth (Fig. 3.15 B).
Similarly, high producing cell lines, both in terms of qP (Fig. 3.15 C)naititfe (Fig. 3.15 D), are
separated from lower producing cell lines across the first component. Considering both the biplot and
score plot, high amounts of HC and LC mRNApautéin, as well as lysosome content, had a positive
relationship with produdtity, whereas a high colocalization score between ER and HC had a negative
NEBflGA2YAKAL] 6AGK LINRPRAZOGAGAGED® ¢KAA Aa O2yaira
correltion coefficient analysis. Along the second component, only mitochondri&obpoints in the
positive direction. However, no clear differentiation is made along the second component for either

the growth or productivity.
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3.3 Discussion

To investigate the cellular differeBcd 6 S0 6SSy KAIK FyR f 248 nLINRE RdzOA Yy 3
fAySa SELINBaaiAy3dI + Y2RSt L3ADmM Y!6 6AGK | NI y3S
batch culture was characterised. Moreover, cell line organelle content was characterthd@ @i IFC

has limitations in its application to sorting and lation of cells in a cell line construction process.

Currently, IFC does not offer a high spatial resolution compared to traditional microscopes, which also
Fftt2¢ F2N) GAYSYRI WAL (SELIGNISYERZNA € F FyIHfeaafa 2F G
LC/ A& AG& YI EAYdz¥, whicBS@&mR onlg Be reachad V8t & yiighasariple
concentration of 180 S f #LAThi¥ [s quite different to the high throughput of standard flow
cytometry. The slow acquisition is mostly the result of limitatidny ¥ 2 OdzaAy 3 2F OSf f 42
cells are excluded from analy$226]. Finally, there are currently no commercially available IFCs that

have the ability to sort cells based on image features, although that may change in the near future
following therecent work by Nittaeta[251]2y Ay G St f A3Syd AYIF IASml OGA DI (S|

limitations, IFC remains a powerful tool for single cell analysis.

Prior to performing IS analysis, it was necessary to identify a preditjoroductivity that could be

used at the single cd#vel. Cell lines revealed that IC HC and LC protein content and mRNA expression
y2i 2yfte OFINASR | ONraa (GKS OStft tAySa odzi FHftaz2z ¢
batch cuture. The amounts of HC protein and mRNA on day 4, srdmed by western blotting and

gPCR, respectively, were both predictive of the final titre, as well as the overall gP. No correlation was
found between the titer and the LC content or between the ptGtein and the titer later in the

culture. From theseesults, it was evident that the IC HC protein, and mRNA at earlier stages of the

culture could be used as markers of cellular productivity.

Results obtained by standard gPCR and western blotting methods were confirmed by IFC. HC protein
and mRNA contentsn day 3 showed a strong correlation with the final titre, but at later time points

no such correlation was found. This suggests that théG(rotein and mRNA contents are predictive

2F FAYlLE GAGNB SIFENIe& Ay GKS Ppovermnsoldstiad the oditee  dzNBE T
progresses as other factors begin to play a role in determining the final titer, e.g., availability of
translaion machinery, folding/secretion, and energy status of cells. LC protein amounts showed
weaker correlation with thefinal titer or gP, although the LC mRNA content showed a positive
correlation with the final titre and gP. Overall, these results are ctersisvith previous reports that

the IC HC protein and mRNA contents show a stronger correlation with mAb proiguttan the LC

content, as LC protein was present in excess as seen in the western blots, indicating that HC can be a

limiting factor for thefinal titer [61, 102, 25254].
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Although the correlation with LC wasaer, there was some correlationrebween LC transcript and

the final titer; this is not unexpected as LC protein is necessary to drive HC constant domain 1 (CH1)
folding, mAb assembly, and secreti@55, 256] Thereported differences as to whether HC or LC are
fAYAGAY3 YI& NBFESOG Y2tS0OdA Sn yR Kz2ad OStftmnRSL
highest HC mRNA contieon day 3 did not have the highest titer. This cell line also had a high amount

of LC mRNA on day 6, suggesting that above a certain transcript threshold, there might be potential

bottlenecks further down the translation and secretion pathwggk, 136, 257]

