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Abstract

|. Abstract

Chinese Hamster Ovary (CHO) cells are the preferred expression system used by the
biopharmaceutical industry to produce monoclonal antibodies (mAbs). mAbs are typically transfected
into CHO cells and single cell cloned during Cell Line Development{& B3sulting clonal lines are

then selected for based on their growth and titre capabilities to ensure the highest titres of product
during massmanufacture. Due to the low culture volumes used in CLD howeveprtduct quality

(PQ) of the mAbuch asts propensity to fragment and aggregate is not measurable until further down
the production pipeline. This results jrogression of clones which are not suitable for mass

manufacture nor safe for patient usaghrough CLD, before these undesirable queditare identified

The aim of this thesis was therefore to identify a phenotypic fingerprint for clones with desirable
product titre and quality characteristics, and to use this to develop a novel genetic reporter which
could be used alongside currentTkelection techniques. To achieve this, a panel of mAbs with
inherent PQ issues were transfected into CHO cells, and digital droplet PCR used to quantify RNA
transcripts of chaperones related to protein folding in the resulting clones, as guided bigthgulie.

The results showed that high expressing clones typically had lower levels of protein folding chaperones
and Endoplasmic Reticulu(ER)stress molecules, in contrast to previous literature. Based on this
data, an exogenous fluorescent reporter stmict was generated using Calreticulin. The reporter
expression replicated the negative relationship with titre during @td2eses andshowedan ER
localisedfluorescent signabf Calreticulinon the Berkeley Lights Beacon. The titre relationship was
alsoreproducibleafter progression from CLD into a fbdtch production study during which the

reporter showed a positive relationship with PQ factors such as fragmentation and charge variation.

Taken together,tiis thesis givepreliminaryevidence tathe importance ofcorrectprotein folding in
CHO clones to produce high quantiyd quality mAb and suggests the use @f fluorescent
Calreticulin reporter construatan be predictive of clonder a multitude of mAb quality and quantity

phenotypesat the earliest stages of CLD.
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1. Introduction

1.1. Monoclonal antibodies in the biopharmaceutical industry

1.1.1. Monoclonal antibodies as a drug therapeutic

Monoclonal antibodies (mAbs) describe an antibody that has a monovalent affinity to a single epitope
(Breedveld, 2000)Thisspedficity has led to mAbsecoming an extremely popularug therapeutic

as they can target specific disease mark@sss et al., 2012Pento, 2017)The first mAb therapy
approved for use in humans was muromonab, a mAb therapy used for the preventiodnefyki
transplant rejection in 1986Todd and Brogden, 1989%ince then mAbs have become an incredibly
popular disease treatment witmAb based therapeuticekomprising over 50 % of newly approved
drugs from 2018018 globally, and they continue to kbene of the most lucrativeclasses of
biopharmaceuticaproducts. For exampleight of the top ten biopharmaceutical productg ales in
2017were mAb basedyith total mAb sales reaching $123 billion in that year alfnalsh, 2018)

This pattern appears to only be increasing, with 5 novel antibody therapies approved in the US and EU
in 2019 alone, as well as 13 awaiting marketing approval and a further 79 undergoing late stage clinical
study (Kaplon et al., 2020Perhaps one of the ost successful examples is Adalimumab (Humira),
whichtoppedthe biggestselling drug list in 201@Jrquhart, 2019) Adalimumab binds to and inhibits

the tumour necrosis factor alpha (TNETNF A a4 Re aNB3IdzZ F GSR Ay | -ydzYo SN
immune conditions and has been trialled in many disease including rheumatoid arthritiglosing

spondylitis and psoriatic arthritiéMease, 2007).

The costs involved in developingegyulatory approvednAb therapyare high, with the costs of taking
one pharmaeutical to market approvastimated to beover $2.5 billion in 201®llowinga survey of

106 recently approved drug®iMasi et al., 2016)These costs are then further exacerbated when
considering that only 16 % of biopharmaceutical drugs that entefeb@ | of clinical trials between
19932004 actually gained regulatory approyBiMasi et al., 2010 onsideration needs to be taken
into creating competitive pricing to compete with the biosimilars that emerge once the patent has
expired(Ecker et al.2015) Industry manufacturers therefore have to consider all of these factors
when developing a costffective drugand one important factor for thisithe requirementto choose

an expression system that canoduce maximal mAb yields whilst remaining safe for usage in human

patients.
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1.1.2. Expression systems for monoclonal antibody production

A wide variety of expression systems are availdbienAb expressioand typically fall into three
distinct categoies: yeast, bacteria and mammali@vierma et al., 1998Bacteria such ak. coliare
frequently used to express immunoglobulin fragments as they can produce large quantities of proteins
and grow at a fast rate in comparison to other expression systemmseter, E. coliare not able to
glycosylate proteins, and thus whole antibody molecule expression is not po34gdiiea et al., 1998)
These problems can be resolved using yeast expression systems which are not only able to glycosylate
proteins but can &o form disulphide bonds and other peésanslational modifications that are
required for full format mAb expression. However, yeast have their own disadvantages; with evidence
of hyperglycosylation and poor secretion efficiency found in some yeast syfBardes et al., 2007)
Bacteria and yeagtroduction systeratherefore haveheir own merits, but agValsh (2018highlights

in a review oturrentbiopharmaceuticapractices the amount of mAbs expressed in mammalian cells

is nowgreaterthan any othersystem Before 1989, only 3% of approved drugs were produced in
mammalian cells, bubetween20152018this increasedo 79 % Walsh (2018also showed that out

of all mammalian expression systems the Chinegsadtler Ovary (CHGQystem washe most popuér
choice, accounting fothe expression system alver 80% of allmammalian expressethAbs The
popularity of the CHO cell linean be pirpointed to its many beneficial characteristics for mAb
production. Some of these factors are due to the inherenura of CHO cellsyhilst some are by

products of the improvement of the expression systamer time.

As a mammalian cell line one of the biggest benefitssing CHO cellsr expressing mAmolecules
designed for human usage is th#te proteins expresed in CHO cellandergo similar post
translational modificationashuman proteingKim et al., 2012Many benefitcan also be seen in the
ways CHO cellgan be culturedFor exampleCHO cells can be grown in serfiee media. Serum
contains hormones, growth factors and lipidkich arenecessary for cell growthdowever, serum
can be a source of bacterial and viral contamination that can be dangerous to huarghpresent
significantbatch to batch variability meaning that these contaminations cannot be reliably and
consistently preventedYao et al., 2017)urther to this, serum is an animal derived product that
raises substantial regulatory issues and as such biopharmaceuticatriediexclude them from their
culture conditions(Cho et al., 20L7Kelley, 2009Ritacco et al., 2018)CHO cells aralso easily
adaptable to suspension culture meaning that they can be grown in large bioreaattinsately
allowing for higher cell desities and subsequent mAb yielttsbe achievedLai et al., 2013)These
characteristicspaired with the/ | h  @&ural aDifity to producéargeamounts of proteinmeans
that concentrations ofip to 13 g/Lof mAbare now achievable during fdaatch alture (Kelley, 2009)

TheCHO cefigenome has also been edittaltake advantage of powerful gene amplification systems,
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such as the dihydrofolate reductag®HFR)system for the CHO®G44 hostor the glutamine
synthetase (GSyystemfor the CHGGS-/- host (Fan et al., 2012Dahodwala and Lee, 2019}hese

systems will be discussed further in Chapter 1.1.3.

Finallyand perhaps most important)the CHO system has been used as an expression system for
biotherapeutics sincé was first used as the expression system for the recombinant proisaue
plasminogenactivator (tPA), approvedn 1986.As the CHO expression system already fasr
approval by the FDA and over 30 years of safety dagmefore it is not necessarily a cosffective

risk to move to a different expression system that would require new appenghkafety testingKim

et al., 2012 Kelley, 2009)Due to this, the CHO systehas been subject to continual improvement

over the past 30 years to improve the quantity and quality of mAb product produced.

1.1.3. History of the CHO Cell Line

Chinese hamster<ficetulus griseQsvere first used in the laboratory in 1919, where yheplaced

mice as disease models for typing pneumoc@dayapal et al., 200.7Their subsequent use led to an
increased interest in the genetics of Chinese Hamsters where they were discovered to have a low
chromosome number for mammals (2n=22), compgsf 10 autosomal chromosome pairs and two

sex chromosomes. As a result of this the Chinese hamster was used for extensive mutagenic and
genomic studiegWurm, 2013 Corbascio et al., 1962 was not until 1957 however, that the first
ChineseHamster Ovey (CHO) cell was isolated from the hamdteiTjio and Puckwhoisolated them

for genetic studies. There they noted the cells from the ovary had a highly variable karyotype, with
83.8 % of cells containing 22 chromosomes, but the remaining 16.2 % rgamjwhere between

21 to > 44 chromosomedijio and Puck, 1958The study also showed that they were particularly
suited to cell culture due to their fast generation time and resilience in culture plates. Following their
isolation the CHO cells were kept culture for more than 10 months, where they showed a
WLI NI AOdzZf F NI & KINRé& FyR NBfAFOESQ LKSy2GeL)S | a
other cell types dropped in growth rate suggesting that cultures could be expanded indef{Riteky

et al., 1958)Puck et al. (1964)oted the CHO cell had a generation time of ~12.4 hours. CHO cells
thereafter became an incredibly popular cell line for research over the years, particularly in cell cycle
and toxicology studies. CHO cells have besaduas toxicology models to study many different
chemicals over the years, from caffeiffeernandez et al., 2003 cancer treatments such as <is

platinum (Dritschilo et al., 1979)

As the use ofthe immortal CHO cells became more prevalefurther studies wereperformed

confirming the instability othe CHO genoméiorton et al. (1977compared the karyotype of a

3
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fibroblast from the Chinese hamstefith a CHO cell line. The results showleel CHO cell line to have
aconsiderably altered kaogype fromthe original Chinese hamster cell with significant chromosomal

rearrangements, however the majority of the rearrangement could still be identified

It was this interest in the CHO cell line genome that led on to the generatiopwfCHO cell lines

over the years in a complex family tree based on CHO cloning and mutagenesis that ultimately resulted
in the CHO clones used in biopharmaceutical manufacture today. This family tree can be seen in Figure
1.1. Puck derived early clonadgulations from the CHO cell line such as the @4@nd CHOQobey

lines (both named after those that worked on thg@urm, 2013) Gammaray induced mutagenesis
d0dzRASE 6SNBE (GKSYy LISNF2NNSR o0& S5NX» / KIaiigyQa GSI Y
of the CHO cell, in attempts to be able to use the DHFR mutants in metabolic studies related to cancer
chemotherapiegUrlaub and Chasin, 1980jhe CHIXB11 cell line was therefore produced, carrying

a deletion of one DHFR locus and a missense tioatan the other(Urlaub and Chasin, 1980/urm,

2013 Urlaub et al., 1983)It was soon realised that the cell line could be used for amplifying
recombinant protein expression with the transgenesis of the DHFR (éigger et al., 1980)and as

such becene the first CHO cell line used to generate an FDA approvedcdiisgue plasminogen
activator(Wurm, 2013Zhu et al., 2017)

To this end, the mutagenesis and cloning of the CHO celtdisgted in a plethora of commercially
availableCHCclones that vary in features useful for drug manufactsech as CHSO clones that have
been adapted to grow in suspensi@rewis et al., 2013jand the CHO KGS-/- cell line designed by
Lonza that mplifies signal in a similar mechanism to the DHFRwutant but with the knockout of
Glutamine Synthetase instedBan et al., 2012Yhe DHFR enzyme catalyses the conversion of folate
to tetrahydrofolate, which is crucial for the d®vo synthesis of pines and pyrimidines and
subsequently, cell replicatiofUrlaub and Chasin, 1980yhe CHGDXB11host contains the DHFR
deletion, and thus cannot survive without the expression of the DHFR gene oactmbinant mAb
DNA plasmidUrlaub et al., 1986)Following transfection of the plasmid, the methotrexate (MTX)
selection system is used to select for the CHO cells that have successfully expressed the plasmid. MTX
binds to the DHFR enzyme, inhibiting cell replication, and thus only cells which leesettcopies

of the DHFR gene and subsequently high copies of the recombinant ntAbill be selected for
(Wurm, 2013Urlaub and Chasin, 1980)

The GS system was the gene amplification system used in this thesis, and the principle is similar to
that ofthe DHFR selection syste@lutamine igproduced when GS catalyses ammonia and glutamate.
The GS knockout CHO system therefore cannot survive without Glutamine supplementation in the

culture media, or integration of the GS gene on a recombinant plasmitzSef OS ® ¢ 2 | YLIX A T @
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need to retain integrated gene sequencesgthionine sulphoximine (MSXyhichis an analogue of
glutamate,can be added as an additional selection pressure. M8¥ersibly inhibits GS by binding

to the glutamate site of theenzyme.Thus in the presence of MSX, only the cells that have been
transfected, and integratedsufficient GSgene sequence can produce glutamine aswtvive.
Consequently, when using the CIB3-/- host system, mAb gene sequences are transfected on a
plagnid also containing an exogenous GS sequence. This then relates to the amplification of the mAb
as the GS construct éxpressed on the same plasmbnferring that the cellthat survivedue toa

high GS expression also has a high mAb construct expréBsawn et al., 1992Matasci et al., 2008)

The number of chromosomes in some CHO lineagesed in production capacities todagave
changed unrecognisably to the first isolated CHO(Melar et al., 2018)n a CHO DXB11 cell line for
example, sequecing studies showed there to be high occurrences of haploidy compared to the
original CHO genom@aas et al., 2015Yhe evolution of the CHO cell line into many commercially
available options, can be seenfigure 1.1 Whilst it was the plasticity ohe CHO genome that helped

it to become the expression system powerhouse of mAb production it is topayed withthe
method of transfection by random integration into the genome, it became clear that there was highly
heterogenous quantity and quality esgssion of mAb within individual cells of a CHO culture even
after only a single transfection everiKo et al., 2018)CHO heterogeneity has been shown
experimentally whereby a single parental CHO egliressing mAkvas taken from a population and
sub-clonedto generate80 individual cellines Upon comparisonthe sub clones showed a huge
variation in proliferation andnAb titre, with mAb titre increasing uf 5x in comparison to the

parental cell populatioriDavies et al., 2013)

In attempt to mitigate this regulatory bodies brought in strict manufaciog guidelines for the
biopharmaceutical industry, requiring afiAb product produced in CHO cells to be derived from a

single progenitor CHO cell to enstihe productioncharacteristicare uniform within the population.

¢KS 22NIR ISItGK hNBFYAalFIGA2Yy Q& 9 E LIS NTrepordY YA G G S S

Biological Standardisation, stating that:

Wor proteins derived from transfection with recombinant plasmid DNA technology, a single fully
documented round of cloning is sufficient, provided that product homogeneity and consistent
characteristics are emonstrated throughout the production process and within a defined cell age
0Se2yR (KS LINREWoddM@ak2OfganishiBrOZDE3apd. 011).
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Figure 1.1. Evolution of the CHO Cell Line.
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The CHO cell lines used in thiepharmaceutical industry today have been adapted since the first CHO ¢
was generated in 1957. Many CHO lines exist, each with specific characteristics that make them des
biopharmaceutics. The majority of these CHO lines were derivedtiicee CHO family lines: CH@riant, CH¢
K1 and Cho Pre3Adapted from Lewis et al., 2018hu et al., 201;7Xu et al., 201 and Dempsey, 2020.
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1.1.4. Cell Line Development

The requirement of generating single cell derived clones from a CHO population is typically performed
at the Cell Line Development (CLD) stage of biopharmaceutical manufacture. The Cltipstale

starts from transfection of the mAb gene sequence itite host cell line. Following recovery from
transfection, the heterogenousnAb expressing cell populations are thsimglecell isolated and
scaled up tambtainclonal populations (Figure2.). From here, th&€CHO cloneare selected based on

their growth and titre characteristics to ensure that théghest concentrations ahAb product can

be produced andmanufactured when the cells are cultured liargescale bioreactorsThe CLD
workflow varies between different companies depending on the host logdl in use and the
technology available to the CLD group. These workflowsatneeadily published however aaxample

protocol of the CLD platforrat GSKan be found in methodSection 2.4.

Briefly, the first stage of CLD is the delivery of the geriatefest (GOI) into the CHO host. The mAb
heavy and light chains are cloned into an expression plasmid that also contains a GS gene to allow for
MSX selection, following the transfection of the expression plasmid into the CHO host by means of
lipid transfection or electroporation. The transfected cells are then incubated with the MSX selection
and left in static culture, in order to select for the clones with stable gene integration and with the
highest amplification of the plasmid. A typical profile faststage shows a rapid decline in cell viability

as most of the cells in the culture are killed by the selectimessure Normally, after ~3 weekifie

culture viabilityrecoves as the majority of cells are expressing the plasmids of interest and have
become resistant to MSXThe resulting prelonal pools can then be scalegh and eventually
transferred intoshaking cultureDuring this process titre and viable cell count are used to triage any

pools with poor characteristic§ heresultantpre-clonal celllinescan then be single cell cloned.

Single cell cloning during cell line development can take many forms, with many technologies available
on the market. Earliest methods included the limited dilution method, as well as fluorescence
activated cell soihg (FACSpPiep et al., 2021)Perhaps the most advanced cloning platform, and the
method used in this thesis, is the Beacon microfluidics platform by Berkeley Lights. The Bgstean
combines nanofluidic technology, optectropositioning (OEP) andufirescence microscopy to
monitor single CHO celis culture (Le et al., 2020)Jp to 1750 cellscan be single cell cloned into
nanopens within a microfluidic chip and then incubated within these pens for several(Eigyse
1.2.B). Following culture orthe BeacorSystem(typically 5 days) the mAb titre of each clone can be
YSI &dzNBR dzi A y Don-chipSpatlight assaR, BINBr&cenchllBased assay that binds to the
expressednAb within the pensFrom here, the clonal populations can sectedfor export from

the Beacon based on their titre and growth characteristics. The Be@gstemis a grounebreaking

technique for clonality assurance as brightfield images are taken before and after ceihiodabe

7
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nanopensto confirm clonality (Le et al, 202Q Berkeley Lights, 2022)his has resulted in improved
clonality assurancealues, with one study measuring clonaky99.36 % for the Beacon compared to

98.52 % by FACS and 96.08 % by a standard limited dilution mgthed al., 2020)

Following export theclonal cell lines undergo another round of seafe triaging at each stage for the
best lines based on titre and viable cell cquagain increasing in static culture umélachingshake
flaskcultures. This preventhe unnecessary cost and consumables of keeping poor producer cultures
that will eventually be discardefilirther down the production pipelineThe final clonal populations
with the best titres and growth characteristics are frozemd storedin cell banks for future usesa
well as beingpassed onto the Upstream processing team daability studies and product quality

assessment



Chapter 1: Introduction

A) Cell Line Development Pipeline
Transfection Pre-Clonal Scale Up
X\ -~ . e
~—= // X = A
N/

Clone Generation

Clonal Scale Up and Cell Line Selection Cryopreservation

B) Beacon Chip Pens

Figure 1.2. Schematic of a typical Cell Line Development pipeline at GlaxoSmithKline.

A) A CHO host cell line will be transfected with the mAb construct of interest, and an MSX selection |
added to the culture media to ensure only mAb expressinges survive. The resultant potonal cell lines a
scaled up into progressively larger culture vessels from static plate culture to shake flask culture.-Gloeg
pools are added to the Beacon System (BLI) to obtain single cell clones. Eacudelliio a separate nanop
and monitored for its growth and titre. Desired clones are exported into a 96 well plate, and the clonal c
are scaled up into progressively larger culture flasks. During this time the titre and growth of the clo
monitored, and undesirable clones are discarded. The final desirable clones are banked for storage
using Mr Frostys, Thermo Scientific), before being passed to the Upstream team for stability and produr
assessmentB) Image of theOptoSelectmicrofluidic chip used within thBeacon System (left) and an imag
a representative chip following the performance of a Spotlight titre assay. Beacon chip image obtain
Berkeley Lights (2022).
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The CLD process is an extremely effectivehméfor selectinghigh producing CHO clones with good
growth characteristics, however improvements in the process to further streamline selection of the
highest producing CHO clones means that the CLD process is always evolving. Improvements in the
plasmids used to expredise gene of interest (GOI), transfection efficiency aptection attenuation

are just a few examples of improvements seen to CLD in recent {{eanst al., 2013)

Another area of interest for CLD is the ability to select CHO clones for their charticdasther than
just mAD titre and growth, such as product qualdy earlier stagesCurrently, hese features cannot
be measured during CLD due to the amount of time ttee to analysepr the volume of cells
required for investigationConsequentlythe quality of the mAb produced canndypically be
measured until Upstream processing. Product quatitich as the mAbs propensity to aggregate or
become charged can have dangerous effects for patient saetlycan illicit immunogenic responses
andeffect drug efficacyLi et al., 2016)ut typically are not measured until purificatiohthe culture
media of a 15 dayproduction study. Specific product quality attributes for mAb therapies are

discussed irbectionl.2.5.