As cellular metabolism, protein fiihg, and assembly couldfiuence overall mAb production, we
characterised the organelle content of a panel of cell lines. The dyes used for the quantification of
organelle content were commercially available, although the exact mechanisms by which they
function were not always palicly available. The MittD dye reflects the mitochondrial mass and
morphology, regardless of the mitochondrial energy state. It has been shown to colocalise with EGFP
cytochrome C oxidase, validating the specificity of the[@B&8]. The GolgID is selective for the Golgi
apparatus, and colocalises with RRRcetylgalactosaminyltransferast an enzymethat is
abundantly foundn the transGolgi[259]. The ERD dye has been shown to colocalise with EGFP
calreticulin chimeric protein, validating its leetivity for the ER. Lyd® is a cationic amphiphilic
fluorophore tracer that rapidly partitions into live, through passive diffusion across the various lipid
bilayers. LyséD design is a pH clamp that allows detection of acidic vesicle: once insigedkeme,

the dye becomeprotonated and trapped.

No correlations were found between Golgi, ER and mitochondria content and productivity.
Mitochondrial content itself is not always reflective of cellular metabolism, as significant changes in
the mitochondial membrane potential (MM®) can occur without fluctuations in mitochondria
numbers[260-262] Studies have linked either hi¢g@61]or low [260] MMP with increased final titer;

however, we only considered mitochondrial bioreas this study.

Regarding the ER ari&blgi content, other studies report a lack of correlation between ER and Golgi
content during the growth phag®0, 252] while our results show that neither the ER content nor the

Golgi content correlates with pductivity during the growth phase or at later stages of batch culture.

We note reprts that host cells with higher ER content prior to transfection result in the isolation of
recombinant cells with higher titd263]. A negative correlation was observed between the amount

of HC protein residing in the ER, based on the colocalization score, and final titretjmgdicAb not

being secreted. No correlations were observed at the single cell level between the @alboalscore

and ER size, indicating that the accumulation of HC protein in the ER may not have activated ER stress

yet. ER stress and activation of tH®R is usually accompanied by an expansion of ER size to increase
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folding capacity, and reports haveahn that overexpression of Xkbbleads to expansion of the ER
and Golgi, and higher titfg’3, 99, 264] As no correlation was observed later in the culture between
the HC accumulation in the ER and productjvills may have activated the stress response to

increase their folding capacity and mAb production.

Interestingly, the lysosome content was a strong a predictor of productivity as HC or LC content.
Lysosomes play a key role in autophagy and the degiadaif intracellular waste. Initiation of
autophagy can either be the first step towards cell death or cell survival. Genetic manipulation of the
autophagic pathway has shown positive effects with either inhibition or induction of autophagy. Over
expressio of the autophagic protein Beclinl and the aapoptotic protein BeR has shown increased
benefits compared to overexpression of Bchlone in different stressemhduced situations, such as
nutrient deprivation or chemical stress, inhibiting cell deatld increasing VC[271, 172] Moreover,
autophagy induction by rapamycin treatment, a specific mTOR iohjdias also been reported to
improve culture viability accompanied with higher titr§88]. Other studés have reported that
inhibition of autophagy results in positive effects on cell culture-xBobverexpression has led to
higher titres, howeverthe authors highlight that they did not quantify whether B&l overexpression
worked through the apoptosisrahe autophagic pathway69]. Jardon et al. have reported that
chemicalnhibition of autophagy with 3nethyl adenine (3VA) led to up to a 2-8old increase in titre

[75]. Mechanistic analysis needs to be performed twlerstand the mechanisms underlying the

relationship between lysosome content and productivity observed in our study.

In conclusion, with the studd cell lines, high and low producers are not only differentiated by their
HC/LC message and protein contebtit also by lysosome content on day 3. Having observed this
correlation, it would be interesting to investigate whether lysosome content couldsed to isolate
high producing cell lines. Other organelle content did not differ between high and lovcélrénes.
However, since the mAb that is expressed by these cell lines wadceaspress, it is possible that
cellular organelle amounts migldifferentiate between the productivity of cell lines making more
RAFTFAOdzZ G mi2mSELINS &eilFCYidofs 3€3dibe8 aete coull & 2p@iSANE thell
characterization of host cell populations and to identify potential targets for host cell esgnge
Consistent with previous reports, we show that the HC protein and mRNA are markers of productivity
early in culture this highlights a need for the development of new flow cytometric methods that
allow the measurement of HC polypeptide or mRNA amsuntlive cells, which could be used to

enrich the proportion of high producers and improve the efficiency of cell line development.
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CHAPTER

Lysosome&ontent- based cell sorting of CHO cells

4.1 Introduction

Increased recombinant protein produeti, with appropriate quality of product, is a priority for the
biotherapeutic manufacturing industry, with productivity of CHO cells reaching titres >10 g/L,-a 1000
fold improvement over the past four decad¢s6, 18]. Considerable efforts have led to these
improvements in titre, including those in procegstimization, high throughput screening of cell lines,

and the development of novel cell lines through genetic engineering.

The majority of manufacturing processéor biotherapeutic recombinant proteins use CHO cells for
expression of the target proteinfointerest, however, artificially immortalized CHO cells are
heterogeneous and have inherent gene instability, requiring proof of monoclonality by the regulatory
agencieq187]. Flow cytometrybased cell sorting is a commonly usdaining method for clonal cell

line generation, which has the advantage of being Higbughpu and able to assess cells
characteristics at the singleell level. Cloning via flow cytometry can combine screening to enrich
high-producing clones with a morgéme-efficient cloning method compared to traditional limiting
dilution cloning, reducing tinlmes [204, 265] Many flow cytometrybased screening and sorting

methods have been described in the literature for itoyped productivity, as previously discussed.

As the results described in Chapter 3 from the IS charactensadentified a positive correlation
between lysosome content and gP, here the isolation of cells with high lysosome content to increase
productivty was investigated. The aim of this investigation was to assess whether cells with a high
lysosome content diing routine subculture could be isolated and subsequently be demonstrated to

be highproducing cell lines when assessed under FBOG conditittheugh not directly involved in
protein production, lysosomes are essential for the maintenance of cellaarebstasis, through
autophagy and recycling of damaged cellular compong2&5]. A key component in the mTOR
pathway, lysosomes are at the centre of nutrient sensing, and the consequent mMTORC1 activation
[130], leading to growth and protein synthesis. Alternatively, lysosaotwity can be associated with
autophagy and increased protein yields have been associated with both manipulation of autophagy
[68, 75, 171, 2674nd the mTORC1 pathw§s6, 68, 135, 137, 268]
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Chapter 4 Lysosome content based cell sorting of CHO cells

Based on the correlations observed during the FBOG described in Chapter 3 previously, five cell lines
from the initial panel (1, 2, 4, 10 and 17) expressing the standardteaesypress (ETE) mAb with
different expression levels drlysosome content were selected for further study (Fig. 4.1). Initially, an
equal number of cells were mixed together on the day of sorting based upon lysosome content. This
WYAEQ 61 & GKSy &il Ay S Ripligate pdols of R0OD0OfcallsoRed Ba¥ed onR & S =
high, mid and low lysosome content. The individual cell lines were also FACS sorted (FS) without
gating, while the panel of cell lines were kept as single clonal cultures simultaneoushofted, NS),

to assess the effects of the praagof FACS sorting on the cell lines. Moreover, in another experiment,
individual cell lines were stained with the lysosome dye and sorted based on high and mid dye
intensity, to evaluate if more productive cells could belaged and maintained from therginal
individual cell lines based on lysosome content. Lysosome cchssgad cell sorting was also
investigated by mixing of two cell lines expressing a bispecific mAb, considered more difficult to
express, to determine ifsolation of cells with incresed lysosome content led to increased

productivity over that from the original cell lines.

Low Mid High

A 1
| 1T \
ﬂf& Bﬂ ———— Individual clonal

—
—

FACS (FS)

cultures (NS)

|
Bottom 3.5%  Mid Top 4% — FBOG

MIX

FSC-H (x 1,000)
10 150 20 250

'

T T
10 10°

Lysosome intensity

FACS based on
lysosome content

Figure 4.1Schematic showing the five individual cell lines chosen for the mix, with low gP and lysosome
(1,2),medium gP and lysosome content (10, 17) and high P and lysosome content (4). The mix wa
with a lysosome dye and sorted based on lysosome intensity, in triplicate pools of 20,000 events. Indiv
lines were either kept in shake flasks, @ofs were sorted by FACS without any gating, to investigate the i
of cell sorting on cells. & recovery, cells were cultured in FBOG.