The abilityto predict these &ctors using cellular based assaysl reporter genesluring CLD isf key
interest as it wouldhelp reduce the amount ofindesirablecell lines that wergrogressed through
CLDTo identify potentially relevant biological markers, the structure and fglaifithe mAb must be

understood first.
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1.2. Antibody Structure, Function and Folding in CHO cells

1.2.1. Antibody Function

Antibodies argroduced by themmune systenof all vertebratesand recognise foreigantigens on

the surface ofpathogensand trigger their destruction bymmune cells. Antibodies are produced
exclusively by B lymphocytes, wigenetic diversity to bind tepecific targets conferred by the
individual B lymphocyte that produces(Kemler and Schaffner, 1990) was then discovered that
antibodies with a monovalent affinity fa specific disease markeould be used tdarget specific
cellsforRSa G NHzOG A2y o6& G(KS LI(\Walsh Pai&)EastazonyalioheXamphy S & & &
revolutionised the treatment of a ptcularly aggressive form of breast cancer that overexpressed the
Human Epidermal Growth FactBeceptor 2 (Her2) receptdCarter et al., 1992)rastuzumalwas
designed to bind to théHer2receptor of thebreast cancer cells, which ultimately matkem for
destruction by natural killer celtsf the immune systenfCooley et al., 199@ndprevents tumour cell
growth by inhibiting theMAPKsignallingpathway(Neve et al., 2001)

Antibodies can also use other mechanisms of action to destroy diseasedTéwdiscan have an
antagonistic effect on disease targets by binding to and inhibiting the receptors that would typically
causepathologicaldownstreamsignalling(Hansel et al., 20t0/erhoeven et al., 2018)nfliximab
works by this mechanism of actiéor example. Infliximab inhibitBumour Necrosis Factor alpha (FNF

h), a preinflammatory cytoking 2 ¥  golekeKpiessioiis Seé&n in a number of inflammatory and
auto-immune disordergWinterfield and Menter, 2004)mAbs can also target diseases by attracting
and bindingto components of thadmmune systemafter binding to a diseased cell receptor. The Fc
receptor of the mAb camark the cells for death by phagocytqgisto natural killer cells that destroy

the disased cells byntibody-dependent celimediated cytotoxicity (ADCC). Similarly to ADCC the
binding of mAbs can cause complemagipendent cytotoxicity (CDGyhereby the presence of the
mAb on the antigen triggers the binding of the C1q protein to thebaaly which in turn activates the
membrane attack complex (MA@Beum et al., 2008}hat ultimately causscell lysiof the diseased

cell (Lutterotti and Martin, 2008)Rituximab, useds ablood cancer treatment, uses both ADCC and
CDC to target B cekxpresingthe cell surface antigen CD20. Rituximab therefore actively marks all
B cells for apoptosis by immune celghilst avoiding terminally differentiated plasma cellBhe
immune system can then replace the depleted B cell population with healttell8from lymphoid
stem cells, and approximately 6 months after finishing Rituximab treatment the pool of B cells can be

restored(De et al., 2017)
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Finally, mAbs can block the inhibitory cell signalling interactions seen between T cells and diseased
cdls, that the diseased cells would typically use to mask their diseased state. An example of this
signalling includes the programmed cell death proteifPD{) on T cells and programmed cell death
ligand 1 (PEL1) signalling reaction. T cells typicallg tise presence of PEL receptors on somatic

cells to recognise them as healthy cells by signalling with thé Rigeptor present on the T cell
surface. These RDL receptors can also be present on diseased cells, and thus are masked from T cell
mediated destruction. Antibodies designed to block either-P@r PDBL1 can therefore stop this
evasion, and ensure that T cells can recognise the diseasedMelljple mAbs are now approved
targeting PD1 for example,including Nivolumab and Pembrolizumabheg mAbs have been

F LILINE SR F2NJ dzaS Ay Yl yeée RAAaSLksindlaelllandzcarcéragadl 2 R3 1 A
and Kaestner, 2017)

1.2.2. Antibody Structure

Generally, an antibody molecule consisf two identical heavy chains and two identicghli chains.

¢CKS OKI A yaaK FLASNRYQ [O2W. FANN I G A2y £ ByinMdaddindeNdBain  y R |
disulphide bondg¢Feige et al., 203®Huber, 1976SinoBiological, 2022frigure 13.). Chiu et al. (2019)

reviews the structure of the antibodyAn antibody can becharacterisedby its two regions: the

constant (C) region which is relatively conserved in amino acid structure betiiféerent mAbsand

the variable (V) region which gpecific toeach mAb and determes thetype of antigenthe mAb

binds ta This specificity is determined specifically in the hypervariable regvamish ismade up of

stretches of diverse amino acids sequengfesige et al., 2010)

The heavy and light chains can be further-sliddded hnto domainsbased on the folding of the mAb

A single heavy chain comprises four domains: CH1, CH2, CH3 and VH. A single ligbhsisgsrof

only two domains: VL and CAmzel and Poljak, 197%ach individual chain can be further divided
into their efector function for the mAb. Each monomer has two antigen binding fragments (Fab), and
are the regions where the mAb binds to the antigen and one fragment of crystallisation (Fc) fragment,

which allows signalling to immune cel@hiu et al., 2019)

The ndividual chains are classified dependent on the type of heavy and light polypeptide chain
expressed. The heavy chain can be one of 5 different classes: Alphiy8), Delta { or IgD, Epsilon

(¢ or IgB, Gamma‘(or IgQ and Mu é or IgM). Theheavy tain dass determines the functional activity

of the antibody moleculelgG, IgA, IgE and IgD exishiimans ilmonomeric form as per Figure3l.

IgA canalso exist as a dimer in the human mucobaund at the Fc regioto prevent bacterial

infection. IgM is always found in a pentamBrmation as IgM is associated with the opsonising of
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foreign antigens in the primary immune response thus the structure provides an efficient response
(Schroeder Jr et al., 2010)he lighchain can be either kapg&) or lambda<€) in humansEither type

can bind to any of the heavy chain clasdemwever the pairs are always of the same typeige et

al., 2010)

Despite the varieties of mAbeund in nature all therapeutic mAbsurrertly approvedare IgGs due

to their wellcharacterised effector function and their prolonged H#l. IgGscan be further sub
divided into 1gGs -# which havemutational differences in their! heavy chain. The structural
differences among these heavy chsiinclude antibody flexibilitylength of the hinge regian
functional activityandthe number and location of intechain disulphide bond8Nang et al., 2007
Vidarsson et al., 2014)gG1 and IgG4 have 2 disulphide bonds linking the two heavy chagtkdog

in the hinge region, whilst IgG2 and IgG3 have 4 and 11 respectivalyand May, 2012)All 1gG
subtypes are used in therapeutic mAb production, with the exception of IgG3 as it is rapidly cleared
from the serum and has aextended hinge regiorthat leaves the IgG3 prone to instability and
aggregation. Of the remaining 1gG subtypes, IgG1 is the most commonly used for mAb production. It
has many benefits over the other subtypes including an increased stability adidfdyadls well as its
higher serm concentrationfMuhammed, 2020)It also elicits a more potent effector mechanism than
IgG2 and IgG4, as IgG1 can bind to allddasses of the Fc receptors on immune cells and the Clq
component of the complement pathway with higher affinity than othgGlsubtypegRayner et al.,
2015)
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Figure 1.3. Typical antibody structure.

l'YyGAO2Re Y2Y2YSNE FNB FT2NNX¥SR 2F (62 ARSYGAO!lf
confirmatory structure. The chains aheld together via disulphide bonds. The antibody can be categoris
its two regions: the constant region (C) and the variable region (V). Each region is further split into ¢
dictated by the way it is folded following translation. The constaniaegds made up of the CH1, CH2, CH3
CL domains, whilst the variable domain is made up of the VH and VL domains. The variable domains c
hypervariable regions, which gives the antibody its ability to bind to its specific antigen. The mAbrstas
be further categorised by its two functional regions: The Fab region that binds to the target antigen (CL
CH1, VH), and the Fc region that allows signalling to immune cells (CH2 and CH3). Adapted from Sin
(2022).
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1.2.3. Antibody folding

Antibody heavy chainsand light chairs are cetranslationally translocated into thendoplasmic
reticulum ER and folding begins even before the polypeptide chains are cetalyl translated The

folding process is complex, and Ig§gically assemble as heavy chain dimers beforehtineling of

the light chaingFeige et al., 2010The whole process of antibody folding can be sedfigare 14.

Initial folding occursn a sequential manner fahe individual chaig, however he folding process
AGASET A& aAYAfEFN 0S0G6SSy (KS OKIFAyad ¢KA& LINRO
domain in the independent light and heavy chains fold in the same manner. The Ig fold describes a
distinctive fold in each antibody domain comprised of two drli NJ- {sHedsf that oppose each
other at an angle of 30(Wang, 2013Bork et al., 1994 0ne of the sheets is conserved in both heavy
and light chain domains (sheets D, E, B and A), whilss¢hend sheet varies dependent on the
domain typec (i K NBtfands are found in the constant rieg (G,F and C) and five in the variable
R2YlFAY 0D @Jliamsand/Baclay, fIR8hattexj@aet al., 2021 hese two sheets are

held together by adisulphide bond, perpendicular to the B and F strands of each sheet pair. The
successful folding of the domain then allows the sequential folding of the next domain until the chains
are ready for folding togethgiWang, 2013)

Following the folding beach domain sequentially, further chains can be bound together to form the
fully-folded mAb construct, andhe order of ths folding remains the same in diljGmAbs. The
molecular chaperone Binding Immunoglobulin Protein (BIP) binds to the nasceninpebtens at the

CH1 and VL regiomd the chaingo prevent them from passing out of the ER before being correctly
folded. Heavy chain folding iken first achieved in the VH and CH2 domains, followed by the CH3
domain. After the folding of the CH3 domas completed, the heavy chain can dimerise with another
heavy chain, where they are held together by disulphide IsoRdbtein Disulphide Isomerase (PDI) is

an enzyme that catalyses the formation of these disulphide bonds between cysteine residues in the
protein sequencefFrom here the folded light chain displaces the BIP which induces the folding of the
/'l M R2YFAYy® C2ftf2gAy3aq O2YLIX SGS F2tRAYy3 2F GKS Y
bridge between the HC and LC is fornfEdige et al., 20X Roth and Pierce, 1987)
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Figure 1.4. Antibody folding from nascent polypeptides.

The heavy chain and light chains are translated separately, and prevented from ER export by the associatiSulphBiffdryl (SH) side chains are present on the na
polypeptides, prior to disulphide bond formatiohhe nascent polypeptide chain folds into their respective domains sequenta@lbwing the formation of the Ig fold (be
sheets, black arrowshn the light chain the constant light domain is first folded, followed by the variable light chain. In the heavy chair2 taiedO¥H domains are fold
first, followed by the CH3 domain. During this time the CH1 domain remains unfolded and associat®&lPwiithe folding of the CH3 domain allows for heavy
dimerisation, held together by disulphide bonds at the hinge regisulphide bond formation is generated in an oxidation reaction between two SH chains ¢
chaperone Protein Disulphide Isomase (PDI)The folded light chain can then associate to the heavy chain, and BIP dissociates from the CH1 region. The CH]
then fold, and a disulphide bond is formed between the CL and CH1 domains. The fully folded mAb is then ready fooexerfRAdapted from Feige et al., (2010
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1.2.4. Quality control of antibody folding

The process of the mAb folding is closely maintained by quality control chaperones that ensure the
proteins are folded into their functional state before translocation from the ER to the Qwisgs.
folding of antibodies can result iexposed hydrophobic gons, aggregatiorandor un-paired
cysteine residuegChakrabarti et al., 20191rnd have shown immunogenic reactions in humans,
discussed irBectionl.2.5.Strict quality control checks are therefore present in the ER to ensure the
production of correct folded and functional mAb. Calreticulin, and its membrane bound homolog
Calnexin,is one molecular chaperone thamodulatesthis (Ellgaard et al., 1999)he Calreticulin

guality control pathway can be seenkigure 15.

Following entry to the ER theamcent polypeptides are modified with the addition of an
oligosaccharide asparagine chaim ASNX-SER/THR motifs. This chain is then sequentially modified
by glucosidases | and Il to form a meglacosylated intermediate that is recognised by the ERnect
Calreticulin (CALR) and Calnexin (GNeBert et al., 2005CALR and CNX are homologs of each other,
with only minor structural differences that results AR & LINBaA Sy OS Ay NXé«iSts 9w f dzY
as a type | membrane proteiftllgaard et al., 1999The homologs bind to the morglucosylated
proteins, preventing the export of the unfolded protein and protecting it from aggregdtiaert et

al., 1996) The two homologs also associate with PDprtomote disulphide bond formation in the
proteins asmentioned aboveThe mAD structures are released from CALR and CNX following further
glucose cleavage by glucosidase Il. From here the proteins can fold into their finallsidire
diphosphategluccseglycoproteinglucosyltransferase (UGGT) performs a final regulatory step on the
folded protein,after which t can betransportedto the Golgi if correctly foldedMaattanen et al.,
201Q Jiang et al., 2014)ncorrectlyfolded proteins are cycled bad&r more refolding attempts by
adding a glucose moiety the protein Continuously asuccessful recycling of misfolded protein is
prevented by ER-mannosidase ERManlandER degradation enhancihgmannosidasdike protein
(EDEM) which cleave mannoswieties from the glycan that would be reglucosylated by UGGT for
recycling(Eriksson et al., 20Qdiang et al., 2014From here, the incorrectly folded protein can be
removed by the ERssociated degradation (ERAD) pathway, where it isuitlylgted and degraded

by proteosomegTravers et al., 2000)
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The Function of Calreticulin

Y N-Glycan
Nascent protein enters the
ER lumen for folding o) Glucose
O Calreticulin
Pro-longed misfolded protein .
is degraded via ERAD
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-
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\ .-~
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ready for ER export
d—»
Incorrectly folded protein
is re-glycosylated

Figure 1.5. The role of Calreticulin in protein folding within the endoplasmic reticulum.

Nascent polypeptides enters the ER lumen from the ribosome for protein folding. The peptide is modifi
the addition of an oligosaccharide asparagine chain. Two glucose residues are sequentially removec
Calreticulin chaperone recognition dfe protein. Calreticulin holds the peptide to prevent it from ER expor
associates with PDI to catalyse disulphide bond formation. The final glucose residue can then be rema
the protein, and the mature, folded protein is ready for ER expothdfmature protein is incorrectly folde
however, thepolypeptide will be reglucosylatedo mark it for Calreticulin binding and-felding. If this proces
of re-folding is repeated many times then the protein can instead be marked for degradati@®aissociate
degradation(ERAD Adapted from Jiang et al., (2014).
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1.2.5. The effects of improper folding on mAb product

When the protein folding pathway is not able to cope with the demand of folding, improper folding
can occur ancexposed regions on the mAbs can then resulpiaduct quality issues such #se
aggregationof the mAb product.Aggregates are clusters of damred antibodies, and aref
increasing concern to regulators as they expose normally hidden epitbpésncreases the risk of
inadvertent immunogenicitfLi et al., 2016Xu et al., 201J). It is crucial therefore to ensure that
aggregated mAb produds not present in the final drug formulation, as this could have extremely
dangerous effects on patients especially if the product has to be administered over-eefanfasis

(Singh, 2011)

Aggregated productsan present in small solubdggregates or as insoluble, macroscopic aggregates
(Kijanka et al., 2018 Aggregates can be reversible or irreversible, with the reversible aggregates
typically beng smaller in size hEirreversible aggregatasn the other handare not readily dissocidd

unless extreme temperatur@r chemical pressure are placedn them (Roberts, 2014) These
aggregates have typically lost their folded structure and as a result are able to create very strong
hydrophobic interactions with each othgBajaj et al., 2006)The effect of aggregate size on
immunogenicity has been greatly debated, and much contradictory evidence has been shown.
Rosenberg (2006highlighted that low molecular weight aggregates (e.3 Bhonomers) were
inefficient at inducing an immune responsehilst larger multimers were much more efficient, as
shown in murine modelgFradkin et al., 2009)Telikepalli et al. (20153lso showed that when
peripheral blood mononuclear cells (PBMCs) were incubated with a sample of aggregated mAbs of
either micronsized particles or nanometrgized particles, the strongest releasfecytokines was seen

in the larger, micron sized particles. Conversely to Kignka et al. (201&howed that submicron

sized particles were more immunogenic than soluble or migped particles in mouse models
administered with a murine mAb. Thus the presence of aggregates at any size should be considered
immunogenic and problematic for mAb quality, in fact special consideration may be required for
smaller aggregateas these canrobe as easily detected via purification processekss using high
performanceliquid chromatography (HPLC) techniques like Size Exclusion Chromatography (SEC) that
can detect particles in the sedsible 1025 nm rangéNarhi et al., 2012Bansal et a].2019)

The identification of what causes aggregation is difficult, as aggregation can be caused by incorrect
protein folding by the CH@rotein synthesisnachineryor by external culture factors such estremes
of pH, temperature and ionic strenggthiet al., 2016)In additiondownstream processingrocedures
following harvest such as freetieaw cycles can also have an impactaggregatiorfCromwell et al.,

2006 Hasselet al., 199). Joshi et al. (2014howed that increasing the ionic strength of the buffer
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the mAb was incubated in during size exclusion chromatography (SEC) resulted in an increase in
percentage of product that was aggregated and was exacerbated even further when the temperature
was inceased from 4C to 30°C. The speed giroductthawing can also affect aggregate formation.

For example, when a molecule is slowly thawed there can be up to 3 times more aggregate compared
to a sample which was thawed quickQesai et al., 2017The extenal factors can be mitigated for

with strict controls on culture thawing and storage conditions, however theellular causes of
aggregation from th€CHO clones inherent capacity to fold proteins correctly cannot be contradled
easilyand means its remalis required during downstream processifgjological based aggregation

can be caused by the mADb structutself as well agnvironmental factors of cell culture such as
temperature, pH and medicomponents(Gomez et al., 2020; Jing et al., 2012; Masatlal., 2021)

Other biological factors that can affect aggregates include the location in the genome that the
plasmids integrates into, which caffect translation and result in truncated proteirff€ooper et al.,

1998) A high concentration of UPR clegipnes such as Protein Disulphide Isomerase (PDI) and Binding
Immunoglobulin Protein (BIP) that assist in protein folding have also shown to correlate with
aggregation(lshii et al., 2014)One attempt to control cellular based aggregates has focused on
manipulation of the CHO hoste Fourn et al. (20149r example, overexpressed the signal retention
peptide 14 (SRP14) in a CHO host cell line. Upon mAb expression, the SRP14 overexpressing CHO host
abolished all aggregated lighbain that had been seen in the wildtype CHO host. These aggregated
proteins however had only been seen in a low mAb producing wildtype CHO host, and were not seen
in a high producer equivalent suggesting that the issue of aggregation was not relevhsth@gh
producing clones that would be typically chosen. Instead, it highlights how much of a clonal variation
there is in mAb expressing clones and how overexpression of proteins such as SRP14 may not be

necessary.

Aggregation is not the only product ditg issue that has to be considered for effective mAb
production. Fragmentation is another wallescribed disruptive process to antibody production and
describes the mAb product that is smaller than its fdliged state(Wang et al., 2018)Similarly to
aggregation the cause of fragmentation can be caused by external environmental factors such as pH
and temperature, as weliscellular factorsFragmentation can occur during protein production and

in the purification process, or later during storage. ehdas even been a link seen between
aggregation and fragmentation, as the build of fragmented protein with exposed hydrophobic
regions can result in the formation of aggregati®iasak and lonescu, 201&)Ab product storage is

one environmental facto shown to impact fragmentation, as increasing mAb product storage
temperatures was directly proportional to increasing amounts of fragmented product at the hinge

region (Cordoba et al., 2005)lasak and lonescu (201dgviewed the many potential effectsf
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fragmentation on the mAb as a drug target at different regions of the construct, with an emphasis on
non-enzymatic causes such as pH and temperature. Firstly, fragmentation in the hinge region of the
mADb could affect its function due to the loss of themediated effector function, whilst the potency

of the Fab binding may be reduced due to the loss of the second Fab arm. Similarly, fragmentation at

the constant region could reduce-Reediated effector function and the mAb circulation kaihe.

The cage of fragmentation is complex however, and appears to be heavily intertwined with cellular,
environmental and recombinant protein expression factorae@ellular cause of fragmentation has
been documented by the secretion of host cell proteinsh as @a K S LJéhat gr@piuriied alongside

the mAb product following purificatiofDovgan et al., 2021 uo et al., 2019)Dovgan et al. (2021)
showed that the knocklown of Cathepsin D in CHO pools expressing two different mAb constructs
reduced fragmentationievels significantly (from ~ 20 % to less than 5 % total product in one mAb
expressing cell line) suggesting that Cathepsin D causes fragmentation. However, when Cathepsin D
was knocked out and fragmentation measured in clones generated from these paodédle results
were observed some clones had limited fragmentation (< 5%) whilst others had levels similar of the
wildtype host (> 20%). The authors hypothesised that this fragmentation was caused by the
upregulation of other host cell proteases in pesise to the knockout of Cathepsin D, making the
prevention of fragmentation extremely difficult. Another protease which could also be causing
fragmentation is Cathepsin L, whicho et al. (2019howed to be a cause of fragmentation. However,
host cell poteases are unlikely to be the sole cause of fragmentation, as shown [Gotttmba et al.
(2005)temperature study discussed above. The study showed that none of the fragmentation was
caused by cell proteases, including Catia D and L, as the addition of protease inhibitors Pepstatin
A and E64 did not reduce fragmentatiaich are the families of proteinases for Cathepsin D and L
respectively This highlights that fragmentation may be highly dependent on the mAbaypeessed,

or the CHO clone themselveBragmentation has also been shown to be caused by frameshift
mutations that result in premature termination of the protein expression, withn et al. (2016)
showing that a fragmented peak that was present in a Ipigiducing mAb expressing CHO clone was

actually caused by a frameshift mutation in the heavy chain constant region of the mAb.

The variation in mAb product charge is another crucial product quality that has to be addressed when
designing drugs for patientsage. The charge on the mAb product is determined by the isoelectric
point (pl) of the moleculevhich is where the mAb has no electrical charge and is determined by the
presence of charged amino acids within the mAriations in the charge from thmain isoform is
caused by a shift in pl. Charge variants with a lower pl are referred to as acidic variants, whilst those

with a higher pl are basic variar{idliao et al., 2017)The variation of charge, and thus the shift in pl
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into the production of theacidic and basic isoforms depends greatly on the specific modifications and
their locations(Du et al., 2012)Acidic charges have been shown to form from many different
modifications, such as the presence of sialic acid, deamidation and gly¢Ktamvliet al., 2010
Vlasak et al., 20Q®@Quan et al., 2008)Basic isoforms on the other hand have been shown to form as
a result of amidation, fragmentation and the incomplete formation of disulphide bonds, among others
(Johnson et al.,, 20Q07Zhang et al., 201, Ouellette et al., 2010)The variation of charge may
substantially affect the antibodies effectiveness as a drug target; with target binding, tissue

distribution and tissue penetration all being potentially affected by variation from the main isoform.

Regardless of the product quality attributecould be proposed thatnyfuture researchon product

quality should focus on the uncontrollable CHO clonal variation, compared to the more controllable
environmental factorsCommon CHO clonal factors impiagtfragmentatiorfor exampleinclude the
expression of protein folding chaperones such as Protein Disulphide Isomerase (PDI) that folds the
mADb structure. One study showed that clones with lower PDI mRNA expression resulted in higher
fragmented produci(Ishii et al., 2014)As PDI is crucial to the disulphide bond formation that holds
the mADb structure together this is not surprising. Taken together these studies highlight substantial

evidence for the effects of improper folding on the mAb produyeality.