89



Chapter 4 Lysosome content based cell sorting of CHO cells

4.2 Results

4.2.1 Comparison of lysosome sorted cell characteristics compared to the original cell

populations

To initially assess whether stress imparted cells during FACS could have an impact on the
performance of a cell line, 5 cell lines were sorted by FACS, without any gating, while simultaneously
being subcultured routinely in shake flasks. Follgvirecovery, cell growth and productivity
characterstics were investigated under FBOG conditions. FACS sorting did not have any appreciable
negative impact on growth (Fig. 4.2A), culture viability (Fig. 4.2B) or recombinant protein productivity
(Fig. 4.2QD). Cell lines 4 and 17 had higher titre in Fé@f&d (FS) cells than the original rsorted

(NS), cell line 4 gP was higher in the FS cells, whereas this was higher in NS cells for cell line 17 (Fig.

4.2). Cell lines 1, 2 and 10 had similar gPs betvmxh NS and FS cells. Collectively, the datgesig
GKIFIG GKS Ccl!'/{ RAR y20( yS3ardrgsSte AYLIOG GKS OS
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Figure 42 Cell culture data from preliminary FACS experiment, comparingsnded clonal cell lines (NS, st
line) and FAC$rted pools (FS, dashed line) cell culture parameters including A) IVC, B) Galiilitg, C) Titr
and D) overall gP. Cells were harvested on day 12, rather than the standdal/44BOG process. NS indic
non-sorted cells, that were subcultured shake flasks (blue in D). FS indicates cells that have been so
FACS (greein D), in pools of 20,000 cells.

4.2.2 Mixed cell lines lysosome content sorting; Pool sorting based on lysosome content

Cells from a mixed pool of cell lines (see details above) stained witHygere gatedand sorted

based on lysosome intensity as follows: bottom 4% (low), mediad) @md top 4% (high) (Fig 4.3).

Accuracy of the sorts was verified by checking lysosome content of 500 cells post sorting. The pool of

OStta

second sorting, witla very slow recovery and cell growth.
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Figure 43 Gating strategy for cell sorting based on lysosome content. Mixed cells were stained wittD
dye. The intensity of the dye shows a wide range of lysosome content across the cells. Pools ref@srkiv
mid and high were isolated as indicated.

4.2.2.1 Culturing of lysosome content sorted cell pools isolated from the mixed cell pool in FBOG

conditions

Pools isolated from the $psome sorting experiment were assessed in FBO@litions. High
lysosome content sorted cells had the highest IVC (Fig. 4.4A, with a final IVC of 4840xhour/L

for the high lysosome content sorted cells vs. 3718xdI*hour/L for the mid lysosom content

sorted cells) and maintained a higharlture viability for longer (Fig. 4.4B) compared to both the mid

and low lysosome sorted cell pools. Cell sorting based on high lysosome content also led to a
significant increase in final titre (3740 mg/&. 1449 mg/L for the mix, and 2591 mg/L for Mids

0.021) compared to the initial cell lines and mid and low lysosome content sorted cells (Fig. 4.4 C, D).
Low lysosome content isolated cells performed poorly in FBOG, with a low final titre (446 nay/L) an
overall gP (2.6 pg/c/day) and exhibited an lesar drop in culture viability than the mid or high
lysosome content isolated cell pools. Cell specific mAb productivity (Fig. 4.4E) was higher in the high
lysosome content cell pools compared to the mid §%0vs 17.49 pg/c/day, p = 0.06) and low lysosome
content sorted cells and was also higher than the gP of the initial cell lines in all cases except for cell
line 17. The high lysosome sorted cells achieved higher cell concentrations and delayed cell
death/prolonged culture viability, which would partxplain the increased titre of high lysosome