1.2.6. Complex monoclonal antibody formats

The importance of correct mAb folding becomes even more significant when considevieignAbs

which are becoming increasingly complend diversein format (Figure 16. Uppen. Many novel
formats of mAbkconstructs are now being considered for their potentially beneficial features. Smaller
mAb formats such as Fab fragmeraad monovalent IgGhat contain only one heavy and light chain
half-body, have the benefit of being able to reach antigens in hardetmch areasRanibizumab for
example, is a Fab fragment that inhibits angiogenesis by inhibiting vascular endothelial growth factor
A (VEGFA) and is approved for use inratgted macular degeneration (AMD) among other diseases.
The loss of vision fromMD is characterised by the creation of new bloody vessels in the choroid layer
of the eye, that is stimulated by excessive expression of VEGF. The Fab format of Ranibizumab is
therefore particularly beneficial for diseasassich as AM[Pas the small moleda can penetrate deeply

into the retinal pigment epithelial cel(@ou et al., 2011)

Fc fusion proteig, that contain a therapeutic protein bound to a mAb Fc sequeocar, pair the
immune effector function of the Fc regionitfe mAb withthe effector furction of the attachedirug

(Linderholm and Chamow, 201Melson, 2010Absolute Antibodies, 2022BispecificmAbsare one
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of the most popular classes of antibodies currently in developmBispecific mAbs contain the same
Y-shaped mAlmoleculebut expres two different heavy and light chains, with the aim to target
multiple antigen targets on a single molec(iontermann, 2011)Theantibodycan be directed to
different epitopesonthe same antigen to increase mAb response, or they can target diffentigess

to have two effector actions on the disease tardgrispecifics with two targets can be used to target

a diseased cell on one arm, and recruit immune cells on the other arm for example, inducing
immune effector respores (Kontermann, 2011)Blingaumomab is an approved bispecific mAb
fragment that uses this effector function, by binding to the CD19 receptor on cancerous B cell targets
on one arm, whilst binding to the CD3 receptor of cytotoxic T cells on the other, ultimately engaging
them for T cé mediated cell deatliPrzepiorka et al., 2013 opp et al., 2008)

Bispecificpresent a unique challenge for productionthe CHO expression systexs the folding of

the chains can result mp to 9 differentheavy and lighthaincombinations (Figure &.Lowe, which

candrastically redue the percentage of heterodimer in the final produ@arter, 2001)Effortshave

0SSy YIRS (G2 | RRNBXaa GKA& O2yOSNYy gA0GK G§SOKYAIldz
complementary mtations between the two heavy chains in the CH3 domain are made which non
covalently bind to each othefShatz et al., 20t3Merchant et al., 1998)Although this does not

address the issue of light chain pairing to the correct heavy chdhilst these €chnologies have

improved bispecific productivity, problems still exist. For exam@leng et al. (2021performed a

study to try and engineer the heavy chain to increase the amount of desired bispecific product
produced. 32 combinations of mutations wengade and tested. However, only about half of the

molecules tested contained at least 50 % desired bispecific mAb.

Most literature suggests that the capacity of the protein folding pathway is crucial for producing fully
folded and functional productand this will only be exacerbated by the expression of the more
complex formats that araow coming into the forefront of biopharmaceutical productidi.consider

the effect of poor protein folding capacitin CHO cellsthere must also be consideration to the
recovery mechanismthey havein response Whenthe requirements foiprotein foldingare higher

than that ofthe cellsprotein folding capacitypg/cell/day) the Endoplasmic Reticulum (ER) enter a
state of stress andhe cellattemptsto initiate pathways to recover the folding capacityee et al.,
1999) Thus, there has been significant inter@stecent yearsn the antibody production community

to either monitorERstress or use it to enhance antibody producti®rashad and Mehr&2015 Kober

et al., 2012 Chandrawanshi et al., 202Roy et al., 2017More recently, theeffect of ER stress has

also been measured in bispecific expressing cell lines éGaig 2021).
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Complex Monoclonal Antibody Formats

Bispecific IgG Trispecific IgG

YY
AR
— YYY

Undesired Format By-Products

Figure 1.6. Examples of novelonoclonal antibody formats.

Monoclonal antibody formats are becoming increasingly complex and sophisticated in their design but
production issuesA) Examples of complex mAb formats:dpiecific mAbs contain two different heavy and |
chains to bind two different antigenSimilarly, trispecific molecules can target three different antigens. Sr
versions of standard mAb formats also exist such as monovalent IgGs, that contains only one heavy
chain and even smaller, Fab fragments can then target the smallegtitope sites. Finally, Fc fusion prote
contain a therapeutic protein bound to an Fc sequence, allowing the protein drug to also interact w
immune system. Adapted from Absolute Antibodies (20B2Bispecific chain combinations that can arisa
expressing two different heavy and light chains. The desired format is followed with 9 unwanted to comb
including homodimers in the heavy chain and light chain. Adapted from Carter (2001).
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1.3.Monoclonal antibody production can lead to endaadmic reticulum stress

1.3.1. Endoplasmic reticulum stress

Whether the mAb is a simple or complex fornits expression causes intense pressure on the CHO

cells host machinenKallehauge et al. (2017und that ~ 15% of all ribosomes in a mAb exsing

CHO cell line were actively translating mRNAs related texpeessiorplasmic NB RdzOAy 3 (G KS
capacity to synthesise its own endogenous proteiiss increased translation has a knock on effect

for the Endoplasmic Reticulum (ER) as it aagncreased amount oéxogenougprotein to correctly

fold as well asnaintaininghost proteinexpression This increase in folding requirement can result in

a state of ER streswhereby thenumberof proteins being folded overwhelms the folding capacity of

the ER and results in a builgh of misfolded protein in the ER lum@Prashad and Mehra, 20 1%/alter

and Ron, 2011)

1.3.2. The Unfolded Protein Response

Upon ER stress cells initiate the aldied protein response (UPR), a pathway that aims to remove the
misfolded or unfolded protein that hee accumulatedn the ER lumen and return the organelle to a
state of protein-folding homeostasisTo alleviate the buildip of misfolded protein, the UPRIll
trigger the upregulation of protein folding chaperones in an attempt téold the misfolded proteins,

as well as temporarily attenuating further protein translation to prevent more build ugohme cases,

it becomes impossible to sattee ERand apptosiswill be initiated Thidgransitionbetweencorrecting

ER stresand initiating apoptosis has to be finely controlled, asidchievedy initiation of the three
different branches of the UPR pathway, each activated by a separate effector mqleigulee 17.)
(Chakrabarti et al., 2011Du et al., 2013)Thesethree effector sensor molecules arectivating
transcription factor 6 (ATF6), Inosit@quiring enzyme 1 (IRE1) and protein kinase RR¢A
endoplasmic reticulum kinase (PERKpo and Kaufem, 2012) Whilst each of these pathways
perform their own distinct effector pathway, they can produce responses that either restore the ER
or initiate apoptosis, and a significant amount of cre& between the three pathways have been

identified (Walter and Ron, 2011)

The first description of the UPR was showrClox et al. (1993)sing yeast to identify the role of IRE1

in the activation of protein folding following ER stress conditions. Further development of the UPR
pathway resulted in the emergeacof the PERK and ATF6 pathways, describdgleiiplotti et al.
(2000)andHaze et al. (1999¢spectivelyDuring homeostatic conditionghese sensors are inhibited

by Binding Immunoglobulin (BlIPpreventing their downstream affects.Upon buildup of
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mis/unfolded proteins, BIP dissociates from these UPR initiators and binds to the problematic nascent
polypeptide sequencegpreventingthem from being exported from th&R(Cao and Kaufman, 2012)

As BIP also playskay role in preventing préolded nascent polypeptide from leaving the cell in
homeostatic conditionsSectionl1.2.3.), it is important to note that BIP is always present in the ER
regardless of whether the UPR has been activated or not. In fact, mang ehzymes used in nascent
polypeptide folding such as PDI are-nggulated in a UPR responféu et al., 2020)Therefore, the
difference between BIP expression in homeostatic ER conditions and stressed conditions would be its

substantial upregulation, ather than just its presence.

1.3.2.1. The IRE1 Branch

The IRE1 branch is the most conserved branch of the UPR pathway. IRE1 is a endoribonuclease that
uses nonconventional mMRNA splicing to bring about a UPR resguveier and Ron, 2011)
Oligomerisation of IRE1 results in conformational changes of thesiétisbrwhich in turn activates

Al Q& Sy R2NA O 2KodahikB ét al. 200B)REAEDlGel s22¢bp intron fromX-box binding

protein 1 (XBP1) using this function in the cytoplasm, which in turn generates spliced XBP1 (sXBP1)
(Yoshida et al., 2d0). The sXBP1 transcription factor translocates to the nucleus, where it can control
the transcription of protein folding chaperones suchBl®,ERDJ4, PDI, EDEM and HEBd et al.,

2003) sXBPhas also been shown tgpregulateProtein 58 £58), an inhibitor of PERKanother key

pathway sensor of theJPR(van Huizen et al., 2003)

The IRE1 pathway can also initiate apoptosis byciian Nterminal kinase (JNK) pathway. The
recruitment of TNFeceptorassociatedactor 2 (TRAF2) to IRE1 can atvstress signals to JNK
(Urano et al., 2000)JNK then can then phosphorylate the family efdll lymphoma (BCL2) proteins.
Inunstressed conditions, BCL2 proteins keep thegpoptotic Bax and Bak factors inactive in the ER
and mitochondrial membrang®8runelle and Letai, 2009Fhusthe phosphorylation of BCL2 proteins
by JNK allows the activation of the apoptotic Bax and Bak factors to ddwmiactivity of the active
IRE1 protein has been shown to be regulated by a number of proteins such aesdypbssphatase
1B (PTHRLB) and ASKihteractive protein 1 (AIPX).uo et al., 2008Gu et al., 2004)
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1.3.2.2. The ATF6 Branch

The ATF6 sensor contains a largeuEinal domain allowing its residence as an ER transmembrane
protein. Uporthe buildup of misfolded protein ATF6 translocates to the Golgi apparatus via transport
vesiclewhere its luminal domain and transmembrane sequence are removed byls#énad site2
proteases(Ye et al., 2000Chen et al., 2002he cleaved, cytosolic-términal of ATF6 (CATF6) can

then move to the nucleus where it activates target UPR genes. cATF6 targets genes with an ER stress
response element (ERSE). Examples include Calreticulin, ER resident folding chaperones such as the
previously described BIP aR®dI, as well as glucesegulated protein 94 (GRP9)oshida et al., 1998)

which has multiple functions in the ER including as a protein folding chaperone and as a-calcium

binding protein(Michalak et al., 2002Argon and Simen, 1999)

TheATF6 branch ithought to be inactivated by the unspliced variant of XBP1 (uXBP1) upon resolving
the buildup of ER stres¥.oshida et al. (2008howed there to be a high level of uXBP1 in cells in the
recovery phase of ER stress, and subsequently showed that uXBmRindato sXBPlas well as
cleaved ATFgroshida et al., 2009vhich subsequently promoted degradation of the compkex

1.3.2.3. The PERK Branch

Finally, the PERK branch of the pathway responds to stress by temporarily attenuating protein
translation. his reduces the amount of nascent protein that requires folding and consequently
alleviates stress in the ER. This is achieved by the phosphorylation of eukaryotic translation initiation
Fl OG 2 NJ {Hardidg®taC A99¥Therer NB &2 YS Y whtHatQranslétefav@uably

when elF2 is limiting such as activating transcription factor 4 (ATF4), which in turn targets CCAAAT
enhancerbinding protein homologous protein (CHOP) that itself induces the expression of other pro
apoptotic proteins(Walter and Ron, 2011)This preapoptotic response is only activated during
chronic ER stress, and proposed mechanisms for its initiation include theupudticalcium release
FNRBY GKS 9w F2fft2¢6Ay3 /1 ht AYRdzOSR th&dpeniggoti A 2 y
the mitochondrial permeability transition pore (PTfi)ggering apoptosigUrra et al., 2013Tsujimoto

et al., 2006)

The attenuation of translation activated by the PERK pathway can however be stopped if thepbuild

of misfolded proteirin the ER is resolved, negating the need for apoptosis. This is mediadeoiin

arrest andDNA damagénducible gene 34 (GADD34), which encodes a #itRKible regulatory
ddzodzy Al 2F GKS LINRPGSAY LIK2aLKI G &S ingtheleffedsk A OK
of PERKNovoa et al., 2001)

27

2 7



Chapter 1: Introduction

Figure 1.7. Schematic of the Unfolded Protein Response.

The Unfolded Protein Response is initiated during periods of ER stress in cells, caused byup 6f
mis/unfolded protein. The UPR is made uptlofee response pathways, all of which are inhibited du
homeostasis by the molecular chaperone BIP. In the presence dbldex] protein, BIP dissociates from
pathway sensors: PERK, ATF6 and IRE1, to bind to the protein and prevent it from ERHexppthe UP
pathway sensors activate downstream signalling pathways that results in the expression of protein
chaperones that help to return the ER to homeostasis by refolding the protein. The PERK pathway
attenuate translation, andnitiate apoptosis in irreparable conditions. Adapted from Du et al., (2013).
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1.3.3. The Unfolded Protein Response in mAb production

Thepresence of ER stress and thus #ativation of the UPR antb resultingexpression of kefolding
chaperones has been extensively linked to the expressiomAdis in CHO cells. Multiple studlesve

shown that higher producing CHO clones have a higher concentration of endogenous UPR
components Prashad and Mehra (201%)ghlighted this when monitoringhe mRNA transcript
concentrations of markers across the whole of the UPR in a high producing CHO clone and a low
producingCHCOclone. They found many UPR markers including BIP, ATF4, CHOP, GADD34 and XBP1
were all more highly expressed in the high prodgcclone. This was replicated in a similar study by
Kober et al. (2012hat investigated UPR mRNA transcripts in a panel of CHO DG44 clones expressing
the same mADb construct. Correlations were seen between B#0O(R8), GRP94%R0.75) and sXBP1
(R=0.81)againstmAb product Further evidencehat up-regulation of UPR stress markers results in
increased titrehas been shown during batch and fbdtch culture of erythropoietin expressing CHO
cells kept at 32 and 3 culture temperaturegTorres et al 2020) The study showed that threame

CHO linexpressedelatively similar titres regardless of the temperatures used, but the relative mRNA
expression of therythropoietin construct cultures kept at 3Z were significantly higher than the 37

°C culures. The specific cell growth rate showed the exact opposite, with th®C32ultures being
significantly lower than the 37C. Whilst these effects of temperature appeared to balance themselves
out in regard to titre, the shift of the populations enerffpm cell growth to protein production is
important. The study went further to show that key UPR transcription factors such as sXBP1, BIP and
CHOP were significantly sipgulated in the 32C cultures compared to the 3T, further suggesting

that there isa link between the activation of the UPR and efficient protein productinterestingly,

the signal transducers of the UPR: IRE1, ATF6 and PERK, as well asypioptotac factor ATF4, did

not show any significandifference in expression between thelltures at different temperatures,
thought to be due to their activity at the postanslational level. €es involved in Endoplasmic
Reticulum associated degradation (ERAD) su&b&M3a pathway that removesdicorrectly folded
proteinswere significatly decreasedowever, this appears to be due to the lower temperatures shift

to protein synthesis homeostasis and a lowered requirement for protein degradation.

This link between specific UPR markers such as BIP, sXBP1 anavi@Hi@® suggests that an
increased UPRiay bebeneficial and perhaps predictivé high titres Howeverijt is doesnot appear

to be a globaincreasein UPRactivation markergather specific branches of the UPR. It is important
therefore to consider whicliranscription factors are not only the best at predicting good antibody
productionand protein qualitybut also those that produce a CHO phenotype that is beneficial for

industrial manufacture of monoclonal antibodieas for example,the effector functionof pro-

29



Chapter 1: Introduction

apoptotic transcription factors such as CHOP or ATF4 may be more predictive of CHO clones with a

propensity for cell death rather than recovery.

1.3.4. Manipulating the UPR to monitor mAb production

Manipulation of the UPR to monitor antibody pmaction in CHO cells has been seen within the
literature for the monitoring of antibody titre. In the same study that showed correlations of BIP,
GRP94 and sXBP1 with antibodyetitKober et al., 2012)he studywent on to demonstrate that a
truncated BIPpromoter construct (trunc GRP78) in the CHO hasting recombinase mediated
cassette exchange (RMCE), showed a modgrasitive correlation with antibody titre(mg/L)and

specific productivity (pg/cell/day) tR 0.63 for both).

In another studyRoy etal. (2017)generated a dual synthetic reporter system whereby an RFP was
placed at the Nerminus of an XBR sequence and a GFP tag at thefninus. The IRE1 mediated
splicing of the XBR sequence resulted in a frameshivhich placed GFP in frame wit RFP and
resulted indualfluorescenceexpression during UPR activation. The study then calculated the change
in fluorescence from RFP to GFP and dubbed the result a¢#@w { GNB&& LYRSE 69
Importantly, the study confirmed that the reporter wanonitoring ER stress using Tunicamycin, and
Thapsigagin (chemicaERstressos) as a timedependent relationship between ERSI and incubation
time was seen. The study went on to transiently transfect the reporter into mAb expressing CHO cells
and determned low, medium and high ERSI pools. When the mAb clones were measured for their
titre during fedbatch study the high ERSI clones had a statistically significant higher titre than the
medium ERSI and low ERSI pool clones. Using 1 g/L as a benchmagk footliicers, 42 % of the
clones derived from the high ERSI pool were high pradugkilst only 15 % from the medium and

low groupswere high producers, suggesting that the reporter could at least remove the lowest
producers from selectiortHowever, wheronly the 5 highest producing clones from each of the high
and low ERSI stress pools were compared to each other for titre during shake flask culture there was
no significant difference between the titres of the high and low ERSI expressors. This sutigested
whilst a higher ERSI index may be beneficial for improving the number of high titre clones during CLD,
plenty of clones with low ERSI values are also able to produce high titres. This may be due to the study
attempting to measure only one specific UBéhe, that covers only one branch of the UPR. As the
three UPR branches each elicit different responses (such as apoptosis, translation attenuation and
increased chaperone activity), using just one marker on one branch of the UPR may not be sufficient
for titre predictability. Instead, designing a reporter that can target multiple branches of the UPR or

the overarching sensor of the UPR, BIP, that regulates all three pathways may be more advantageous.
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1.3.5. Engineering the UPR to enhance protein expressi

Aside from monitoring the endogenous folding machinery, studies upregulegirigin components

of the protein folding pathway have shown to have a positive effect on antibody produétydus et

al. (2014)overexpressed the UPR transcription factokBB1 and cleaved ATF6 in a panel of four
WRATTAOMA (i siTRepr&itictividdiitie doneas!ware significantly increased in 3 of the 4
mADbs for both transcription factors. The increase in pineductivity Qp) appeared to be mostly due

to an incrased trend in mADb titre and a decrease in integral viable cell density (IVCD). Interestingly,
the up-regulation of the inactive form of ATF6 and XBP1 did not significantly affect Qp. This suggests
that even following engineering of the CHO host to increhsdJPR if there is not also an increase in

the pre-cursor transcription factors to activate ATF6 amliceXBP1 then there will be no benefit of

the engineeringand is important to consider in future engineering designs.

Another interesting approachotengineering the CHO host line is to increase proteins related to
protein secretion as well as folding. The combined overexpression of sSXBP1 and B lymitthumead
maturation proteinl (BLIMP1) in the CHO host was undertaken in one flioyes andDickson,

2021) BLIMPL1 is a driver of differentiation of B cells into plasma cells, the professional mAb secretion
cell line. Thus, a favourable characteristic for mAb production in CHO cells. The results of the study
showed there to be an increase in méioe when sXBP1 and BLIMP1 wereregulated separately
following a 12 day batch culture, in comparison to the control. An even stronger, phenotype was
observed (3.8 fold increase in mAb titre) when both sXBP1 and BLIMP1 wexpressed in the CHO

line compared to the control cells. A significant reduction in viable cell density was also seen in the
cell line compared to the control suggesting that theregulation turns the CHO cell closer to a
production phenotype rather than a growth phenotype.eBedata suggests that factors external to

the UPR may also be another area for investigation, but the bolstering of the UPR is still very important

as seen by the increase in titre when sXBP1 was increased alongside BLIMPL1.
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1.3.6. Limitations to the terature

The antibody production field has been successful at identifying transcription factors and chaperones
related to the UPR that may be predictive of mAb timeCHO cloneand has started to investigate
whether components ofthese pathways can besed to generate synthetic reportershich can be

used to monitor mAb productianHowever, at the time of writing this thesis there is very little
evidence to showthat these markersare predicting high titre clones that also have good product
guality charateristics. Even less evidence is present to show that mAb product quality can be
predicted in clonest SNKI LJA& 2yS 2F GKS NBlFazya F2N 0KA& A&
many factors; such as the size or charge of the mAb product. It isdificult to pin-point whether

the poor quality phenotypes are caused by both environmental and/or biological factors. Despite
these challenges product quality would be an extremely important characteristic to be able to
monitor, as quality cannot typicglbe monitored until a much later stage than CLD. This is problematic
when clones that appear to have high titres are actually producing poor quality mAbs that are not
suitable for human use, and results in the removal of the clone from final cell liretisel. The
literature does suggest that the UPR may have some effects on some areas of product quality such as
the Ishii et al. (2014¥tudy that showed lowPDI mRNA expression resulted in higher fragmented
product, and thus investigating this further thwgh the use of a UPR based reporter for CLD would be

an extremely useful tool for removing poor titre and quality mAbs at the same time.

Further to this, the mAb titre produced in CHO clones is already easily predicted. Over the past few

years amultitud® ¥ A Y RdzA i NFRWERORY S i K 2 R ato mdni@Santiodsyisre RS BSf 2
without the need to introduce an exogenous report@nstructinto the CHO genome that may have

a negative impact on mAb production. For example,@etet HTX (ForteBio) wdh utilises Protein A

binding (Tejwani et al., 2021Huhn et al., 2021)the CEDEX (Roche) that uses detection antibodies

(Roche, 2019)or more recently the Spotlight assay usedl the Beacon (BL{).e et al., 2018)all

reliably measures titre whilst porming single cell cloningnd thus another method of measuring

this is unnecessary. This is where product quality becomes an important aspect to consider for the

future advancement of CLD, as these aspects cannot be currently measured and thus a r@porte

assay that could measure these would in invaluable for the CLD pipeline.
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A second limitation to the current literature field to consider pertains to the number of CHO clones
and mAb types used in the experiments monitoring the UPR. The majorigyudies have only
followed one type of antibody in their study and used limited numbers of clones to monitor and
manipulate the UPRKober et al., 201;2Prashad and Mehra, 201Roy et al., 2017)Vhether the mAb

type affects the tools designed in thestudies is unknown therefore, and this would limit the
adoption of the tool into CLD until its universal effectivenisgsoven. Thusgit is crucial for any future
reporter assay or tool that could monitor product titre and quality in CHO clones to bedegible

regardless of the mADb type.