content sorted pools compared to the original cell lines and mid and low sorted lysosome pools.
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Figure 44 Cell culture data comparing the high (red), mid (grey) and low (light blue) lysosome sortealots
in terms of A) IVC, B) culture viability, C) mAb titre throughout culture, D) Final titre andIE)gRels D ar
E the data for the original cell lines used to create a mixed pool (1,2,4,10, and 17) and the actual Mix (
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4.2.2.2 Analysis of the intracellular HC and LC contehtysosome isolated cell pools from the

original cell mix pool

Intracellular HC and LC protein were quantified by flow cgtrynon day 3, 6 and 10 for the lysosome
sorted cell pools and the original mixed pool. The analysis revealed that selectingaseliisdn high
lysosome content led to a more homogeneous expressing population in terms of the amount of HC
and LC protein tnacellularly (IC). Mid and low lysosome sorted cell pools were composed of two
distinct populations of cells expressing differem@unts of HC and LC, including one negative for IC
HC and LC protein expression (Q3, Fig 4.5). The negative populati@nwagparticularly significant

for low lysosome sorted cells, with over 60% of cells being classified asxpogssing in both HQr

LC by this assay. The high proportion of seapressors in the low pool is likely the result of cells
derived from line 1which had a low lysosome content, and mixed populations of cells expressing HC
and LC protein, and cells that did not. Distribuatif the % of expressing and nerpressing cells was
similar across samples from all three timepoints. In the cell lined s create the Mixed pool, cell

line 1 had the lowest productivity, and the lowest lysosome content. It is interesting to natditia
lysosomebased cell sorting excluded most nerpressing cells, further explaining the increased yield

in the high Igosome sorted pool.
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Figure 45. Intracellular HC and LC protein. Negative controls: unstained host (untransfected) and IC HC LC
protein stained host (untransfected), used for setting the gates. High sorted cells had a more homogenous
population expressing HC and LC, whereas Mid and Low lysosome sorted pools showed two distinctive

populations, including one that does not express HE [aC protein on day 3 of the FBOG.
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4.2.2.3 Determining the lysosome content of the Mixed cell pawid subsequent isolation of high,

mid and low content lysosome pools

Lysosome content was measured by flow cytometry during FBOG in the origindl poickeand the
lysosome sorted hiy mid and low pools. Lysosome content was measured by flow cytometry on live
cells, on day 3, 7 and 10 of the FBOG. High lysosome content cells had a small increase in lysosome
content on day 3 (Fig. 4.6A, blue bars) camgal to mid (p=0.11) and low (p€a.7) lysosome sorted

pools. This increase appeared more pronounced by day 10 of culture (Fig. 4.6A, orange bars) where
the high lysosome sorted pools had an appreciable higher lysosome content than either the original
mixed pool or the low (p=0.028) and th(p=0.0026) lysosome content sorted pools. There was also a
positive correlation between day 3 lysosome content and gP of the sorted pools based on lysosome
intensity (R = 0.71, Fig. 4.6B).
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Figure 46 A) Lysosome content ofigh, mid and low lysosome sorted cell pools and the original Mix (co
throughout the FBOG, measured by flow cytometry. Blue indicates day 3 of the FBOG, green represe
and orange day 10 (n=3, mean is shown with eramsb= standard deviatioy) Lysosome content of the sor
L22fa FYyR 2NRAIAYIE OStt tAySa gad ljtz tSIFENAR2Y!

4.2.3 Individual cell lines sting - Pool sorting based on lysmme content

Since cell sorting on the mix of cell lines based on high lysosome content gave positive results, the
effect of cell sorting individual cell lines without mixing to increase productivity was investigated. Nin
cell lines (1, 2, 3, 4, 7, 101,112 and 17) were stained with Ly, and the top 3% of lysosome
intensity (high) and middle intensity (mid) were sorted. Sorting based on low lysosome content was
excluded, as it did not result in any increase in poity nor improved viability. Tdoriginal cell line
(Original CL) was kept in culture as a control. Individual cell lines had a range of lysosome content prior
to the sort (Fig 4.7).
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4.2.3.1 Lysosome content cell sorting of individual mAb expregsiell lines

The cell lines shown to have a mixed population of HC and LC expressing cells in IC flow cytometry (1,
3, 4 whereby there was a population of nerpressers and a population of expressers) were sorted

by FACS on lysosome content to determihehis resuled in an increase in the proportion of
expressing cells within the population. Other cell lines with a homogenous HC and LC expressing

population were also sorted to assess if titre could be increased. Following the recovery from sorting,
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cels were cultued in a 14day FBOG and assessed for growth and productivity characteristics. The
FBOG growth data did not show any specific trend between the different sorted pools (Figl)4.8 A
Some of the sorted cell pools had similar growth rates acatisthree Igosome content pools (those
isolated from cell lines 1, 2, 7, 11 and 12; Fig.4.8 A, B, E, G and H), whereas in others the mid (from cell
lines 4, 10; Fig.4.8 D and F) or High (from cell line 17, Fig4.8 1) lysosome content pools displayed
increased growthThe cell sorting did not have any consistent impact on culture viability (Fig-11.9 A
Some of the cell pools isolated on the basis of lysosome content had higher culture viabilities in the
high and mid lysosome content pools (those fronll tees 3, 410, 11, 12; Fig.4.9 C, D, F, G and H),
whilst others it was the mid lysosome content pool (those from cell lines 2, 7; Fig.4.9 B and E) and for
others the highest culture viability was observed in the original cell lines (cell lines 1g4.8; & and

). Further analysis of the lysosome content of the cell lines during the FBOG (described below in
4.2.3.3) showed that there was no difference in the lysosome content between the lysesuneae
conditions and the control for most cell linéBhe lack of dierences in the lysosome content could

explain the lack of differences between the three conditions for the growth and viability.
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Figure 4.8 IVC (Al) of individual cell lines that were either n@orted (dashed line), sorted based on t
lysosome content (full line) or sorted based on mid lysosome content (dotted line).
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Figure 4.9Viability (Al) of individual cell lines that werether nonsorted (dashed line), sorted based on
lysosome content (full line) or sorted based on mid lysosome content (dotted line).
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In most cases, lysosontmsed cell sorting did not result in increasedcambinant protein
productivity. Exceptions itiede pools isolated from cell lines 4 and 10, where there was a small
increase in titre in high and mid lysosome content pools compared to the original cell line, but gP was
similar to the original cell linghighlighting that the increased titre was drivdy increased growth

(Fig. 4.10 A, B). For cell lines 3, 11 and 17, gP was increased in one or both of the hswsetine
conditions compared to control.
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Figure 4.104) Final mAb titre and B) overall gP of the original cell line (blue), cells sorted based on mid (¢
and high (red)jlsosome content

Lysosome content isolated pools from cell line htl 42 had an increase in titre and gP for thighh

and mid lysosome content cells. None of the pools isolated based on lysosome content from cell line
17 showed an increase in titre, although the mid lysosome content pool showed-folvincrease

in spedfic productivity. Many of the pools isolatedofn the original cell lines based on lysosome
content did not have altered productivity characteristics (those isolated from cell lines 1, 2, 3, 7).
Overall, pool sorting of individual cell lines based ondgste content did not have any consistent

effects on isolation of pool with altered growth or productivity characteristics.

4.2.3.2 Intracellular HC and LC content of individual mAb producing cell lines and lysosome sorted

pools

Intracellular (IC) HC aihdC analysis revealed that cell lines with Hyglosome content generally were

more homogeneous in terms of expression of HC and LC. However, analysis of IC HC and LC on cells
sorted based on lysosome content for individual cell lines showed that lysosontent-based cell

sorting did not have a corsient impact on the homogeneity or expression of the resulting cell pools

(Fig. 4.11). No effect was observed on the distribution of the population, nor on the ratio of expressing
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/ non-expressing populationor cell lines 1, 3 and 4, which had a mixegplation. This result is

different than what was observed for the Mix experiment described previously.
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4.2.3.3 Lysosome content of individual sorted origi cell lines

Lysosome content was measured by flow cytometry in live cells, on.day®dd 10 of the FBOG. In
lysosome content sorted cell lines, the lysosome content on day 3 (Fig 4.12 A) or 6 (Fig 4.12 B) did not
show any difference between the lysome sorted pools (high, mid) or original cell line. Differences in
lysosome content wer observed on day 10 (Fig 4.12 C), however there was no general trend of
lysosome content with day of culture. Interestingly, the high lysosome content sorted cel®tdid

have the highest lysosome content at any timepoints (Figure 4.12).
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Figure 4.12 ysosme content on A) day 3, B) day 6 and C) day 10 comparing the original cell line (blue),
lysosome content sorted cells (red) and the mid lysosome content cells (grey).