This thesis therefore aims to answer whether a UPR based reporter construct can be designed to
monitor both antibody productiomndantibody qualityacross a broad panel of cell linsxsd antibody

formatsduring cell line development.
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1.4. Project Aims and Objectives

Thefirst aim of this thesis project was to identdyphenotypic fingerprint for CHO clones that produce
both desirable quantity and quality mAfroduct The characteristics explored within this thesis
focuseson the role of protein folding of the mAband in particularthe role of ER stress and its
response mechanism the Unfolded Protein Response, as guided by the literature. In order toado this
selection of CHO clones expressing mAbs with a varietlifigient product quality issues were
investigated, and thie relationship between thesproduct qualitycharacteristicsvere compared to

the quantities of key protein folding chaperones.

The seond aim was to use the data obtained to identify a single protein folding marker that appeared
to have a predictive capacity for product quantity and quality across the CHO clones, and design a
reporter construct to monitor its expression throughout CH@uwe. The expression of the reporter

in the CHO host would then be monitorable duridgbDat almost any stage. To do this the CHO host
containing the reporter construct was run through a typical CLD platform using a panel of mAbs with
different product quality issues inherent in their design. The clones were then taken through
production studies to generate sufficient product for product quality study. The product quality and
titre of the clones could then be correlated to the reporter expression retrospely during CLD to

test its effectiveness.

To achieve these aims the following specific objectives were set for the project:

9 Establish a range of reproducible assays for monitoring the UPR and use them to identify
differentially expressed gengwhich mrrelate with antibody titre and product quality.

1 Create a panel of antibody producing cell lines with sdefined antibody titre and product
quality characteristigavhich can be used to study the host response to antibody production.

1 Generate a UPR reper cell line using the Beacon and establish whether it responds to ER
stress using a range of pharmacological stressors.

1 Determine whether the reporter CHO cell line can be used as an expression host, following
transfection with the panel of the mAb cangcts. Collect product quality and titre data from
these clonal cell lines expressing the mADb to determine whether the reporter could predict

quality retrospectively.
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2. Materials and Methods

2.1.CellCulture

2.1.1.Subculture maintenance of CHO Cells

All Chinese hamster ovarZHQ cell cultures were maintained on ad3day passage routinggpically

to a total culture volume of 30 ml in 125 ml shake flasks (Corning), in a Multitron shaking incubator
(Infors HT) setio 140 RPM, 37C and 5% CGOTo count the cells, 500 pl of culture was incubated with
500 pl of TrypleE (Gibco) for 5 minutes at@7n a ViCell sample cup (Beckman Coulter). The cultures
were counted on a ViCell XR (Beckman Coulter) under the CH@peellising Trypan Blue exclusion

staining to monitor viability (Beckman Coulter).

Cells were passaged ta density of0.3x1@ viable cells/ml, unless otherwise statedl y D{ Y Qa
proprietary CHO media and appropriate supplements. TablehZghlightswhich supplementsand

selection markersvere required for each cell type.

Cell Line Media Addition1 Media Addition2
CHO Host 8 mM L-Glutamine N/A

Null Host 400 pg/ml Geneticin | N/A

Bispecific mAb Line 25 pM MSX 400 pg/ml Geneticin
mAb Panel molecule-& 25 uM MSX N/A

CALR and TOM20 Fluorescent Reporter Hos] 8mM L-Glutamine 400 pg/ml Geneticin

Table 2.1 Concentration of supplementnd selection markensequired for cell lines in culture- L
Glutamine (Gibcoyas used as a CHO host supplementatianilst MSX (Merck Millipore) and
Geneticin (Gibcolere used as selection markers

2.1.2. Cell Revival

Cryovials (Thermofisher) containing the desired cells were removed frestdidge and thawed in a
water bath of 37°C PBS (Gibco). The vial contentyenadded dropwise to 18 ml of prearmed
culture medain a 50 ml falcon tubeand centrifuged at80 xgfor 5 minutesin aLegend HT centrifuge
(Sorvall)with no brake. The supratant was removed and the pellet resuspended in 20 ml fresh

culture media. Cells were counted on the ViCelbXRescribed aboyeindfurther media added to
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give a final cell concentration 6f5 x10 viable cells/min a125 ml shake flask. The shake flasks were

incubated, and passaged three days post revival aSpetion2.1.1.

2.1.3. Cell Freezing

Cell lines were frozen on daydjring their mid log growth phase, at a concentration & %10 viable

cells per cryowl. Cell lines were counte@Section 2.1.1.and the desired volume of cells were
centrifuged at 80 xgwith no brake, and the supernatant discarded. The pellet was resuspended in 1
ml of freezingnedia(7.5% v/v DMSO, JT Bakeitherespectiveculture mediaspecified in tabl.1),

and aliquotedinto eachvial. The cryovials were placed in a Mr. Frosty freezing container (Nalgene)
filled with isopropanol (Sigma Aldrich). Mr. Frostys were placel-80 °Cfreezerovernight and the

following day the crgvials were moved to LNor long term storage.

2.1.4. Monitoring mAb Titre via the Octet HTX

The Octet HTX (ForteBio) was used to monitor mAb titre in cell cultures on the day of passage. 500 pl

of cell culture was centrifuged 4d5,0® xg in amicrocentrifuge (Eppendorfpr 4 minutes to pellet

the cells. 80 pl of the supernatant was added to a 384 well Octet plate (ForteBio), alongsidaf 80 pl
mediareference contrglandthe required regeneration (10 mM Glycine at pH 1.5) and neutralisation

solutions (culture media). An Octet Protein A Biosensor tray (ForteBiojedaglrated in a 96 well

plate containing 100 pl of culture media for 10 minute®r to use and both were loaded onto the

Octet HTX alongside the 384 well sample plate. Sampfed® |yt @aSR Ay GNALX AC
jdzt YGAFAOFI GA2Y GAGK NBISYSNIGAZ2YQ GSYLX OGS 2y Gf

post conditioned sensors.

lyrfteara 2F (GKS alyYLi Sa gl a LISNF2NYSR.Sampley 3 (KS
were compared to a previously generated standard curve specific to the mAb being expressed under

(i KBoseWesponsept [ 6 dzy gsBtn@EK & RO G KS 0AYRAY3I NI 4GS Sljdzk GA
af 2LISQd ¢ KS NB & dzf ibtd ekcdl, aindat N&age aAD baBcerfratiadandmatigally
generated for the samples. The standard curves used to quantify mAb titre in the clonal mAb-panel 1

8 were obtained by performing a serial dilution of known concentration purified material (kindly
provided by GSK) in HEK cells from a rande-&00 g/ml. The bispecific mAb line had a standard

curve premade by GSKsing the same technique.
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2.1.5. mAb Naming Conventions

All the constructs used in this thesis were obtained from GlaxoSmithiéinteas such have been
anonymised for this thesis. The mAb panel usedhapters 4, 5 and 6were named mAbs 18.

Subsequent clones expressing each mAb construct waneed alphabetically e.g. mABAL mAb %

B. Each of the mAbs were designed to target diéfe antigens,. Each of the mAbs were chosen based

2y F WLR2N ljdzt t AG@Q FOGGNROGdzS GKIF G gTharatr@8y R dzNA
behind the mAbs chosen can be seeffable 2.2.

mAb Construct Problematic Quality Rationale

mAb 1 Prone to aggregation

mADb 2 High molecular weight species present in Acetate and Phosphate
mAb 3 Poor developability

mAb 4 Control mAb used during final structure selection of project molec
mAb 5 Poorexpressor

mAb 6 Engineered variant of mAf aimingto increase expression titres
mAb 7 Engineered variant of mAf aimingto increase expression titres
mAb 8 Proneto dimerisngand aggregation

Table 2.2 Anonymised mAb panel naming convention, and the rationate agy they were chosen
as poor quality mAbs.
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2.2. DNA Stock Production

2.2.1. Transformations

Transformations were performed using Stellar Competent Cells (Clontech). Competent cells were
thawed on ice and mixed via pipetting. 5 ng of DNA wadded to 50 pl of competent cells per
transformation, alongside a negative contvahere no DNA was addednd left on ice for 30 minutes.
Thecellswere heat shockedt 42 °C for 45 seconds and returned to ice for 2 minutes. 500 ul of liquid
broth (LB)media (n house) were added to the transformations to aid recovery and incubated by
shaking on a ClimBhake ISFX plate (Kuhner) at 37 °C for 1 hour at 200 RPM. 50 ul of the
transformation mix was spread onto agar LB plate containing 100 pg/mmhpicillin (in house) using

a sterile plastic spreader. The plates were incubated at 37 °C overnight, before moving to 4 °C for short

term storage after colony growth.

2.2.2.DNA Purification: Miniprep and Maxipreps

Asingle colog wasselectedfrom LB agar platassing a sterile loop (COPAN), and added to 5 ml of LB
mediacontaining100 pg/mlampicillin in a 15 ml Falcon tube and incubated overnight at 37 °C in a
shaking incubatoset to 200 RPM

DNA purification was performagsing a QlApreppgd Miniprep kit (Qiagen), as per the manufactu®ed
instructions To create larger DNA stocks, 1ml of the overnight starter cultwessadded to 200 ml

of fresh LB mediaontaining ampicillinn a 1 L vented shake flask (Corning) and incubated overnight

under the same conditions. The DNA was extracted from the larger culture the following day using an

9y R2CNBS tflaYAR alEA YAG ovAlF3ISyos a LISN GKS
measured for their concentration and 260/280 quality valueaoQIAxpert (Qiagen).

2.2.3. Restriction Digests

Restriction digests were performed at 50 pL volumes using restriction enamddsuffersfrom New

England BioLalNEB) as per the manufactur@instructions 1 pg of DNA was added to 1 pl of the
enzyme® a0 2F AYGSNBadz Ff2y3aARS p xt 2F GKS Syl é&vYs
up to 50 pl with sterile waterDigests were incubated at 37 °C for 3 hours in a T100 thermal cycler
(BioRad). The digests were run on a 0.8 % Agarose TRihgéhinga 1:10,000 dilution o8 YBR Safe

dye (all Invitrogen) and imaged on the blue tray ofaSf 520u 9% {@aiSY o0. A2wl R
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HPod Ly FdzAA2yYy Of2yvAy3a 2F GKS NBELIZ2 NI SNJ

2.3.1. ReporteiString DNAand PlasmidDigest Preparation

¢ KS NBLIR2NISNI DCt &aSljdsSyO0Sa ¢SNB aeyiKSaieieSR o0& (
amplified bypolymerase chain reactio®PCRto increaseconcentration 12.5 ul of ClonAmpHiPCR

premix (Takara) was added to 0.75 pl afifard and reverse primer€lO um) 10 ul of sterile water

(Sigma) and 50 ngf template DNA. Table 2.8hows the primer sequences. Initial denaturation was

run at 94°C for 5 minutes. 30 cycles of 94 for 30 second®r denaturation 60°C for 3Gseconddor

primer annealingand 72°C for 1 minutdor extensiornwere repeated. A final 10 minute extension at

72°C was performed before a°€ hold.

hyS 2F D{YQa LINPLINASGINE SELNB&aarzy LIl aYARa ¢l
Section2.2.2. An aliquot of the resulting maxiprep wiagearisedusing a Hindlll restriction enzyme
(NEB. 2 pg of plasmid DNA was mixed with 1.5 pl of Hindlll, 8 pl of CutSmart INEBrand 68.5 pl

of sterile water and incubated in a Thermocycler for 3 hewat 37°C.

To confirm amplification of the PCR products, 5 pl of the PCR products were mixed with 1 ul of loading
buffer NEB, and ran on a 0.8% agarose TBEageitaining a 1:10,000 dilution of SYBR Safe $&din
Invitrogen) Linearisatiorof the plasmid was also confirmed on the same gel, with 5 pl of the vector
digest mixed with 1 pl of loading buffer. Uncut controls were alsalysed The gel was run at 80 V

for 1.5 hours and imaged on the BioRad Gel Doc EZ Iniagegthe blue traythat is usedfor all

nucleic acid applicationd he successful resulting bands of the digested plasmid and amplified inserts
were extracted from the gel and purified into a 30 pl product using a QlAquick PCR Purification Kit
OVAI3ISyoz Fa LISNJ {enS. YI ydzFl Ol dzZNBENRA& Ay aid NyzO

Primer Sequenc® pQ (2 0QU
CALRGFP Forward GAAAACTACCAGCTTAATGCTGCTGAGCGTGCC
CALRGFP Reverse CGACTGCAGCAAGCTCCTTACTTGTACAGCTCGT

CALRnOrange Forward | GAAAACTACCAGCTTAATGCTGCTGAGCGTGCC

CALRNOrange Reverse | CGACTGCAGCAAGCTCGCCTTACTTGTACAGTT(

TOM20GFP Forward GAAAACTACCAGCTTCTCAATGGTGGGCAGGAA(

TOM20GFP Reverse CGACTGCAGCAAGCTCCTTACTTGTACAGCTCGIT

Table 2.3 Primers used during infusion cloning to isolate the reporter constructs.
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2.3.2.Infusion Cloning

TheClontech Infusion Kit (Takara) was used to insert the reporter inserts into the linearised plasmid,
a4 LISNJ YI ydzFlF Ol dzZNBNR & Ay & (i NHyénil 5eny éf RCRprodugf® 2 F £ Ay
pl) were added to il of infuson enzymeand topped up to a total volume of 10 with sterile water.

The samples were incubated in a 50 °C water bath for 15 minutes before placing on ice. Infused
plasmids werehen transformed into Stellar Competent cells (Takara) asSsstion2.2.1

6 colonies from each reporter were miniprepped (as fection 2.2.2) and digestedto confirm
successfutloning 1 pl of extracted plasmid DNA from each miniprep wasubatedwith 1ul of
restriction enzymeslindlll and NheHF NEB, 2.5ul of CutSme Buffer andtopped up withsterile

water to a total volume of 2§l. Digests were performed at 37 °C for 3 hours, followed by a 20 minute
60 °C enzyme inactivation stephe plasmid was designed to remove the Hindlll restriction site upon
successful infsion of the gene insert. Successful infusion was therefore confirmed when only a

linearised band was seen on the gel, created by the {Mteénzyme.
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2.4. Mammalian Cell Transfections

2.4.1. Transient Cell Transfection

Alltransienti N} yaFSOiGA2Yy SELISNAYSyGa 6 SNB-NuWSAHEEt@ MY SR dza )
kit, on the 4D Nucleofector System (Lonza). One day prior to transfectitiayere passaged ta

density 0f0.8x1G viable cells/ml. On the day of transfection cellsre counted on the ViCell XR, and

5x1C viable cells per transfection werpelleted at 180 xgfor 5 minutes The supernatant was

removed, the pellet washed in 10 ml PBS (Gibco) and centrifuged again under the same conditions.

The PBS was decanted and ta#ls resuspended in 100 pl of Amaxa 4D Cell Line Nucleofection Buffer,

per transfection. A nucleocuvette was filled with 10 pg of plasmid (or 15 pl of PBS for the negative
control)and100 pl of cells. Theellswere electroporatedisingthe CHOK1 (BI33) progran andthen

transferredto a6 wellsuspension platéCorningxontaining 4 ml of prevarmed nonselectve culture

media using a sterile Pasteur pipette (provided in electroporation Kkit)
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2.4.2. Stable Cell Transfection

All stable transfections were performed using FreeStyle MAX (Gibco) lipid transf@etibours prior

to transfection cells were passaged tdensity oflx1(C viable cells/ml in cell culture media (~10 ml
of cells were required per transfection). On tthay of transfection the cells were counted on the ViCell
XR and 1.5 xI@iable cells per transfection wepelletedat 180 xgfor 10 minutes. The pellets were
resuspended into 15 ml of OptiPRO SFM (Gibco) containing 8-@iMtamine ancadded t0o125 ml
shake flasks before incubating in a shaking incubator at 37 °C, 75 RPM and 5% CO

Two aliquots of 600 pl of OptiPro SFM conitain8mM EGlutamine werepipettedinto 1.5 ml sterile

tubes (Eppendorf). 25 pl of FreeStyle MAX reagent was added to one tube and 18 pug of plasmid DNA
to the other. The contents of the FreeStyle MAX mixture was immediately added to the plasmid DNA
solutiontube and mixed 3 times by pipetting. The solution was incubated for 15 minutes at room
temperature to allow for lipid complexes to form. The DIAd solution was added dropwise inte

125 ml shake flaglbefore returning to the incubator.

24 hours pat transfection the cells were counted on the ViCell XR and the cells centrifug@d =g 1
for 10 minutes before resuspending in 15 mnf Y Q&  LINBtldNdAeSidivktiddt tGlutamine.
3ml of cell culture wapipetted into 5 wells of a 6 well platand incubated into a static HeraCell
incubator (Heraeus) at 37 °C and 5%.CI8 hours post transfectiqr8 ml of selection mediwas

added to each well (seBble 2.1. forselection supplemen)s

Theviability and counts of the cells (see Section 2.1wleye monitored approximately every 5 days

until the cells had fully recovered from selection. The cells werdrésgh culture median the days

they were counted2 ml of media was removedavithout disturbing the celland exchanged with 2mi

of fresh sdective media. Once the cells had recovered, thétureswere scaled up into a T25 flask
(Greiner) to a total volume of 10 ml and moved to shaking incubation. 3 days post scale up the culture
was counted again and the entire volume of the T25 cultureesicapinto a 125 ml shake flask to a

total volume of 30 ml. Once counting showed complete recoye®b% viability in 125 ml shake flask
culture)the preclonal pools were frozen into cell banfsgee Section 2.1.3before single cell cloning

on the Berkedy Lights Beacon.
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2.4.3. Single Cell Cloning

Single cell cloning was performed on the Beacon Lights System (Berkeley Lights) by members of the
Cell Line Development group at GlaxoSmithKlingjer a proprietary techniqueThe cells were
prepared prior to Beacon load by filteringbanl sample of cell culture through a 40 uM cell strainer
(Fisherbrand) into a 50 ml tube (Falcon) and cedmn the ViCell XR. An aliquot of 5 %t8lls was

taken and centrifuged, before resuspending in 50@fiproprietary media 200 ul of the culture was
sampled into a round bottom 96 well plate (Corning) and placed into the Beacon. Load parameters

were set to ensure each cell type was loaded i¢signatedields of view a the chip.

Productivity of thecell lines was assessed afteit54days in culture using Spotlight HuFcassay
(Berkeley Lights)upon completion the results were assessed on the Assay Analyser software, where
cell line selection could be performedsee relevant chapters for selectioriteria. The selected cells
were exported into flatbottom 96 well plates (Corning) containing 200 ulfofsh mediaand

incubated in a HeraCell static incubator (Heragui)r to scale up.
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2.4.4. Scale Up of Clonal Cell Lines

96 wellplates were imaged 0, 7 and 14 days post export on the CellMetric (Solentim) to monitor
outgrowth. During static plate cultureéhe cultures were kept in a HeraCell (Heraeus) incubator at 37

°C and 5% GOAftertwo weeks in culture the contents of the 9ells were transferred to 24 well

plates containing 1 ml of culture media. After 5 days the 24 well plates were screened for their titre
via the Octet HTX (segection 2.1.4.), as well as cell count and viability on a FACS Array (BD
Biosciences). Brieflthe cellswere resuspended by pipetting and 100qfilcell culturetransferred to

a 96 well plate containing 100 pl of TrypleE. The plate was incubated for 20 minute¥CaaBd 1150

RPM in aiEMS Incubator/Shaker (Thermo Labsystems). 10 pl of Etomt Fluorospheres (Beckman
Coulter) and 5 pl of Propidium lodide (BD Biosciences) were added to each well before running on a
pre-determined FACS Array templatéluorospheres were used to enable equal gating between
samples with different cell counts in, @rio ensure fluorescence was accurately being monitored.
Briefly, the FACS Array was set to record 1000 bead events per well with a forward scatter (FSC)
voltage of 80 and a side scatter (SSC) voltage of 306. The PI stain was measured on the Yellow filter
set at a voltage of 363 (logged). The mixed fluorescence spheres were measured on the Far Red (70

voltage, logged), NIR (80 voltage, logged) and Red (584, logged) filters.

The contents of the 24 well plates were scaled up to 12 well plates containinfyésintulture media

the following day. A further two days later the contents of the 12 well plates were scaled up to a 6
well plate containing 3 nffesh culture mediaFivedays after scale up to 6 well plates, the cultures
were screened for titre and dejrowth asdescribed above and selection made for which cell lines to
progress (slection criteria can be found in respective chapter meth8dstions)to T25 shake flasks.

The contents of the 6 well plates were added to T25 flasks containing 6 ml of culture media and moved
into a Multitron shaking incubator (Infors HT) set to 140 RPM3and 5% GO

Twodays post T25 scale up a further screen wasopmed for mAb titre on the Octet HTX, and cell
growth on the ViCell XR at a 4.0 dilution in TrypleE. Further selection was performed if required.
Cultures were scaled up to 125 ml shake flasks, by adding the contents of the T25 to 25 ml culture
media. Flowing successful scale up, shake flask cultures were frozen down to create cel{dmnks
Section 2.1.3)
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2.5. Digital Droplet PCR

2.5.1. RNA Isolation and cDNA Conversion

Total RNA was isolated froBx1C viable cells/ml using a RNeasy Mini KiteQiaShredder (both
VAF3ISY 00X a LISN G§KS YIydzZFI OGdzNBNRaA AyadaNHzOGA2ya
(Qiagen). A High Capacity RtdACDNAKIt (Applied Biosystems) was used to convert the isolated RNA

G2 O5b! X & LISNJI fudidhs and quiatriied OniadaMEpR BRNR gainfiles were

diluted in distilled water to a final concentration of 1.75 ng/ul.

2.5.2. Digital Droplet PCR

A mastermix ofprimer, probe andeaction buffer (ddPCBupermiy wascreated for the plate as per

Table 2.4 Primer and probe sequences can be found in TablelZ. %l of the mastermix was added

to each well of a 96 well PCR plate, alongside 5 pl of the diluted cDNA sample. Distilled water was used
as anegative controlThe plate was sealed with alfebver using a PX1 PCR Plate Sealer (BioRad). The
plate was then vortexed and centrifuged280 xgfor 5 minutes.