4.2.4 Bispecit mAb: pool sorting based on lysosome content
4.2.4.1 Lysosome content sorting of bispecific mAb expressing cell lines

Two cell lines expressing a difficult to expré®SE) bispecific mAb, with different productivities
(bispecific 9 = 316 mg/L and bispecific 13 = 852 mg/L), were mixed together, stained wAlD bysb
duplicate pools were sorted based on high and middgene content. The control sorted pool was
geneiated from sorting without gating. The original cell lines used to create the mix, bispecific cell
lines 9 and 13, were also compared to the sorted pools. High and mid lysosome sorted pools, and the
control cdl line pool sorted without gating, had similgrowth profiles to each other and achieved

higher cell concentrations than the original bispecific 9 or 13 cell lines (Fig. 4.13A). Culture viabilities
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were maintained in all cell lines and sorted pools why 10, at which point these rapidly decreased,
despite sufficient glucose supply (Fig. 4.13B). High lysosome sorted pools culture viability was
marginally increased compared to other cell lines and pools on day 12 but decreased significantly by
day 14. Tie control sorted pool and mid lysosome conteatrted pool had similar final titre and gP

(Fig. 4.13 C, D). The high lysosome sorted pools had an increase in titre and gP, approximately 30%
compared to the control pool (p =0.084 for titre, and p=0.19¢8j).
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Figure 4.13Bispecific mAb cell culture results. A) IVC, B) culture vialtiljtpispecific mAb titre and
gP of the lysosome sorted cell pools expressing a bispecific (red for high lysosome content, gre
lysosome content), the conttaell sorted pool (light blue) and the two original bispecific cell lines (|
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Bispecific cell lines 9 and had onehomogeneous single population expressing intracellular HC and
LC protein, and there was no difference between the intracellular HC and LC distribution expression

profiles of the sorted cell lines (Fig. 4.14).
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Figue 4.141C HC and LC protein of the bispecific control and lysosaried cell lines by flow cytometry.

4.2.4.2 Lysosome content of the bispdéic mAbcell pools isolated based on lysosome content

Lysosome content was measured during the FBOG culture in the bispecific expressing original cell
lines, control sorted pool and those isolated on the basis of having high or mid lysosome coigtent (F
4.15). Lysosome contemwas quantified by imaging flow cytometry on live cells, on day 3, 7 and 10.
No differences were observed between the different sorted pools and original cell lines on day 3 or 6
of culture. On day 10 of culture, the high lysosooontent pool had an elewed lysosome content
compared to the control pool and bispecific 13 original cell line, but this was similar to that observed

in the mid lysosome content pool and original bispecific 9 cell line.
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Figure 415Lysosome content of the bispecific cell lines throughout the FBOG for control, high and mid ly
sorted pools, and the original calés bispecific 9 and 13 on day 3 (blue), day 7 (greerd day 10 (orange)
FBOG.
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4.2.5 Characterisation of lysosee sorted poolsexpressing an ETE mAb by western blotting

As the biggest difference in any parameters measured (titre, growth, lysosome content) from the
lysosomebased cell sorting were observed in the high lysosome content cells isolated from the mixed
pool of the ETE #Ab, western blotting was performed comparing the high lysosome content pool and
the mixed pool (control) expressing the ETE mAb. Cell pellets from day 7 of culture were studied to
investigate the expression of key proteins related to lysesaexpression am culture viability that

might reveal some of the potential mechanisms underlying the increase in culture viability and
productivity of high lysosome sorted cells compared to the control. Day 7 of culture was chosen as it
was the last recated day on whicleulture viabilities were similar for high lysosome sorted cell pools
and the control. Autophagy (Atgl2, Lampl, LC3B, p62 and Lamp2A), apoptosis (caspase 3, cleaved
caspase 3 and BglL), and mTOR pathway (Lamtorl, phosphorylated 4EBPI137(48y},
phosphoylated p70 (Thr389) and phosphorylated mTOR (Ser2448)) markers were investigated.