Droplets were generated on the Automated Droplet Generator (BioRad). The necessary BioRad
consumables were loaded into the droplet genematpipette tips, oil cartridges, sample plate and
collection plate. Oil droplet generation was then performed and the resulting sample plate was sealed

with a foil lid as per above.

PCR was performed ahe resulting droplet plate orma C1000Thermocycler (BioRadThe sample
volume was set to 35 pl, with a heated lid set to 205 For the PCR rum anitial enzyme activation
step of 94°Cwas setfor 10 minutes 40 cycles a®4 °C for 30 secondsas well as thannealing step
of 60°C for Iminute (at a ramp of 2C per minuteswere then completedA final enzyme deactivation
step of 98°C for 10 minutesvas then addedwith a ramp of 2C per minute was performed before
holding at 4°C. The plate was read on a QX200 Droplet Reader (BioRsahuring for FAM and HEX

dyes. The data was analysed on the Quantasoft Analysis Pro software.

2.5.3. Digital Droplet PCB®ata Analysis

Once the samples are run on the ddPCR plate reader the raw data can be exported into an excel file,
where thecopies/ul of the target and th@etan a A ONZER 3 £ 2aNdxbtik r¢ference igendor

each sample is stored. All of the samples are run in technical triplicate to prevent any experimental or
machine error. A plate control is also included for the experits, as each target explored require 3

full 96 well plates of samples. The standard deviation of the three plate replieagsscalculated,
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and if any of the individual plate values residasutside of the standard deviation error bars of the

sample, tha plate variation is presumed and the experiment run again.

1 The number of targegene copies in each sample are first normalised to the number of
reference gene copies (e.g. CALR copiedM copies).
' If any of the technical replicates failed, noted bWd 2 / I £ £ Q NBI RAy3 F2NI S
reference measurement then the replicate was removed from analysis. (Note: The heavy and
light chain analysis excluded this rule, as it was expetttadsome cell lines would not have
any expression of the targetin this case, the lack of expression was confirmed when all three
G§SOKYAOFf GNARLX AOMNGSa 3IILGS || Wbh2 /FEfQ NBIFRA
1 The technical triplicates of the normalised samples are then averaged in excel, giving a final
value for each cell line for one biologicaplicate.
9 The same process is then repeated for the two other biological replicates.
9 The values for each sample from all three biological replicatethareaveraged in excel to
give the final, normalised target concentration. The standard deviation is also calculated in
SEOSt FTNRBY G(GKS o0A2t23A0Ft (NKMLIDVaAeiEtBehusddd A y 3

for the error bars in graphical anaig.

Mastermix Component Volume (ul per well)

Target Gene Forward Primer (100 pM Stock)

Target Gene Reverse Primer (100 uM Stock)

Target Gene Probe (100 p$tock)

Reference Gene Forward Primer (100 uM Stoc

Reference Gene Reverse Primer (100 uM Stog

e I e

Reference Gene Probe (100 uM Stock)

ddPCR Supermix (No dUTP)(BioRad) 12

Table 2.4Mastermix for ddPCR reaction.
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Target |Forwardo pQ G2 o0QUJReversopQ (2 0QU0 |InternalProbed p Q G2 o0 QU | Ensembl Reference

ATF4 GGTTCTCCAGCGACAAGG( ACATCCAGTCTGTCCCGGAG| GGGCTCCTCCGAATGGCTGGCTH ENSCGRT00001023390
ATF6 ACACTACCAGCCCTTATGC GCAAGAACTGGTTGAGCAGA) ACAGCCTGCACCCACCAAAGGTC ENSCGRT00001006542
i -Actin GCCGTCTTCCCATCCATC(E TGGGGTACTTCAGGGTCAGA) GGGCGTGATGGTGGGCATGGGC| ENSCGRT00001019312
1-2M AGTGGTCTGCTTGGATGC( GGACAGATCTGACAGCTCGA( CCAGCGTCCCCCACAAGTGCAAG ENSCGRT00015030570
BIP TGCCGGCTTACTTCAATGA AGGATGTTCTTCTCGCCCTCT GCAGCTGCTATTGCGTATGGCCT( ENSCGRT00000004547
CALR GACATCTGTGGTCCTGGCA CCTGGCTGTTGTCAATTTTCA| CTGATTGTGCGGCCAGACAACAC| ENSCGRT00001025534
CERS2 TCCTTCTACTGGTCCCTGC| GCCATGATGAGAGTCCCTGC] ACGTGGCCACCATCATTCTCCTCA ENSCGRT00001016940
PDI TGCTATTCCTGCCCAAGA(G CTTCAGGCCAAAGAACTCAA(G CGACAGCGACCACACTGACAACC ENSCGRTO00015040709
XBP1 CGCTTGGGAATGGATGTG( CTGGGGAGGTGACAACTGGE GGCCGGGTCTGCTGAGTCCGCA | ENSCGRT00000013049

Table 2.5Primer and internal probes sequences for ddPCR, and the Ensembl reference they were designed from. Primers were obt8igeasfrsliarich,
and internal probes fromntegrated DNA TechnologielDj® -li O A y -2M iyftétnali probes were tagged with tHdEX dye as reference genes, the
remaining target genes were tagged with FAM dye.
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2.6. Western Blotting

2.6.1. Cell Lysis Sampling

Cell altures were counted on the ViCell X&ection 2.1.1,)and 5x10viable cells per culture sample

were aliquoted into 1.5 ml tubes (Eppendorf) for cell lysis. The samples were lysed with RIPA lysis
0dzZFFSNJ O2ylilAyAy3a 1 FftG tNRGSIAS LYKAOAG2NI /2071
instructions. Briefly, the dis were spun at 2500 g for 5 minutes and the pellet washed with ice cold

PBS twice. 1 ml of RIPA lysis buffer was added to each cell pellet, resuspending by pipetting. The
mixture was kept on ice for 15 minutes with gentle agitation, before centrifugatid®,000 gor 15

minutes.

2.6.2. SDS PAGE

Samples were prepared for SBAGHo a total volume of 15 ul, under both reduced and raauced
conditions.0.1 pg 4 ul) of sample was added to 3.8 pl of NUPAGE LDS Sample Buffer (Invitrogen), and
1.5 ul ofNUPAGE Reducing Agent (Invitrogen) if run under reducing conditions. The volume was made
up to 15 ul with deionised water. The samples were vortexed to mix and heated to 70 °C for 10 minutes

on a heat block.

10 pl of the samples were loaded into prastNUPAGE-42% BisTris, 1 mm mini gels (Invitrogen) in

an X-Cell SureLock gel tank (Invitrogen), containing an SDS running buffer made of NUPAGE MES
wdzy YAy 3 . dzZFFSN) OLYBAGNRIASYLS RAfdziSR |a LISN) GKS
BenchMat 1 Cf dz2NBaOSyd tNRGSAY {dFyRINR 41 & dzaSR |
200 V for 35 minutes.

()
Pz

Q)¢
(7))
Q)¢
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2.6.3. Protein Transfer

Protein transfer was performed usiran iBlot2 Dry Blotting Systemwith iBlot2 transfer stack kits

containing he PVDF membrar@othL Y @A GNP 3ISYy 0> & LISNI GKS YI ydzFl O
SDS PAGE gel was sandwiched betvieeitransfer stacksPVDF membrane and water soaked filter

paper, using a roller on the filter paper surface to remove any air lzsbliwo electrode covers were

placed onto the PVDF membrane and filter membrane sides. The completed transfer stack was placed

into the iBlot2 system and transfer performed at 20 V for 7 minutes.

After transfer the PVDF membrane was retrieved fimmunostining Successfuktaining was
confirmed bythe visibility of theblue bands of therotein ladderon the membrane. The membrane
wasagitated in deionised water on a shaker plate, in the dark for 5 minutes at room temperature. The

gels were retained if @massie blue staining was required.
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2.6.4. Western Blotting

The blots were blocked in 20 ml of SuperBlock buffer (ThermoScientific) for 2 hours at room
temperature. Unless otherwise stated all wash and incubation steps pexfermed in the dark, with

gentle agitationon a Model R100 Rotatest shaker (Luckhahil)antibodies used and their dilutions

can be found in Table 2.8he primary antibodies were diluted in SuperBlock buffer to a volume of 20

ml and incubated with theblots at 4 °C overnighThe blots were washed 8 with 0.05%v/v PBS

Tween {n house) for 5 minutesThe secondary antibodies were then diluted in SuperBlock buffer and

20 ml of thediluted antibodieswere added to each blot andncubated for 1 hour at room
temperature. The blots were washed fiiree timeswith 0.05 % PB®ween and imaged on a Typhoon

FLA9500 (GE Healthcare) under the LPR ch.2 and LPB filters, with a pixel size of 10 um.

The images were made in ImageQuantTL software (Cytiva) and quantification performed on ImageJ
(National Institutes of Health). To quantify the target bands, the first sample band was outlined using

the rectangle tool and selected as the first well undex finalyze > Gels > Select First Lane command.
{dzoaSljdzSyG oFyRa&a 6SNB ARSYUGATFTASR dz@aAy3a GKS W{ St ¢
I OdzNBS dzaAy3d (GKS WwWtft2G [FySaQ O02YYFYyRd ¢KS | NB
with the wand bol and the quantification produced by it transferred to excel for full analysis. This

process was repeated with the GAPDH reference bandsised to normalise the results.

Primary Antibodies Manufacturer Cat No. Dilution
Goat Antil dzY'l'y COb L 3| Jacksa ImmunoResearct 109005008 1:5000
Goat AntiHuman Kappa Light Chain | BioRad STAR127 1:5000
Mouse AntiGAPDH ProteinTech 60004 1-Ig 1:5000
Secondary Antibodies Manufacturer Cat No. Dilution
Rabbit Anti MousgAlexaFluor488 Invitrogen A-11059 1:5000
Donkey Anti GoatAlexaFluor647 Invitrogen A-21447 1:5000

Table 26. Primary and secondary antibodies used during western blot staining

2.6.5. Coomassie Staining

To confirm that blot transfer was completethe gel was washed with 20 ml of deionised water for 5
minutes with gentle agitation. 20 ml of SimplyBlue SafeStain (Invitrogen) was incubated with the gel
for 1 hour at room temperature, with gentle agitation. The stain was removed and replaced with 20
ml of deionised water and incubated for a further hour under the same conditions. The gel was

removed from the water and imaged on a EZ Gel Doc Imager (BioRad) under the white tray filter.
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2.7. Fluorescenc#®licroscopy

2.7.1. Live Cell ER Tracker and D&Bunter Staining

Live cell imaging of the Endoplasmic Reticulum was performed B&tgNI O1 SN DNB Sy 6.

Glibenclamide)Invitrogen). Imaging was performexh 1x1® viable cells/m| one day post passage
Cells were centrifuged a180 xgfor 4 mirutes and the supernatant discarded. 1 ml of ER Tracker
diluted to 1 uM in culture mediavasadded to the cells and incubated for 30 minutes at°@7 The
cells were washedusingl ml of prewarmed culture mediaCells were pelleted and resuspended in
1ml prewarmed media to wash, before repeating thash stepPelleted cells were resuspended in
1ml of culture media and 100 pul of the sample was plated into a 96 wellLjslye coated plate
(Greiner). The plate waentrifuged at 80 xgfor 4 minutes to ensure the cells lay flat for imaging.
The plate was read on the Yokogawa CV8000 aSgution 2.7.3.

2.7.2. Fixed Cell Imaging

The antibodies usefbr immunostaining have been summarised in Table Zd .fix the ells for
immunolabelling theywere counted on the ViCell XR and 50,000 cells aliquoted into aLipsilye

coated 96 well plate (Greiner). The plate was centrifuged2& xgfor 4 minutes to ensur¢he cells

had adhered to the bottom of the disiihe supenatant wasremoved from the wells andeplaced

with 200 pl of ice cold methanol (Merck). Cells were incubated for 20 minmutes 20 °Cfreezer. The

plate was centrifuged ande wells were washed twice in 200 pl of PBS (Gibco) with a centrifugation
stepbetween washes. Primary antibodies were diluted to their desired concentration in PBS and 100
pl added to culture wells, vortexed to mix and incubated in the dark for 1 hour at room temperature.
After incubation the wells were washed twice in 200 pl oEP®ith a centrifugation step between
washes. Secondary antibodies were diluted to their desired concentration in PBS and 100 pl added to
the wells, vortexed to mix and incubated in the dark for 1 hour at room temperature. Wells were
washed twice in 200 jdf PBS, with a centrifugation step between washes. 100 ul of DAPI counterstain
(Thermofishey stock conc 10 mg/mdiluted 1500 was added to the wells and incubated in the dark

for 15 minutes at room temperature. The wells were washed twice in 200 [PB#S, with a
centrifugation step between washes. 100 pl of PBS was added to each well and the plate spun down

ready for imaging on the Yokogawa CV8000.
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Antibody/Stain Antibody Type | Manufacturer Cat No. Dilution
Rabbit AntiBIP IgG Primary Abcam ab21685 1:1000
Goat AntiHuman IgG (H+L Conjugated Thermofisher A-11013 1:1000
Chain), AlexaFluor488 Primary

Goat Antil dzY' |y L 3D Z | Primary Jackson 109-005-008 | 1:1000
Fragment Specific ImmunoResearct

Goat AntiHuman Kappa Light | Primary BioRad STAR127 1:1000
Chain IgG

Donkey AntiGoat IgG, Secondary Thermofisher A-21447 1:1000
AlexaFluore47

Table 27. Primary and secondary antibodies used for fixed fluorescence imagjeriments

2.7.3. Imaging on the Yokogawa CV8000
Plates were imaged on the Yokogawa CV8000 at 1 Z slice in confocal fluorescence mode, using the 60x
water objective. Imaging parameters and wavelength settings for individual experiments will be

discussed in the relevant chapters.

2.7 4. Quantification of the fluorescence imaging

Quantification of the images produced from fluorescence microscopy were analysed in Columbus
software (version 2.9.1.). The images were imported into the software and a bespoke quantification
script run on them. Befly, the size and location of the ER and nucleus were identified via their positive
staining for BIP and DAPI respectively. From here quantification of a variety of cell characteristics of
the whole cell, cytoplasm and nucleus were possible. Theserfairtoluded the staining intensity of
each fluorescence filter and morphology features e.g. diameter, length and@rez the script had

been designed it was then run over all of the images obtained by the microscoptheagdometric
meanfor each cell characteristiwascalculatedoy the Columbus softwanasing the cells in each well

The geometric meawas achieved by measuring the product of the cellalzaracteristiovzalues and

was then divided by the number of cells identified in g@mple. The geometric meamas used in
attempts to reduce skewing of the average by any cells present in the sample that were not
representative of the population e.g. cells undergoing late stage of mitosis or in the process of

apoptosis.The values weréhen saved in a csv file for further analysis.
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2.8. PrimeFlow RNA

PrimeFlow RNA (Invitrogen) uses fluorescence in situ hybridisation (FISH) to quantify specific RNA
targets inside fixed cells. Briefly, a target specific probe set is incubated wittxélgecklls, and these

target specific probes then have their signal amplified by a set of branched DNA structures that are
ultimately attached to fluorescent labels. The fluorescence signal can then be detected by flow
cytometry(Invitrogen, 2017)A fullexplanation and schematic of the protocol can be found in Chapter

3. PrimeFlow RNA was performed over two days, using the PrimeFlow RNes kier the

Y|y dzF | O G dzNB NIharmdfishier)(i Oeliz@eérei seededaalensity 00.4x16 viable cells/ml

to a volume of 30 ml 1 day prior to experiment start. Unless otherwise started all buffers were taken
from the PrimeFlow RNA kit and all centrifugation steps performetDatxgfor 5 minutes followed

by supernatant aspiration.

2.8.1. PrimeFlow RNA: Day 1

5x10° viable cells were centrifuged, and resuspended in 100 pl of FACS Staining Buffer (1% BSA, Sigma
Aldrich, in PBS). The cells were pelleted and the supernatant removed. Fixation buffer 1 was made up
of equal parts fixation buffer 1A and 1B, and 1 ml wdded to each of the cell samples. The cells
were vortexed to mix and incubated for 30 minutes & ZC. The cells were pelleted and resuspended

in 1 ml of 1x Permeabilisation Buffer containing RNase Inhibi8asiples werenixed, centrifuged

and the addtion of permeabilisation buffer, spinning and supernatant decanting repeatéd.pl
AlexaFluor488 conjugated Goat Ahtiman IgG H+L Chain (Thermofisher, A110diB)ted to 10

pg/ml in FACS buffer, was added to the samples and incubated for 30 minutes in the d&RCGtAR

further 1 ml of 1x Permeabilisation Buffer was added, inverted to mix and centrifuged. Meanwhile
Fixation Buffer 2 was diluted 1 in 8 in PrimeFIoMARNash Buffer, and 1 ml added to the cell pellet
after removal of the supernatant and incubated for 60 minutes in the dark at room temperature after

inverting to mix.

The samples were pelleteahd resuspended in the residual volume by voitex 1 ml of PimeFlow
RNA Wash Buffer was added, inverted to mix and centrifuged. The wash step was repeatachdt
probe diluent was pre-warmed to 40°C inan Innova 4000 shaking incubator (New Brunswick
Scientific)set to 90 RPM. The target probes weitited 1/20 inthe prewarmedTarget Probe Diluent

to a total volume of 10Qul per sampleand thoroughly mixed by pipetting. Target probes used can be
seen inTable 28. 100yl of diluted target probes were added to the samples and vortexed to mix,

before incubding for 2 hours at 40C with an inversion mix after 1 hour. 1 ml of Wash Buffer was
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added, inverted to mix and centrifuged. All but ~1@0of supernatant was removed, and cells
resuspended in 1 ml of Wash Buffer containing RNase Inhibitors (dilutetOD iim wash buffer). The
samples were inverted to mix, centrifuged and all but ~@ibDOf supernatant removed. Samples were

vortexed and stored overnight in the dark aB2C.

2.8.2. PrimeFlow RNA: Day 2

ThePreAmp mix, Amp mix and Label Prsltieat wee used to amplify the signalere prewarmed to

40°C in & Innova 4000 shaking incubator (New Brunswick Sciensiicjo 90 RPMAfter warming,

100l of PreAmp mix was added to the samples, vortexed to mix and incubated for 1.5 hour’Cat 40
in a shalng incubator. 1 ml of wash buffer was added to each sample, inverted to mix and centrifuged.
All but ~10Qul of supernatant was removed and the wash step repeated twice. The pelleted cells were
resuspended in 10Ql of Amp mix, vortexed to mix and inculeat at 40°C for 1.5 hours in a shaking

incubator. The three wash buffer steps were repeated after incubation.

Label probes were diluted (100x) in Label Probe Diluent, angliiftied to each pelleted cell sample,
before incubating for 1 hour at 4C in ashaking incubator, covered in tin foil. Three wash buffer steps
were performed, keeping the samples in the dark where possible. 1 ml of FACS buffer was added to
each pelleted sample, inverted to mix and centrifuged. The cell pellets were resuspendéduirn10

FACS buffer and passed through a FACS tube containingna G€ll strainer (Falcon).

20 pl of the filtered sample was added to a 384 well plate in triplicate. The iQue flow cytometer
(Intellicyt) was cleaned and quality control checked assetion 2.9. The plate was run with a sample

sip time of 5 seconds and an additional up time of Ocosels.

Target Cat No. Fluorophore

lgG VPKA3AYGustom Made) AlexaFluor750
PDI VF14105104 AlexaFluor647
BIP VF14104984 AlexaFluor647
XBP1 VF104104855 AlexaFluor647

Table 28. PrimeFlow RNA target constructs, catalogue numigénermofisher Scientifignd
bound fluorophores.
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2.9. Flow Cytometryising the iQue Screener

All flow cytometry experiments were performed on the iQue Screener Plus (Intelligigt) the
exception of cell counting during static scale (giescribed in Section 2.4.47he @mrameters and
settings for individual experimentssing the iQuewill be discussed in the relevant chaptefs20
minute clean was performedpon startup ofthe iQue, followed by quality control test.Twodrops

of Intellicyt iQue Validation BeadIntellicyt) were diluted in 30Ql of PBS (Gibco) before reading on
the iQue under the preinstalled quality control template. After completion of the experiment a post
plate clean (30 seconds flush, 30 seconds clean ars@&ihds water) was performed, followed by a

20 minute shutdown clean.
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2.10. Production Study

2.10.1. PreCulture and Production Study Inoculation

Fedbatch pgoduction studies were run in 250 ml shake flagkhomson)using a GSK proprietary
feeding protocol. Production studies were performed on cultures affgroximatelys passages from
revival. 4 days prior to inoculation the cultures were passaged to 0°3xdble cells/ml to a total

volume of 60 ml.

On the day of inoculatiari ml of the culture vassamplal and500 plcounted on the ViCell XR (as per
Section2.1.1.) at a 2.0 dilution in TrypleE. The remaining p0@vas transferred to a CEDEX tube
(Roché and centrifuged at3,000 xy in a microcentrifuge (Eppendoffir 2 minutes to pellet the cells.
The tubes were transferred to the CEDBI HT AnalysefRoch@ to measure metabolite
concentration and mAb titre so thamnetabolite andmAb carryover aftefinoculation could be
calculated.The CEDEX measured the followingtabolitesand mAb titrehighlighed in Table 2.9
using the CEDEX BioAnalyser software (Roche).

CEDEX Setting Metabolite Measured
GLC3B Glucose

GLN2B Glutamine

GLU2B Glutamate

IGGHB IgG (861600 mg/L)
IGGLB IgG (1680 mg/L)

LAC2B Lactate

LDH2B Lactate Dehydrogenase
NH3B Ammonia

Table 29. Metabolite settings used on thEEDEX Bio HT Analyser, and the metabolites they mea
for. Human IgG was first measured on the lower range setting (IGGLB) until day 6, where inci
titre required the higher range setting (IGGHB).

1x1C viable cells/ml were inoculated into 100 i production media GSK proprietary media + 25

pm MSX)alongside 1 ml of proprietary feed. The cultures were then sampled again for ViCell counting
and the CEDEX to obtain a baseline reading of the titre and metabolites. A furthgt @b8ample

was alquoted into a 1.5 ml tube (Eppendorf) from the CARRP reportehostlines to quantify the

GFP reporter expression. Cultures were kept in a Multitron shaking inculbafiors(H) at 35 °C, 140

RPM and 5 % G@r the 15 day production study.
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2.10.2. Measuring GFP expression with the iQue flow cytometer

Thecellswere spun down a720 xgfor 4 minutes, the supernatant discarded add0 pIFAC®uffer

(0.5% BSASigma Aldricin PBS) was added. fbof the resuspendedells wereadded to a flabottom

96 well plate (Corning), and topped up with a furtherfB@f FACS buffer. The plate was run on the

iQue using the BLH filter to measure GFP. A pptate shake was run for 15 seconds at 1000 RPM

and the samples agitated after ever{l dample tostop the cells sedimentingcach sample was read

with a sip time of 45 seconds and an additional up time of 0.5 seconds. The resulting FSC and SSC plots

were gated for single cells, and the geometric mean for the FSC, SSC ahdili Talculated.

2.10.3.Production study ampling andfeeding

Culture sampling and feeding was performed on days 3, 6, 8, 10, 13 and 15 post inoculation. Cell
counts were measured on the ViCell XR as per day 0, un@\dhgreafter a4.0 dilution with TrypleE
wasusedas cell concentrations increased. The CEDEX was used to measure metabolites as per day 0,
and the GFP expression also monitored using the same technigtileday 8, where samples were
resuspended in 1 ml of FACS buffer as samples were more concentrated.

A pre-determined volume of feed was added to the samples at each time point. Glucose was also
added to the cultures where needed, adding sufficient volume to bringgtbeoseto the required

concentration (7 g/L dependent on the feed data)sing the caldated measurement on the CEDEX.

2.10.4. Culture Harvest

Culture media was harvested day 15 of the production studso thatproduct quality analysis could

be performed on the mAb producB0 ml of the culture was decanted into a 50 ml tube (Falcod) an
centrifuged at2800 xgor 20 minutes to pellet the cells and debris. 10 ml of the resulting supernatant
was carefully poured into a 15 ml tube (Falcon), and the samples immediately froze80tC for

storage.
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2.11. mAb Product QualitAnalysis

Product quality analysis was performed thie samples usingn automatedHigh Performance Liquid

Chromatography (HPL&ystem and script by ChemStation (Agileige Exclusion Chromatography
(SEC) was used to measure product size, whilst CBttchange Chromatography (CEXasured

product chargeProduct filtration and purification was required before performing any HPLC studies.

2.11.1. Sample Filtration and Purification

Frozemmediawere thawedand spun a2800 xdor 20 minutes with no bra&kbefore filtering to ensure

any remaining cell debris was separated from the product. A Freedom EVO 200 liquid handler (Tecan)
was used to filter the samples, using a proprietary script. Briefly, the samples were passed through a
Unifilter 96 well plate \Whatman), and into a 48 deep well plate to a total volume of 4 ml. At the
beginning and end of each script a maintenance cleanpea®rmed to ensure the Tecan tips were

clean.

The filtered samples were also purified on the Freedom EVO 200, uMaSdect PrismAcolumn
(Cytiva. The filtered samples were passed through the column, and eluates of the samples were
collected in a plasti\-STARG6 well plate Greinel). Thesamples were eluted into individual rows of

a plate which moved across during édut, resulting in a full row of one eluates from one sample.

2.11.2. Measuring Sample Concentration and Normalisation

After the elution was complete the plates were measured for product concentration u$itagellan

plate reader Tecan on theA280filter. As the eluates varied in concentration, only wells with a value

above 1 in the same row wengooled into a fresh 96 deep well plateo ensure a concentrated,

purified sample The process was repeated for each sampl@. The pooled eluates were then

measured on a Lunatispectrometeré ! Yy OKF AY SR [ 640 dzy RS NG@saitiKgS WLINE (
using the predetermined mAb extinction coefficient. @ of each sample was added to individual

gStfta 2F | WKAIK f dzyl 0§ ATAe reuiftiig édBd@rHratibnt @eyehatdd@rl | & |
used to calculate the dilution required to normalise the samples for HPLC analysis.

Sample normalisation was also performed on fhreedom EVO 200’he samples were normalised

for SEC analysis to 2 mg/ml in sterile @rabn the Tecan into a V bottomed 96 well HPLC plate
(Greiner). The process was then repeated for CEX analysis, at a concentration of 1 nngdinilén

LK &S 0 dz7pH &iadient /Buffer A (Thermo Scientific). The sample concentrations were

confirmed ugng the Lunatic plate reader, and were then ready for HPLC analysis.
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2.11.3. Running product quality analysis on the HPLC systems
The SEC and CEX sample plates were sealed with a Zone Free Sealing Film (Excel Scientific) and loaded
into their respective HEC systems using ChemStation software (Agilent). Samples were run on the

HPLC systems using a proprietary protocol.

A 25l injection volume was used for CEX analysis, eluted over an acidic to basic gradient change in
mobile phase, using the €XpH Gradint Buffer A and GX pH Gradient Buffer B (both Thermo
Scientific). An 18l injection volume was used for SEC analysis, eluted over a gradient change in mobile
phase using 100 mM Sodium Phosphate, 400mM Sodium Chloride at pH 6.8 and sterile water (both i

house).

2.11.4. Analysing the HPLC data sets

Both CEX and SEC samples were analysed using the same technique on ChemStation software
(Agilent). Peaks were manually identified on one representative chromatogram for each mAb type
expressed, anccopied into all other chromatograms containing the same mAb. Each individual
chromatogram was then checked to ensure the correct peaks had been identified. The quantitative
values obtained from the peaks were exported into an excel file. Chromatogramsvigaedised on

Chromview software (ChemStation).

2.12. Statistical Analysis

All graph design and statistical analysis was performed in GraphPad (Wession 9.2.0.), unless
otherwise stated Statistical analysis was performed using the most appropriate test for the data
concerned and repeated in biological triplicate unless otherwise stated. Variation was deemed
statistically significant whep < 0.05. Details regarding the specific testsdufor each experiment can

be found in their corresponding chapter.
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3. Predicting mAb quality and quantity in CHO clones
expressing a bispecific mAb using the Unfolded
Protein Response (UPR)

3.1. Introduction

ChinesdHamster Ovary (CHO) cells are one of the most commonly used expression systems to produce
biopharmaceutical products, being used as an expression system in 35% of all approved
biopharmaceutical products between 1982014 (Walsh, 2018) CHO cells become avemore
common when focusing solely on monoclonal antibody (mAb) production, being 60% of the mAb
YIEN)] SGiQa SELINBaaizy aeéaliifoaddMardekadsi2019) 6 SG6SSy w
The CHO expression systems high market share can be accredited toenfaltipks. Their approval

in 1987 means that CHO cells have over 30 years of demonstrated safety as an expression system,
making marketing approval by regulatory bodies an easier step than in a less tested expression system.
CHO cells can also perform cdmpposttranslational modifications that are required in the correct
folding of human proteingKim et al., 2012Durocher and Butler, 200%alsh and Jefferis, 2006)
Further to this, heir ability to be easily grown in suspension culture paired witlir @ugility to prodice

high quantities oexogenougprotein, means CHO cells aisoreadily scalable into massanufacture

bio-reactorsto culture volumes up to 20,000(layapal et al., 200®erten, 2006)

Despite these advantageous qualities, thiastcity of the CHO genome paired withe random
integration ofthe mAb into the CHO genome during transfection results in CHO ctndsacing
mAbsof varying quality and quantityfThe CHO genome has been shown to be genetioafitable,

with the literature showing that the number of chromosomes in CHO lineages, as well as the presence
of chromosomal rearrangements have changed since the first isolation of the CH@dailer et al

2018) This plasticity has allowed for the development of modern day CHO lineages used in
biopharmaceuticals by chemical mutagenesis, but it does mean that the variation across single cells in
a population is apparent even after only one transfectioer@(Urlaub and Chasin, 198Reinhart et

al., 2019)Tomitigate the potential variation of mAb expression in CHO a@tpulatory bodies require
allmAb product to be produced from a single progenitor CHOtaadhsure the mAb characteristics

are unifam within the populationFrye et al., 2016Yhis is achieved by single cell cloning a population

of CHO cells transfected with the mAb construct and scaling up the individual cells into a population

that has been derived from one progenitor cell.
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The sibsequent screeningf the single cell clones initially focuses on selecting clones with the highest
mADb titre and best growth characteristics. This early stage is referred to as Cell Line Development
(CLD) in biopharmaceutical production (seectionl1.1.5) (Lai et al., 2013Tejwani et al., 2021
Nakamura et al., 2015This approach has been shown to be reliahi®ughout the industrywith
Porteret al.,(2010) shoungthat selectionduring scale us reliable when following cultures through

to bioreector study, whereby 29 cell lines that had been measured and selectdsh&mdon titre

during shake flask culture of clonal scale up were compared to their titre expression during 10 L
bioreactor culture. A statistically significant positigerrelation was seen between the two titre
measurements (R= 0.669), suggesting that the titre obtained during scale up is relevant to

subsequent bioreactor study.

Whilst thisapproachworks effectively to select for high producing CHO clones, therenarey other

crucial factors that cannot be measured during the CLD culture stage, such as the quality of the mAb
and whether the titre expression is stable over a long period of timoellture(Nakamura et al., 2015)

These are tested much later in the jaction process and often results in the removal of cell lines
that were deemed acceptable during CLD, but then appear to be problematteefgother reasors,
causing a huge burden on time and resourcBss thesistherefore aimsto define a phenotypic
fingerprint of clones expressing mAbs with favourable product titre and quality characteristics that
can be used to select clones during early cell line developmdititnately this would reducethe
number of poor quality clones that would be removed afeLD, and allow a greater pool of

potentially manufacturablelones to be progressed instead.

Reasons for poor product quality often focuses on the final structure of the mAb product, with
fragmentation andaggrea@tion being two important quality issue&ragmentation refers to any
product that is smaller than the desired mAb format, and can affect the isoelectric (pd)mf the

mAb product which has been in tushownto affect the binding activity of the mAb in humans
(Torkashvand and Vaziri, 201Qonversely, aggregation refers to any products that are larger than
the desired format, often from incorrect folding causing binding of the mAb product together, and is
important as aggregated mAb can cause immunogenic responses in h(istanst al., 204). Joubert

et al. (2012)for example showed that when aggregated formats of 3 different mAb products were
introducedin vitrothere was an increased secretion gfakines related to innate and-dell immune

responses, in comparison todfntroduction of theirrespective mAb monomer.

This issue of product quality and titre is exacerbated as biopharmaceutical companies begin to make
the design of therapeutic antibody targets into more complex formats, increasing the burden on the

CHO expregsn system. Novel mAb formats such as bispecifics, single domain formats and protein
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conjugates (described iBectionl.2.6.) are coming into the forefront of therapeutic desigiith two
bispecific mAbs already gaining FDA approval in 2014 and(RQdllard, 2021) Bispecific mAbs can
target two different epitopes ofarget antigeng; these can be the same epitopestbé same antigen
or two different antigens. BispecificAbstherefore have advantageous qualitias a drug targesuch
as the ability tonduce an immune effector responday using one mAb epitope to redirect immune
cells to problematic antigens on tlwther epitope, as well as increasing the Hd# of the mAb drug
and dualtargeting the same antigen targéZhukovsky et al., 2018ontamann, 2011 Kontermann,
2012)

Blinatumomab, a bispecific mAb fragment approved in 2014, binds to cancerous B cell targets via CD19
receptor binding as well as simultaneously engaging cytotoxic T cells using CD3 mediated binding
(Przepiorka et al., 2015 opp et al., 2008)The second approved bispecific mAb, Emicizumab, is a full
length bispecific that binds to coagulation factor IX and X and is approved for use in patients with
Haemophilia ACenter for Drug Evaluation and Research, 20H8gmophilia As characterised by

the loss of coagulation factor VIII, which is crucial for supporting the interaction of factor IX and X
which in turn activates the rest of the coagulation cascade, that is required for successful blood
clotting. Emicizumab therefore mics the role of factor VIII in Haemophilia A patients preventing
their need for exogenous factor VIl infusi®hima et al., 201&itazawa et al., 2012Yhese more
complex designs bring their own challenges for CLD, as expressing a bispecific nimieowdenple

can result in up to 9 different chain combinations as well as the desired format, drastically reducing
the percentage of desired produdCarter, 2001) These potential chain combinations can be

highlighted in Figure &.

Whilst fragmentatiorand aggregation can have extracellular causes such #€lpshk and lonescu,
2011) literature has shown a linketween product quality and endoplasmic reticulum (ER) folding
capacitiedLe Fourn et al., 2014shii et al., 2014and thus it wasypothessed that clones expressing
poorer quality mAbs had impaired protein folding. Protein Disulphide Isomerase (PDI) is an enzyme
that catalyses the formation of disulphide bonds and is a key enzyme in the folding of mAbs, with one
study showing the overexprdass of PDI resulted in an improved product secretion (@erth et al.,

2005) In fact, theEndoplasmic ReticuluniER follows a strict folding pathwajor mAbs(Section
1.2.3.), so when protein folding becomes impairgdignalling cascade knovas the Unfolded Protein
Response (UPR) attempts to return the ER folding pathwdnpteeostasisThe UPR is a complex,
multi-armed pathway that is inhibited by Binding Immunoglobuliot&n (BIP) in homeostatrotein

folding conditiongHetz, 2012)seeSectionl.6. for the full pathway)Whena buildup of misfolded
protein occurs BIP dissocias from the initial sensorsf the UPR and insteduinds to themisfolded

proteins thus ggnalling theinitiation of the UPR. The UPR then activates transcription factors to
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upregulateexpression of genes involved in protéalding, and temporarily attenuatgenes involved

in proteintranslation(Patil and Walter, 20QPrashad and Mehra, 26). CHO clones with higher mAb
titre, have been shown to havhigher mMRNA concentrations of key UPR markers such as BIP and
spliced XBox Binding Protein 1 (sSXBPApber et al., 2012)n a second study, the mRNA of BIP and a
host of other UPR proteins wamore highly expressed in a high producing mAb clone compared to a
low producing clonéPrashad and Mehra, 2019)his data suggested that higher producing clones are
either inherently better at initiating the transcription of the UPR when a bujdof misfolded protein

is present in the cell, or that there is a higher presence of the ptBfins naturally in the clone

without a stress stimuli.

Unfolded or misfolded proteinds also been shown to be a cause of aggregated and fragmented
protein in the CHO cellwhen protein folding demands out balance the quality control processing
capacity(Kiese et al., 20%0rorreset al., 2022).Aggregation has been negatively correlatedrie

light chain in the media, which is easily secreted out ofERewnhilst free heavy chain often is retained
inside the clonéBhoskar et al., 201B8orth et al., 2005)

3.1.1. Chapter Aims

The aim of thisthapter was to determine how the ER and tb®R respond to the expression of
bispecific mAb in a panel of CHO clones, with particularly stark product quality and titre issues.
Multiple experimental techniques were trialled for their effectiveness, reliability and ease of use. The
bispecific clonalihes analysed in thiGhapter were previously generated by GSK and had undergone
product quality analysis before the beginning of this thesis. From here, if any correlations were found
in the bispecific lines, the tests could be extended to other mAb typesnfirm if the effects were
universal. A bispecific molecule was chosen for preliminary investigation in the hopes that these

obvious product quality issues could be a basis for more typical mAb formats.
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3.2. Results

3.2.1. Designing a clonakll line panel for testing techniques

A panel of clonal CHO cell lines expressing a GSK proprietary bispecific mAb molecule was used for
initial phenotype marker detection. 10 clones were chosen with desirable and undesirable
characteristics relating torpduct titre, fragmentation and aggregatiofable 3.1.). Titre and product

guality were determined during Upstreaamd Downstreanprocessingf the clonal cell line culture

by scientists at GlaxoSmithKline prior to the start of the project.

Cell Line [SPR (pg/cell/day) |Fragment (%) |Aggregate (%)
Clone A High High High
Clone B Low High Low
Clone C High High Low
Clone D Low High High
Clone E High Acceptable Low
Clone F High Low Low
Clone G High High High
Clone H Low High Low
Clone | High Acceptable Low
Clone J High High Low

Table 3.1.The mAb product characteristics of a clonal cell line panel used to investigate the relatio
between UPR proteins and mAb product and quality.

Clonal lines have been anonymised and are all expressing the same bispecific molecule. Specific P
Rate (SPR) (pg/cell/day) was used as a measure of titre. Aggregate (%) and Fragment (%) was meastL
Performance Liquid Chromatography (HPLC). Green highlights clones within the desirable productic
whilst orange shows properties that aretoof the desirable criteria. Data was produced by GSK scientists
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3.2.2. Using a live ER Tracker Cell Staimeasure whole ER content

Initial examination of the clones protein processiagacitywasmeasured by the live cell ER stain, ER
Tracker (Invitrogen). ER Tracker allows monitoring of the intensity and size of {(S&akdy et al.,
2010) ERTracker was tested preliminarily on the CHO host, as well as clones A and B from the clone
panel. Live, fluorescence imaging confirmed that Bfe was clearlyisible and quantifiabl€éFHgure

3.1). Quantification was measured as the geometric mean of the fluorescence intensity (gMFI) in the
sample population. There did not appear to be any visible difference in the amount of ER between the
CHO het and the two clonesHgure 3.1.A), and this was reflected in the quantification of the stain
(Hgure 3.1.B). The standard deviation was calculated as the variability in the cell population, therefore
large error bars were seen in the quantification daéheterogeneityin the size of the individual cells

and the growth phase they were in at the tim&s the staining intensity and quality of the ER Tracker
was optimisedfor stain comentration prior to the experiment as well as optimisation of the
microscopy imagingechnique it was not thought to play a factor in this variabilidithough live

stains are advantageous due to themse in use, ER Tracker is a cell permanent dye and cytotoxicity
caused by the BODIPY dye has been ¢itathe et al., 2017ER Tracker cytotoxicity was therefore
tested by incubating the Clone A culture with 100 nM and 1 pMlERker over a 4 day pagga

Viable cell count, total cell count and viability did not appear to be affected by the addition-of ER
Tracker compared to the negative contréigure 3.1.C.) indicating there was no negative impact to

the cells when using the ER tracker.
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Figure3.1. The intensity of the ER Tracker staining was similar between the CHO clones.

A) ER Trackefinvitrogen)staining on three live cell populations: the CHO host and bispecific@iole A an
CloneB.500,000 cells were taken from culture aimdubated with 1 uM ER Tracker for 30 minutes before
washed and imaged on a Yokogawa CV8000 micros¢of#iO host negative control that was not incub:
with ERTracker was also imag&tale bar = 20 unB) Quantification of ER Tracker intensity inside the
populations(~1000 cells per cell linby geometric mean fluorescenagensity (gMFI)ERTrackerintensitywas
measured at similaintensitiesin all three populations. Large error bars may be du¢he heterogeneity ¢

population sizes and the process of cell divigidr1).Error bars = -1 SD.

C)Viable cell counttotal cell count and viability idlone A cultures incubated with varying concentrations ¢
Tracker over 4 days in culture. Sales were measured on the ViCell. @R Trackerid not appear to have ar
cytotoxic effects. Negative (black), 100 nM (red) and 1 uM (biNeB).Error bars = -+1SD.
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3.2.3.Human mAb staining showed distinct phenotypes in a high and lpreducer CHO
clone when measured with immunofluorescence microscopy

As the size of the ER itself did not appear to be different between the CHO host and the mAb
expressing clones, measuring UPR specific targets were considered rather than the ER @ganelle
whole. BIP was chosen as it showed the high correlative relationships with titre in previous studies
(Kober et al., 2012Prashad and Mehra, 2013BIP is also the master regulator of the UPR, and thus
any induction of BIP would likely suggest thare was an induction of the UPR due to a buitdof
mis-folded protein present in the celPrashad and Mehra, 2015).

Immunofluorescence microscopy on fixed cells was first performed on the CHO host, Clones A and B
to determine the localisation and lelgeof BIP and human IgG (Figure 3.2.). In addition, DAPI was used
to stain the nucleus of the cells. As expected, no staining by thénantan IgG antibody was observed

in the CHO host as IgG was not present in the CHO host (Figure 3.2.A.). IgG staningsent in

both clones. However, in Clone A the staining was largely present outside of the cells in structures
which potentially resemble extracellular aggregates. In contrast, the IgG was present predominantly
inside the cells of Clone B, as seerhimquantification of intracellular 1IgG (Figure 3.2.C.). Intracellular
IgG was in fact 2.77 fold higher in clone B than clone A. Extracellular IgG could not be quantified. Clone
A has been defined ashigh titre producer however the IgG it produces is pre to aggregation and
fragmentation. The exact form the fragment takes cannot be confirmed as it was not measured in the
previous study, however as all of the clones did produce measurable mAb it can be speculated that
the product does contain secreted hgachain as the protein A binding used by the Octet HTX
(ForteBio) in CLD binds to the Fc region of m&ischer et al., 2017Thus, it appears likely that the
clones are able to produce heavy chains, and may be present in the fragmented product. one B
classified as a low titre producer, with low aggregate but high fragmentation. Thus, the large masses

of IgG observed outside of the cells in the Clone A could be aggregated IgG.

BIP expression showed a localised ER staining pattern as expected.taiifing sappeared
heterogenous within the populations, with the strongest visual expression in clone B. This was
confirmed by microscopy quantification (Figure 3.2.C), with clone B showing a 2.08 fold increase in
staining intensity compared to the CHO hd3trprisingly, the CHO host and clone B had very similar
A0l AYyAy3a AyldSyaArideQasr adza3sSaidAay3a GKIG GKS tw
second plasmidlhis may hint that the clone is very good at producing the high quantity of mAtg bei
translated, but is not necessarily folding them successfully enough that they maintain their monomer

form following secretion.