4.2.5.1 Autophagy markers

Autophagy, the intracellular recycling required for cellular homeostasis, relies on lysosomes for the
degradation of intracellulawaste. Nutrient depletion or environmental stress sensed by mTORC1
leads to mMTORC1 downregulation and initiation of autopt{a8¢]. Expressiowf proteins involved

in different stages of autophagy progress were therefore investigated: p62;12g5C3B, Lampl and
Lanp2A. The p62 protein is associated with early autophagic factors such as ULK1, localises to
autophagosomes in the process of nwtien and formation, and its degradation can be used as a
marker of earlystage autophagy; p62 binds to LC3 and is selegtidegraded by autophagy52]

[269]. Atg512 ard LC3B are linked to phagophores and mature autophagosd¢b#sd], and are
reporters of autophagy. LC3B is converted to the 18 kDa cytosoliclL@BR:h is subsequently
converted b the 16 kDa.C3Bll during autophagy270]. LC3B levels decrease during starvation,
while LC3BI levels increase. However, ahiC3 antibodies have been shown to be more sensitive for
LC3BI detection. It is thus commonractice to use LC3B or the ratio of LC3BR to LC3BI for
autophagy monitoring270]. Moreover, monitoring LC3Bresults on its own can be inconclusive with
regard to autophagy, as an increase in LG3f&An ke caused by enhanced autophagosome synthesis,

or a blockage of autophagic degradation causing autophagosome accumyfibh Atg5Atgl2
complex formation is necessary for LC3B conjugation and autophagosome membrane expansion,
whereas free Atgl2 has been linked to induction mitochondrial apopf@3R]. Lampland Lamp2A

are lysosomal membrane protein required for the autophagosome fusion with lysosomes and are used
as latestage autophagy marke[873]. Function of these proteins, which were selected for monitoring

the autophagic flux, are summarized in the table below (Table 4.1).
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Table 4.1Summary of the autophagy preins based on their function and at which stage of autophagy they

are involved

Autophagy Stage of autophagy Function

protein

p62 Early Autophagosome nucleation and formation

LC3B Middle Enhanced autophagosome synthesis or blockag
autophagic degradain

Atg 512 Middle Necessary for LC3B conjugation and autophagos
membrane expansion

Lampl Late Autophagosome fusion with thigsosome

Lamp2A Late Autophagosome fusion with the lysosome

High lysosome content exhibited a lower rate in some autoghaxarkers compared to control.
Autophagic markers Atg12tg5 (Fig. 4.16A, p=0.0057) and Lamp2 (Fig. 4.16F, p=0.00040) were more
than two-fold lower in expression in the high lysosomes sortedgagmpared to that observed in the
control sample cells. Amais of free Atg12 (Fig. 4.16B, p=0.017), LC3BII (Fig. 4.16D, p=0.016) and p62
(Fig. 4.16E, p=0.042), were also lower in high lysosome content sorted cells to a small extent. Lamp1l

expression waagot significantly different between the high lysosome cdilsrt the control (Fig. 4.16C,

p=0.067).
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Figure 4.16Autophagy marker analysis by western blotting in the standard mAb expressing pools. Quant
of the bands wagerformed by densitometry. Protein exmsion was normalised to GAPDH. Autopt
markers used were A) Atg¥&g5 (p=0.0057), B) free Atgl2 (p=0.017), C) Lampl (p=0.067), D) LC3B
for LC3B Il), E) p62 (p=0.042) and F) Lamp2A (p=0.00040). Farpdissa=3, the mean is shown with er
bars = standard deviation.

4.2.5.2 mTORC1 markers

The mTORC1 pathway is involved in autophagy, cell growth, proliferation and control of protein
synthesis. It acts as a sensor of nutrient availability within the cells andresquTOR translocation

to the lysosome. mTOR ovexpression has been repoddo increase proliferation, be more robust

to suboptimal growth factor and oxygen supply, and productivity in CHO [6&]swhereas mTOR
inhibition has been showed to increase culture viability viagased autophagi274]. The activation

of MTORC1 pathway leads to the phosphorylation and inhibition of 4EBP1, leadingdepeaquent
translocation[119]. mTORCL1 activation also q#phorylates and activate p70 S6K protein, which
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