67



Chapter 3: Results

As the quantification of the imaging was only tested over one biological repl{eaf90,000 cells
imaged per cell ling}his result cannot be confirmed as statistically signifidamivever. Of course,
heterogeneity across the cells in each population may also play a part in this variation. The cells in the
sample may be in different growth phases, and tlaus not all necessaty focusing on protein
production. As the intensity of the stain was normalised to the size of the cell, the effects of cell
division have been mitigated where possible, however a tool that can quantify the staining intensity

of individual cells may be beficial.
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Figure 3.2Large amounts of extracellular IgG was seen in clone A, a highly aggregated clone.
A)Fluorescencenicroscopy images on three fixed clonal cell line populatiomesasured on a Yokogawa CV¢€
microscope 500,000 cells from each culture was fixed and stained for BIP and humaBIRyGhown in re
human IgG in green and DAPI nuclear staining in blue. Clone A has greater extracellular mAb staining,
B hagyreater intracellular mAb staining, indicated by white arrows (N=1). Scale baum.20

B) Product quality table showing mAb titre and product quality for Clones A ar@) Buantification of th
intracellular BIP and IgG staining in the three clones @asured by Columbus software, version 2.9.1 (N=
minimum of 1000 cells were used for quantification per sample.
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3.2.4. Quantification of UPR targets with PrimeFlow RNA

The microscopybased experimentsuggested thathere may bedifferencesin the folding and
expressiorievels of the IgG molecules betweeach cloneThus, it may bef interestto determine
what is happening in these clones at the molecular leVkUs, it waslecided to quantify thdJPR

pathwayand intracellular IgGvelsusing a transcriptomic based approach

PrimeFlow RNA was used to measure intracellular 1gG, BIP and PDI trarRen@Elow RN& based
aroundfluorescencen situhybridisation (FISH) and flow cytometrypbeis designed to apecific
mRNAargetwhich is therhybridised to the fixed cellnd the signal amplified by a series of branched
DNA structure step®llowed bythe addition of afluorescentlabelto the probe (schematic irFigure
3.3.A.)BIP and PDI probes were obtained directlyrffbhermofisher, whilst a custom made IgG probe
gra RSAAIYSR G2 | O2yaSNWSR NB3IAZ2Yy 2F G(KS L3ID
sequences (see Table 2.8he technique was confirmed to be binding specifically to the targets by
the addition ofincreasing concentrations of the chemical stressor Tunicamycin to CHO host culture.
Tunicamycin inhibits finked glycosylationresulting in misfolded grotein folding tat becomes
blocked in the ERTordai et al., 1995)Tunicamycin wamcubated in thecultures for 4 hours before
performing BIP RNA quantification via PrimeFlow RN%. concentration of BIP RNA showed to
increase as the amount of Tunicamycin (and therefore ER stress) increased, suggesting that the

response was specifically binding to tA#> RNAFigure 3.3.B.)

RNAtranscripts of BIP, PDI and human IgG in the panel of bispecific cell lines were measheed
cell lines 1 day post passage, in biological triplickablé 3.1.) PDI and BIRanscriptswere labelled

in separate experimest The binding of IgG probe was shown to be specific to the IgG targeaRNA
the CHO host control was negative for IgG RNA compared to the expressing Elgues %.3C).
Results were performed in biological triplicaterimeFlow RNA quantification waseasured by the
geometric mean fluorescence intensity (gMFI) of the bound fluorescent label probegver when

the intensity values were compared across the triplicates the values were inconsBgeme(3.3D.).

IgG RNA transcrigtaining intensitf{gMFI) ranged from 2,7211,750,000across the experiment, with
replicate 2 having the greatest average fluorescence intensity out of all of the replicates. The average
replicate 2intensity was in facalmost 50x foldgreater thanreplicate 2 and over 400« fold increase
than replicate 3 To account for this variability in intensity scores at different replicates the values

were normalised to the CHO host.
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Figure 3.3.PrimeFlow RNA was able to successfully detect IgG RNA transcripts although the bio

reproducibility was very low.

A) Schematic diagram showing the principles of PrimeFlow RNA. A pair of gene specific probes are adi
sample, followed by complementary penplifiers and amplifiers to increase the signal. A final label prc
added containing AlaFluor specific dyes that can beeasuredby flow cytometry. Diagram adapted frc
Invitrogen, 2017B) BIP RNA transcripts wengcreased in the CHO host with increasing Tunicamycin incul
as measured by PrimeFlow RNA on the iQue flow cytometer (Hr8).bars =+1SDC)IgG RNAMFlintensity
in alldonesA-Jand the CHO host. IgG RNA was at background levels for the CHO host suggesting th.
PrimeFlow probe was specifjbl=3). Error bars =4SD. Quantified on the iQue flow cytomet®) IgG RN
transcriptgMFlintensitiesof Clone D, Clone E, and Clone F (NE® three replicates vary greatly between €
other indicating this technique is not reproducib@uantified on the iQue flow cytometer.
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After normalisation the RNA transcripts of PDI, BIP and IgG in the samples were correlated to the
previously calculated SPR (pg/cell/day), Fragment (%) and Aggregat(S€eo)Section 3.2.1.)

t SINE2Y Qa NIyl | all edirdladioh analysisas thedmitaSpassed 2 [Shapritavilk
normality test. BIP showed a significant, strong correlation with fragment (%) (r =(@©302,01)

(Fgure 3.4.A.). Neither SPR (pg/cell/daygy aggregate (%) showed any correlation with BIP RNA
expression. PDI transcript expresstaweverwas moderately negatively correlated to the fragment

(%) in the final mAb product (r.644,p = 0.045, Hgure 3.5.A). A correlation matrix heatap
highligtted all ofthe non-significant correlations not discussed for the BIP BBd RNAtudies against
product titre and quality(Fgure 34.B.and Hgure 3.5.B respectivelyNo correlation was seen with
aggregate (%) in the final mAb product, as well as agigmificant SPR positive correlation. This
suggests that PDI has a correlative link to the product being fragmented, where an increased PDI
reduces the likelihood of fragmentatioAs the chaperone activity of PDI to catalyse disulphide bonds

is importantto ensure fully folded produdWWeissman and Kimt, 1993his led to the hypothesis that

low PDI activity results in a high population of fragmented or LMWS.

Interestingly, the correlation betweenlgG RNAand SPR over the two separate experiments
(measuing BIP and PDI respectively) varied, despite using the same probe sets for measuring IgG. IgG
RNAwas only significantly correlated to the SPR (pg/cell/day) in the BIP tafl9.89,p< 0.05. The
PDIstudy in comparison had only a moderate positimad nonsignificant correlation for IgG RNA
against SPR (r= 0.58,= 0.119. Whilst variation is expected over different experiments it was
surprising that the two correlations were so dissimilar from each otfdris combined withhe
inconsistency oftte measured concentrations from each biological replicate, threw the reliability of
PrimeFlow RNA as a technique into daubstead, a different RNA quantification technique could be
used to confirm thathe PrimeFlow trendtowards BIP and PDI transcspd predict titre and product

quality.
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Figure 34. The levels of BIP RNA are positively correlated to fragment (%) when measusied fPrimeFlov
RNA in the clonal cell panel

5x1@ viable cells/ml were fixed for PrimeFlow RNA experimentaiditions (N=2).The final samples we
measured on an iQue flow cytometelones have been coloured to be representative over each graph in
3.4-3.6. A) BIP RNA transcripitensities normalised to the CHO host in each triplicate, and correlated t
0LIAKkOStt kRF@0OSX FNIIAYSYyd &20 FyR FIANBIFGS &30
Statistical significance p <0.@.Correlation matrix monitoringhe BIP and IgG RNA transcripts against all-
mADb product variables. Red= Perfect 1.0 positive correlation, blue = petféategative correlatiorstatisticall'
significant correlations were set at p <0.05, and underlines in the matrix.
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Figure 3.5.The levels of PDI mRNA are negatively correlated to fragment ($)guPrimeFIowRNA in the

clonal cell panel
5x10 viable cells/ml were fixed for PrimeFlow RNA experimental condit{d¥3) The final samples we

measured on an iQue flow cytometéllones have been coloured to be representative over each graph in
3.4-3.6. A) PDI RNA transcript intensities noafised to the CHO host in each triplicate, and correlated tc
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3.2.5. Quantification of UPR RNA targets with Droplet Digital PCR

Due to the significant variability in the PrimeFlow experiments, digital droplet Polymerase Chain
Reaction (ddPCR) was employed as an alternative technique to investigate UPR RNA targets in the
bispecific clone panel. ddPCR is a branch of quantitative(¢fER) that has the ability to calculate
absolute quantification of nucleic acids, without the need of standard curves. In ddPCR the sample is
fractionated into ~20,000 droplets using an oil emulsion, before performing PCR with a fluorescent
probe that birds to the target of interes{Hindson et al., 2013)rhe fractionated sample ddPCR is
beneficial over PrimeFlow RNA as a housekeeper gene sucAam can be used to normalise the

data using a second fluorescent lak@himan et al., 2020Here, RNA wsisolated from the cultured
samples in biological triplicate (samples were collected from the same cultures over consecutive
passages) and converted to cDNA for use in ddPCR (Section 2.5.). The concentration of the target
transcript was normalised to theoncentration of the reference transcript, in technical and biological

triplicate.

As ddPCR is a higher throughput method, two additional UPR targets were also investigated using
these samples: XBP1 and ATF6. Both targets are directly activated durid@BheathwaySection

1.3.2.) and thus any response seen could be indicative of a UPR response. In addition, the levels of the
ERresident Ceramide Synthetase 2 (CERS2) was also measured. This protein may be predictive of
undesirable CHO clones as it was shown to increasetitndlin CERS2 knocked down clotiegeper

et al., 2017) CERS2 was also tested by ddPCR here therefore to seeliPftibased targets may be

useful as a tool for identifying clones with desirable quality characteristics.

The expression of the target gemaormalised to thé -Actin reference, showed a clear difference in

the host compared to the bispecific mAb producing clorfégue 3.6.A and B). Transcripts of all of

the targets were between 1.22 and 2.75 fold higher in the host than in the averagesesciand with

much larger error bars. This was likely due to the nature of the CHO host, compared to the clones that
were derived from one progenitor celThe CHO host was derived from a single progenitor cell when

it was first generated, however the natl plasticity of the CHO genome means that mutations within

the CHO host are likely to have occurred since clo@iRS2, XBP1 and ATF6 transcripts had fewer
copy numbers pepl compared to the BIP and PDI grougs can be seen by the scale bars of the
graphs (CERS2, XBP1 and ATF6 ranged betweef.05)@vhilst BIP and PDI ranged between 0.00
0.25). Thizould siggest that overarching chaperones and folding enzymes such as BIP and PDI were
more abundanthtranscribedthan specific components of the UPEhang et al. (2016)ighlights this
plasticity using RN&eq, whereby over 80 mutations reached the accepted confidence level for
significance in a mAb expressing CHO clones after 150 population doublings. When considering the

CHO host is not cloned ihég same manner, it would explain why such a difference in expression was
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seen in this studyOf course, it is not known whether the RNA expression seen in this study is
necessarily representative of final protein expression levels for all of these chagsgiamd this would

have to be further analysed via western blot.

The values obtained from the ddPCR were then plotted in a correlation matrix, where their r value

was calculated®t 3 dzNBE o ®dc ®/ d0d C2dzNJ 2 F G KS t Sisfifdaic®a NJ O2
(p < 0.05, underlined in the correlation matrix figure). Three of which were stating a positive
correlation between two different transcript analyses. XBP1 strongly, positively correlated to BIP and
ATF6 expression (r= 0.85 and 0.83 respett), as well as ATF6 and BIP (r= 0.80). Further to this, the
correlation matrix showed a moderate positive correlation (> 0.40) r value for all of the transcript
combinations, albeit not significantly, with the exception of CERS2 that on the whole shitieed
O2NNBfFidA2y G2 (GKS 2GKSNJ 9w YIN]JSNBR® /9w{HQa YI
chain ceramidegYamaji et al., 2016)pnd as such is not directly regulated by the unfolded protein
response. A lack of correlation in CERS2 esgwa to titre and quality therefore suggests that overall
transcription in the clones is not causing the correlations with the UPR, and instead the UPR is up

regulated specifically.

The final correlation seen within the ddPCR data was between PDI agohéfrt (%) (r=0.625,
p<0.05 Figure 3.6.0. This was almost identical to that of the PrimeFlow technidfigute 3.5., r=
0.644). This data therefore bolstered the idea that PDI could potentially monitor fragmentation of the
product during CLD, underethypothesis that high PDI activity or transcription is required to catalyse

the disulphide bonds necessary for fully folded mAb as previously stated.
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B) RNA transcript quantification of BIP (grey) and PDI (red), measured as per A. The two graphs were separated to highdigjeiGh€orrelation matrix, plotting each
the RNA transcripts against the product quality and titre data previously addiom GSK. Coloured on a scale with a perfect positive corelation in red, to a perfect r
correlation in blue. Highlighted correlations were statistically signifigar0(05).D) Correlation plot showing the negative relationship between PDlesgpi and Fragmel
(%) of Clones-8 of the resulting populatiorClones have been coloured to be representative over each graph in figuB63.4
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3.3. Discussion

mAb expressing CHO cell clones are-wmtiwn for their heterogenic nate (Kaas et al., 201¥celar

et al., 2018)and much literature has been published characterising clones for desirable mAb quality
and quantity characteristics such as titre, aggregate (%) and fragment (%). To this end this thesis aimed
to generate a reporter assay or biosensor that could be usegittkly identify clones with a desirable
phenotypic fingerprint which corelated with the quality and quantity mAb they produced Chjster

aimed to first identify what clonal phenotypes show desirable characteristitls,an emphasis on

the correct fdding of proteins in the ER, and the UPR response when this folding is not completed
properly. The folding of the protein was focused on as a wealth of literature shows a correlative link
between a clones protein folding capacity and its ability to prochigé titre clones. There has been

very little evidence however to its link to producing high quality clones, and thus this study aimed to
4SS AT ljdzrftAGe &dzOK & F33INB3IAFGS FyR FNIF3IYSyid O¢2
UPR, as well aitre. To do this a panel of CHO clones expressing a bispecific mAb with particularly
stark aggregate and fragment percentages were measured for their ER capacity and folding

transcripts, until a final selection of potential targets could be found fooreg construct design.

Initial investigation focused on the size of the ER, using an ER Tracker live cétrefagsional mAb
expressing plasma cells have a well characterésgrhnsion of the ERGoldfinger et al., 2011pand

thus it was suggested &b high producing CHO clones may show the same expansion of the ER
compared to the CHO host. The results of the ER Tracker lstwadsvershowed that the size of the

ER alone is not indicative of mAb titre, in fact the ER size is not increased in mAlsiegpliees
compared to the CHO hogFigure 3.1.)ERTracker was tested in a previous study, and similarly
showed no difference in ER tracker intensity between a CHO host and two mAb expcedisings

when measured by flow cytometfReinhart et al.2014) This suggests that merely the size of the ER

is not a suitabldool for monitoring antibody production, and the addition of the mAb plasmid does
notincreasahesize ofthd | hQa 9wd ¢KS dza S elbcoddalsatbpradipnsatd | & |
as a cell permanent dydheER tracker did not show any cytotoxic effects in the shake flask cultures
(figure 3.1.C,unlike a previous study had stated. The cell type used, as well as the concentration and
incubation of ER Tracker used in this studygwauch lower than that of theaine et al. (201 A&tudy

that reported cytotoxicity when using BODIPY present dyes. However, despite the CHO cells appearing
to be unaffected by the ER Tracker in cultuhe cells used i€LDare often much more fragile thm

those that have already undergone the CLD procesgkere transfection and single cell cloning
techniques are often performeth small cell volumewithin a high stress environmenbDue tothe

inability to identify desirable clones and the potential fortatoxicity in early clonal populations
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therefore,the ER Trackewasnot pursuedas an option for monitoringnAb titre and qualityin early
CLD

An alternative method for measuring the folding and biosynthetic capacity of the ER is to measure
specific protein targets, rather than monitoring the organelle as a whole. This is potentially
advantageous as more molecular and mechanistic understandihg gfathways can be investigated.
Immunofluorescence microscopy was employed to monitor BIP, a master regulator of the UPR. The
fixed immunofluorescence imaging of BIP and IgG showed differences between the CHO host and two
different mAb expressing clondfigure 3.2.A). IgG was present in both clones, with intracellular
staining being more intense in the lgpvoducer cell line. One possible explanation for this observation

is IgG was being produced but not being efficiently secreted, highlighting a @teottleneck in the

ER. BIP staining was also greater in this cell line, further suggesting that there may be an increased
stress phenotype in the poor expressor. As it is has been shown that heavy chain is retained within
the ERLee et al., 199Boleet al., 1986)it could be hypothesised that this build up is predominantly
heavy chain that is yet to be paired to the light chain, although further study would be required to
confirm this. Whilst both clones in this study were bispecific mAbs, the dliffedences may indicate

a similar production bottleneck at the ER for the lower producing cell line. This data was similar to an
imaging study that compared a standard format IgG and a bispecific mAb, where the bispecific clone
had an exacerbated ER plmype compared to the standard format IgG clone-I@mlisation of the

mADbs to the Golgi apparatus was also measured in the study, and was heavily reduced in the bispecific
line compared to the standard IgG format, again suggesting that the mAb wasogoépsing through

the secretory pathway as efficiently as the conventional r(Mathias et al., 2018)The Clone A mAb
product was also known to be highly aggregated, and the immunofluorescence image showed high
concentrations of extracellular IgG stainwgich potentially indicated mAb aggregates. If confirmed

as aggregates this could be a useful predictor tool for aggregate, where a sample of culture media
could be easily fixed and stained with a directly conjugatedfaumtian IgG antibody before reading

on a highthroughput plate reader. In order to do this more cell lines with known aggregation
propensity would have to be investigated using this technique. The extracellular staining seen in the
figure would have to be confirmed as aggregates howevdh wme method used in the literature

being the BIZNS stain. BIANS is a fluorescent probe that changes its emission spectra upon
interaction with hydrophobic sites of proteir{Bothra et al., 1998)and has been shown to measure

to the same order of agggate as the goldtandard HPLC techniq§Paul et al., 201,5Paul et al.,

2018) Of course, hydrophilic aggregates have been identified by (Npeyer et al., 2021)meaning

that the BISANS stain may not reliably identify all of the aggregate accurately as an assay used in CLD.
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As the BIP staining appeared to be related to IgG expression in the fixed cell imaging, BIP and IgG RNA
transcripts were quantified in theufi clone panel using PrimeFlow RNA. PDI was also explored as a
key enzyme that folds the disulphide bonds of (@8rth et al., 2005)The results in thi€hapter

showed that the PrimeFlow RNA could specifically measure the targets as a concentratindetgpe
expression of BIP was seen in the CHO host after incubation with Tunicamycin, a known chemical ER
stressor Figure 3.3.B). The target designed for IgG was also shown to be specific as no fluorescent
signal was observed in the hastgative contro(Fgure 3.3.C.). A significant negative correlation was
seen between PDI staining intensity and fragment (%), as well as a significant positive correlation
between BIP staining intensity and fragment (%). Similar trends have been seen previously, with low
PO mRNA being a characteristic property of clones producing high levels of fragisieintet al.,

2014)

The reliability of the PrimeFlow RNA technique was brought into question when comparing the
staining intensity of the immediate biological replicateghe 1gG stained samplesan average 400 x

fold change was seen between the samples of replicate 2 and 3 for example (figure 3.3.D.). It is not
fully understood why such variation was seen with the technique; however it is hypothesised that the
sheer nunber of wash steps and manual pipetting in the protocol affected the number of cells in each
sample, resulting in an inconsistent concentration of probes and fluorescent labels present across
samples and therefore the availability for binding was not cadests Despite being a relatively new
techniquePrimeFlow RNAas shown a wide variety of uses in the literature from the detection of
bovine viruses in bovine lymphoid cellBalkenberg et al., 201,7jo detecting specific miRNA
disparities irhuman innatdymphoid cells dependent on s@dalmhall et al., 20200nly one journal

article has cited the use of PrimeFlow RNA in CHO cells however, where it was used to monitor heavy
and light chain RNA transcriptBekle et al., 2019)The paper correlated prodtititre of a panel of

CHO clones with heavy chain expression by four different quantification methods: PrimeFlow RNA,
western blotting, intracellular protein staining by flow cytometry and 4®CR. All four of the
techniques showed a similar positive teemith titre, and when PrimeFlow RNA quantification was
compared to the flow cytometry protein staining quantification there was a correlation. This paper
suggests that the PrimeFlow was as reliable as more traditional techniques. It did not however show
the margin of error for each technique, or suggest whether the protocol was undertaken manually or
automatically and as gPCR is a tried and tested method for RNA quantification it was decided that this

project would try to replicate the results seen in tRemeFlow experiment via ddPCR.

ddPCR did successfully replicate the negative correlation between PDI RNA expression and fragment
(%) measured in the PrimeFlow experiméRgure 3.5.D.).The positive BIP correlation was not

replicated however, with ddPGRstead showing a naesignificant relationship with fragment (%). The
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repetition of the PDI result, and in a more robust technique (ddPCR), suggested that PDI could be
useful for monitoring mAb fragment (%) at an early stage in CLD without the need tiowHiPLC
studies. Further UPR markers, ATF6 and XBP1, as well as thelRiRnmarker CERS2 were also
investigated. A correlation matrix was then performed on the quantified transcript and product
guantity and quality datalt was interesting to note thatwt of the four significant correlative results

seen three of them were stating a positive correlation between different transcript analyses. XBP1
stronglyand positively correlated to BIP and ATF6 expression (r= 0.85 and 0.83 respectively), as well
as ATBE and BIRexpression(r= 0.80). This was not surprising, as the Xi@&@ulates BIP leveland

ATF@s regulated by Bl the UPR pathwafHetz, 2012)and thus an increased B#Rpressiorwould

result in an increased UPR response. This has been shown in the litdogt(Peashad and Mehra,
2015)with a higher producer cell line having greater BIP and XBP1 exprésaioa lower producer
clone(Prashad and Mehra, 2019)espite tle overal up-regulation of the UPR, theopy numberof

BIP and PDI was greater than CERS2, ATF6 and XBPL1 in the clones, even-Aftén Betanalisation
(Hgure 3.6.A. and B.). The ovarching folding enzymes and chaperones @Il& PDI) may therefore

be prefeentially upregulated in the clones compared to the downstream UPR effectors. A similar
picture was seen previously ober et al. (2012using RIPCR, which showed th&IP mRNA
concentration had an approximate 400 % maximum increase in expression ipaCHO DG44

host cells, whilst spliced XBP1 maxed out at a much lower ~250 % increase.

ddPCR proved to be much more reliable than PrimeFlow RNA when measuring biological replicates.
The suggested relationship between PDI and fragment (%) made thetJBfractive option for
designing a reporter assay or sensor for predicting quality in the CHO clones. As ddPCR requires a
substantial sample size to isolate enough RNA for quantificainb{ viable cellgper samplg, and

requires cDNAmanufacture before running the ddPCR, it is not a suitable technique for quick
screening during the earliest stages of CLD when cultures are scaled up from only a singular progenitor
cell. Similarly the time restrictions for screening cell lines would also be impactepthis technique,
therefore a simpler and more retained technique is required for use during CLD when considering later

steps.

3.3.1. Limitations of the study and future work

The data presented in this chapter suggests that PDI and potentially BIP mesgfoé markersof
product titre and qualityin relation to this Bispecific moleculelowever, there are some limitations

of this work which must be considered. Firstly, only one mAb type was analysed, which already showed

more extreme product quality pheypes than a standard mAb format. Most of the literature in the
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field also follows this pattern, with studies often testing multiple clones expressing the same mAb. It
is crucial to test different mAb constructs in CHO cells if this project aims to desagsay or reporter

for use in CLD over different projects, where the mAb structure or format may heavily differ. The
second limitation to this study is that the mAb chosen was a bispecific molecule. The use of a bispecific
mADb could be argued to be a g starting molecule as it shows a more extreme quality phenotype
than a standard format mAb due to the number of chain combinations pos&ilager, 2001 and
therefore give a more obvious UPR phenotype that could be refined when testing standard mAb
formats. Bispecific are also becoming more prevalent in the literature, as they become more
commercial The phenotypes they present with are unlikely to be representative of other mAb
formats, however. In the panel used here for example, two of the clonesethover 25% of the mAb
product to be aggregated. These two data points heavily swing the correlation plots. This figure is
much higher than that of other proprietary standard format mAbs tested at GSK, where > 3 %
aggregate would not be tolerated and this not necessarily representative of the current mAb

pipeline for CLD.

Designing a panel of cell lines expressing mAbs with different product quality characteristics could
overcome these limitations and result in a more novel andéapth study compareda the current
literature. In Chapter 4 multiple clones for each mAb type will be produced and ddPCR RNA transcripts
monitored for them all, ultimately enabling identification of genes involved in the UPR in cell lines
producing high quality mAbwhich coud then be used to develop a tool to aid with cell line selection

of those desirable clones.
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4. Monitoring the Unfolded Protein Response (UPR) in
CHO clones expressing a panel of different mAb
constructs

4.1.Introduction

After determining which experimental techniques were most suitable for monitoring potential targets

for predicting product titre and product quality, the next aim was to test these results and techniques
with a greater number of mAb construct§he Unfolded Protein Response (UPR) was focused on as
the target pathway for mADb titre prediction, as evidence fr@mapter 3 suggested there to be a link
between the two. A substantial amount of the literature has also shown that the expression dhcerta
UPR components such as Binding Immunoglobulin Protein (BIP) and Calreticulin (CALR) are correlated
to high titre clone identificatior(Kober et al., 201,2Prashad and Mehra, 2015pespite this, little

evidence is available to link UBKpression to high quality clones.

All prior experimental techniques used in Chapter 3 had been studied in cell lines expressing one single
OAGLISOATAO Y! o FT2N¥I G 2KAfAaG SELINBaarzy 2F (KAA
with regards tgpoor quality and low titre, it was not relevant to the classical monospecific mAb format

which are currently the most commonly seen mAb format to pass through cell line development (CLD).
Further to this, any reporter construct or assay that may be predufrom this thesis must be
reproducibly accurate regardless of the mAb target or format tyyest of the current literature in

the field typically use CHO clones expressing only one, or a handful of mAb constructs. As these studies
then show correlationsvith varying strengths in their relationship between marker expression and

titre it raises questions as to whether these relationships are generalisable enough over many

different mAb constructs.

mADbs also typically have their own inherent product quasisues. Whilst efforts are made to choose
CHO clones that express the least amount of poor quality mAb possible with the best production
characteristics, sometimes the presence of poor quality mAb product, such as truncated or aggregated
product, cannot e completely removed from the CHO clones. These characteristics are also typically
impossible to measure at such an early stage as CLD, due to the low concentration of mAb product

available to measure.

As this thesis aimed to generate a reporter assay ttwild be used to quickly identify clones

producing high quality and high titre product regardless of the mAb construct expressed, it was crucial
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to test different mAb constructs during the process of testing which UPR target would be suitable for
reporter design. To this end, the structure and target of the mAbs needed consideration. mAbs can be
classified dependent on the type of heavy and light polypeptide chain that is expressed, and which

determines the functional activity of the antibod$chroeder Jet al., 2010) The light chain can be

LINBaSyid Ay G662 OfFaasSay YILLE 0650 2NI fFYORF 06<0¢

FAQS OflaasSay !'fLKI oho3x 5S¢t ((Harkdess01B70)AlIlcKHrket 2y 6 ©

therapeutic mAb&xpress the Gamma heavy chain as they hawvelbcharacterised effector function

and prolonged halfife compared to other heavy chain typé#/ang et al., 2007 although the light
chains can be either Kappa or Lambda. The Gamma heavy chain can thekdyedown into further
sub-classes (IgG4), which differ in the length of the hinge region and the number of disulphide bonds
generated during mAb foldingyidarsson et al., 201%ang et al., 2007)Thus even similar standard
format mAbs can be differg from each otherlet alone different format mAbsnd present specific
challenges to the CHO ho8dthis has been highlighted in Hussatral., (2021), which compared the
expression of three fulength IgG1 molecules in a proprietary CHO host withetkression of three
corresponding Fab molecules. Following transfection fewer pools recovered, albesigraficantly,

in each of the fullength molecules in comparison to their respective Fab fragments suggesting that
the expression of the Fab fragmtsrposed less of a burden on the cellbe average productivity of

the top 12 recovered pools per molecule were significantly higher in all of thiefgjth 1IgG1 pools
compared to their Fab comparators however. Despite this, when the productivity wazalised to

the number of molecules produced by each cell per day, two of the Fab pools produced significantly
higher product than their corresponding full length IgG1. Taken together the Husisaln (2021)

paper therefore potentially suggested that the size of the molecule, alongside the complexity of its
folding and postranslational modification requirements can all impact the efficiency of protein
production, and highlighted how any tool generated instthesis needed to be robust enough to

consider these affects.

In order to predict these characteristics, clonal CHO cell lines expressing a panel of different mAb
constructs had to be generated. These mAbs were all of a standard, monomer format keiethrg
different antigens and had different product quality issues inherent in their mAb structure. Further
information about these mAbs can be found in Table 2.2. The process was performed as per a typical
CLD platform process (Introduction 1.1.5.). Brigfye CLD platform is the first time in which mAb is
expressed in the CHO host. As the CLD platform varies greatly between biopharmaceutical companies
it is difficult to determine an exact CLD protocol, and oftenravereadily publishable. An example
protocol of the CLD platform at GlaxoSmithKlicen be found inSection 2.4.Briefly, following

transfection of the mAb into the CHO host and recovery, the cells are isolated into single cell clones

84

0



Chapter 4: Results

to establish a cell population arising from a single progergell. During single cell cloning, the top
producing cell lines are selected for further progression ensuring that only mAb expressing cell lines
are used in the production process. As a result of random integration during transfection, the clones
eachhave specific titre and growth characteristics. The highest mAb producing clones with the most
suitable growth profiles for bioeactor culture are therefore selected for as the clonal populations are

scaled up.

Single cell cloning was performed on theNBe St S& [ A3IK{da . SFO2yxX & LISN
protocol. The Beacon is a microfluidics culture platform that uses -efgctropositioning (OEP),

combined with microscopy to manipulate and assay single cells on a nanofluid{BeHipley Lights,

2022 Le et al., 2020)The addition of the Beacon to the CLD platform not only results in a much
enhanced ability to select for high producing clones at an early time pointhkeutapability to use

fluorescent imaging provides an opportunity to select c®based on additional propertieEhus, it

makes it a potential place to test the reporters that were designed in this thesis.

4.11. Chapter Aims

To monitor the effects of the UPR on mAD titre, the UPR was quantified in the clones generated in this
Chaper and correlated to the titre of the clones to confirm whether they had predictive capabilities.
Unfortunately, most product quality characteristics cannot be measured at such an early stage during
CLD due to the fragility of the clones following expamtd the small concentrations of mAb that is
produced by low cell numbers. This indeed shows how important a predictive capability of product
guality would be at an early CLD stage, and thus product quality will be measured in the generated

clones in lateChapters of the thesis.

ThisChapter aimed to generate a panel olonal cell lineseach expressingne of 8 different mAb
constructswith different titre and quality issugegound inherently in their mAb structure during the
design process. Upon the sgssful production of the clonal lines, ddPCR would be used to monitor
the UPR pathway to understand whether it can predict the best possible clones for use Wi@isD.

this chapter focuses diitre, which is already easily monitored during cell cultures ability to predict

titre as well as quality in later chapters will give CLD a second confirmatory titre technique to use for

clone selection.
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4.2. Results

4.2.1. The mAb panel was successfully transfected into the CHO host, but shoamsthg
recovery following MSX selection

Stable cell lines were generated in order to monitor the levels of the UPR in CHO clones expressing
different mAb construct¢See Section 2.1.5. for mAb construci®) do this, the mAb plasmids were
individually tensfected into the CHO host via liggdsed transfection. The resulting transfected pools
were then selected for by the addition of methionine sulphoximine (MSX) to the M8d@urs post
transfection whereby only cells that had successfully integratddagnine synthetase (GS) gene
would survive $ection2.4.2.). The addition of MSX selection did successfully select for the mAb
expressing lines as the PBS transfected negative control, and the GFP positive control transfections
did not recover as noted kiyeir drop in viability and viable cell count (Figure 4.1.A. and 4.1.B.). The
GFP positive control was obtained from the Lonza nucleofectiorSkittion2.4.1.), and did not
contain a GS selection gene. The mAb panel transfected clones all reddvelowing the expected

drop in viabilities between 12 and 16 days post transfection, all clones fully recovered by
approximately week 4 post transfection (average 96.8 % viability and a 1.68etkdml viable cell

count across the mAb expressing populaspn

The preclonal pools were measured for their growth and viability 29 days post transfection to ensure
successful recovery of the cultures. The viable cell count e€ll8/ml) and viability (%) of the pre
clonal pools was measured on the ViCell XR vldbility was similar across the pronal pools which
showedat least 90 % viability (Figure 4.1.C.), whilst the viable cell count varied across the clones more
substantially (Figure 4.1.D). The pools expressing mAbs 4 and 8 had lower cell couttis tieshof

the pools, with the mAb 4 pool in fact having a 1.3 fold lower cell count than mAb 6 which had the
highest counts. mAb expression was also confirmed and quantified using the Octet HTX and showed
that all 8 preclonal pools were expressing atryeng concentrations (Figure 4.1.E.). Interestingly mAbs

3 & 4 showed much higher titsghan the other clones, and mAb 8 was particularly low in titre. To
curtail the effects of cell counts, the productivity (pg/cell) was measured; calculated by nongalisi
titre to the viable cell count (Figure 4.1.F.). Here, the patterns seen in the titre data were generally
maintained, with mAb 3 and 4 still showing a much higher productivity than the ptiearional pools.

Table 4.1. shows the mAb constructs expressatl highlights that mAb 4 was used as a good
expressor control molecule which may explain why its titre and productivity was high, of course this
does not explain why mAb 3 also had high titre and productivity as it was chosen for its poor

developability Asthe populations were prelonal at this stage it was difficult to determine whether
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this was solely caused by the molecule expressed itseltlodii&é was aranscriptional causéor this

as well.

As these pools were obtained by random integratior tells did not have a uniform expression of

the mAb due to variation in gene copy number, integration location into the genome and whether the
full plasmid was present. It is possible that only the GS gene on the plasmid was successfully
introduced into he CHO genome, and so titre was not measurable as the heavy and/or light chains
not expressed. Due to this population heterogeneity, little could be inferred from this data in regard
to the effect of the mAb type on the CHO host. Experimental technigkesilngle cell imaging could

also be used to infer more about the petonal pools, such as whether the expression of UPR
chaperones can be a predictor of titre. In this study, the-@domal pools were instead cloned to

investigate this, in attempts to flow the CLD platform protocol.
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mAb Construct Problematic Quality Rationale

mAb 1 Prone to aggregation

mADb 2 High molecular weight species present in Acetate and Phosphate
mAb 3 Poor developability

mAb 4 Control mAb used durinfinal structure selection of project moleculg
mAb 5 Poorexpressor

mAb 6 Engineered variant of mAf aimingto increase expression titres
mAb 7 Engineered variant of mAf aimingto increase expression titres
mAb 8 Proneto dimerisngand aggregatin

Table4.1. Anonymised mAb panel naming convention, and the rationale as to why they were chosen
as poor quality mAbgepeated from table 2.2)
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Figure 4.1 RecoverednAb pool titre and productivity were different dependent on the mAb type expressed.

A) Viability (%) andB)viable cell count (x20cells/ml) of the preclonal CHO pools post transfection with the mAb panel as measured on the ViCell XR. Selectiomave
daysposttransfection. A GFP positive control (green) and PBS negative control (red) did not recover following selection as espegitedr transfections contained a
selection geneC) Viability (%)D) Viable Cell count (x2Cells/ml) E) Titre (mg/L) andF) Productivity (pg/cell) of the prelonal pools following recovery 29 dagsst
transfection. Cell counts were measured on the ViCell XR and mAb titre on the Oct@ =+ X
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4.2.2. Single cell clones weraonitored for titre on the Beacon, and showed similar average

titres to their pre-clonal pool titres

Following successful recovery pasinsfection, the preclonal pools generated were single cell cloned

on the Beacon System (BLI), to obtain clonal populations derived from one single progenitor cell. The
pre-clonal reporter cell lines were loaded andtouéd as perSection2.4.3. Briefly, the cell cultures

were loaded onto a nanofluidic chip containing 1750 nanopens (Figure 4.2.A.). A single cell was loaded
into each individual pen to ensure that the resulting clonal population that grew on the Beaagen we
derived from one single cell. Following 4 days culture on chip, the cell lines were assayed for growth
FYR Y!'6 GAGNB® ¢KS OStft ydzyoSNB oSNB O2dzyi SR |
Spotlight assay. The resulting clone productivity Idoilnen be calculated from the results (Pen
Productivity = Spotlight Au Score / Cell Count). The average number of cells per pen varied depending
on the mADb construct expressed in the CHO host (Figure 4.2.B.), and ANOVA analysis showed there to
be a signitant different across the means (F = 145, 0.0001). Growth was particularly affected by

the expression of mAb 8, which showed a significant difference in means compared to every other
mAb type expressed following a peastc Tukey testn < 0.0029 in elation to all other mAb type

expressed).

The average Spotlight assay score (Au Score) per mAb type expressed (Figure 4.2.B.) was again
significantly different across the mAb types as determined by ANOVA (F=@140000001), and the

multiple comparisonsposthoc Tukey test showed a significant difference between each mAb
comparison apart from between mAbs 1, 5, 6 and 7 which all had very similar means. As expected
from the use of transfection by random integration, some individual clones expressinganlsd

8 showed the occasional clone that had particularly high Au scores, suggesting they were expressing

much greater titres of mAb than the rest of the clones.

When the titre was normalised to the number of cells in the pen to obtain productivitfferent

picture emerged across the clones. The productivity was still significantly different across the means
when measured by ANOVA (F= 8.4F9% 0.0001), but the clonal distribution was split into two
different groups. One population within each mAipe expressed showed a high productivity, and a
second population showed a much lower productivity (Figure 4.2.B.). The differentiation between the
two populations was shown in the growth of the clones, with the top group having high titres but very
poor cell outgrowth and thus despite initially appearing more desirable, suggested that these clones
would not grow in culture after Beacon export. This highlighted the importance of looking at all three

measurements (Spotlight Au score, cell number and pradigt when selecting cells for export.
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To understand whether the Beacon Au score was sufficiently accurate at monitoring mAb titre during
single cell cloning, the average titre from the fmenal pools (Figure 4.1.E.) were correlated to the
average BeaaoAu score for each mAb type expressed (Figure 4.2.C.). A positive, bsignditant
correlation was seen (r = 0.64@ = 0.083) suggesting that the two titre techniques were relatively
comparable with each other as expected. The data appeared to bdynrsbewed by mAb 8, which

had a much higher prelonal titre than Spotlight score. mAb 8 also had the poorestgrawvth and

titre on the Beacon and one of the poorest during jotenal scale up suggesting that there may be
difficulty in expression due tthe inherent mAb 8 sequence. mAb 8 was chosen for the panel as it had
shown a propensity to dimerise and aggregate in early culture studies, and thus this may have had an

effect on the CHO cell growth and mAb expression.

10 cell lines pemAb type were selected for export off the Beacon for static scale up and future
experimental work. CLD scientists at GSK would typically not choose a clone for export if it contained
less than 15 cells in the pen, as clones with any less tend to not redoxiag static scale up. Those
clones were removed from selection. As such interesting grouping of phenotypes were seen in the
productivity data it was decided that 7 of the lines per mAb type with the best Au scores, and 3 of the
clones with the worst Agcores would be chosen for export. By exporting 3-pmducing clones it

could also be confirmed as to whether the Spotlight assay could accurately predict mAb titre during

static scale up.

91



Chapter 4: Results

.SFEO2y | KALJ

bdzYo SNJ 2F LISyad 6AGK | AAYRABL DSEBSIaK2AARS

{

Pre-clonal titre vs Beacon

B) Beacon Cell Count Beacon Spotlight Assay Beacon Productivity C) Au score by mAb Type
75+ 100 . 25+ 22
— (=]
. — 2 M 3 20 L]
c .t S 754 EX L - L ¢
A O = . z |'|l © 18-
- HECTRTRE S L : =S LEN I I g o~
2 T o T . @ . ] e
o : | 2 504 . 3 o l | 0 16+ ®mAb 8
@ 2 B 2109 ° 2
8 254 %] l ll . 8 . g 14
3 254 0 o
< -l— -'- 14 _l_ 5 g12 o
< > r=0.647, p =0.083
0- O——T—T—T T T T < 10 T T T 1
123456738 123456738 0 5 10 15 20
mAb mAb mAb Pre-Clonal Pool Titre (mg/L)

Figure 4.2Titres of the clonewvaried dependent on the mAb type during single cell cloning on the Beacon, but still correlated tecloreal titres.

A Left)image of the Berkeley Lights Beacon OptoSelect nanofluidic chip. Beacon chip image obtained from Berke{Beikiglets Lights, 2022). Middle) Representativ
schematic showing the number of pens that contained a single cell during Beacon loading, pens have been coloured byyfiethedbare expressing mAb 5 (blue), r
6 (red) and mAb 7 (yellow§saps represnt pens with no cells at load\ Righf) Representative Beacon chip image of the Spotlight assay. More intense Spotlight
highlights a higher titre in the pe) Results of the Beacon Spotlight assay performed prior to cell selection and expodell count, Spotlight titre assay score (Au Si
and subsequent productivity of each pen has been shown, separated by mAb type. The mean per mAb type has been addedpb eadh fyprizontal lin€)Correlatior
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4.2.3. Clone productivity was affected by the static scale up stage

Following Beacon export, the celiere taken through static scale up from @@ll plates to 24well

plates, 12well plates and finally to 6vell plates before inoculating into T25 flasks for shaking
incubation Gectionl.1.5.). The number of clones per mAb type were further triaged torées from

the original 10 as some clones did not recover following export. The 6 clones were chosen by titre
during early static culture scale up and consisted of the 4 highest titre clones, 1 clone thabttwas

producing any measablemAb and 1 clone #t was expressing tHewestamount of titre above 0.

The growth and productivity of the clones from early to late static scale up was investigated. The

average viable cell count of the clones varied by mAb type at both the 24 well scale up stage and the
shake flask stage (Figure 4.3.A.) suggesting the effect of the mAb itself may need to be considered
when making decisions based on cell growth at the earliest time point of scale up. The productivities

(titre normalised to viable cell count) was also varedoss the mAbs at both stages, however mAb 4

was consistently the most productive mAb tyffégure 4.3.B.)

It was of interest to see whether the titres and productivities of the clones measured on the Beacon
by the Spotlight assay then correlated tcetlitres and productivities at the end of scale up (Figure
4.3.C.). The titres and productivities at these two CLD stages showed a strong positive correlation to
each other (r = 0.713 and r = 0.715 respectivehy,0.0001 for both). This suggested tha¢ tBReacon
Spotlight assay could reliably predict high producing clones at the end of CLD, giving confidence to the
method. As the productivity looked to be correlated at both time points, it was then questioned
whether this productivity varied at all ovelné scale up process. The productivity of all 52 clones was
plotted over time (Figure 4.3.D.) and showed a surprising change. Although the 24 well and shake flask
stage were similar in productivities, there was actually an increase between the 24 wellvegitl 6
stage. After the 6 well stage, the productivity then plummeted to its lowest value at the T25 stage
before recovering at shake flask. This phenotype was retained in all of the clones, regardless of the
mAD type. It was hypothesised that the initiatiease at 6 well stage was caused by the cells recovery
following export from the Beacon, and then the sudden drop caused by the cells movement from static
culture to shake flask culture where the cells had teadapt. In this study the Beacon titre and
productivities were most predictive of the shake flask culture stage of CLD which was unexpected as
the Beacon represents a low cell number, static culture condition, similar to that of the 24 well scale

up stage.
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Figure 4.3Clone productivity fluctuated over each scale up time points, but remained relatively similar to the Beacon Au score.

A) Viable cell count (x®&ells/ml) of the clones at the 24 well and shake flask stage of scale up, split by mAbespered on the Vigll XR. Average valuaseincludedas
horizontal linesNonproducing cell lines are highlighted in reBl. Productivity (pg/cell) of the clones at the 24 well and shake flask stage of scale up, split by m.
Average values were includeg horizontalines Productivity was measuremy normalising the titre, as measured on the Octet HTX by the viable cell counprbiguncing
cell lines are highlighted in re@)Correlation plot measuring the relationship between the Beacon Au Score and shakiitréagkg/L), and the Beacon and Shake F
productivity (pg/cell). Nosproducing cell lines are highlighted in red. Correlation was measured by a Spearman r test. Significance was €e0@%.D) Productivity
(pg/cell) change of the clones throughtaacale up stages, as coloured by mAb type. Graphs were split into two for clarity between the 8 mAbs.
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4.2.4. A negative correlation was seen between titre and the expression of-qg@overy

UPR chaperones, but nmorrelation was seen with preapoptotic chaperones.

As the sukculture of 52 cell lines and their subsequent collection of cell lysates for the ddPCR
experiments were labour intensive, the number of clones progressed for further study were reduced
to 24. The progressed clones were those expressing mAbsak these had the most diverse range of
product quality issues and expressed the widest panel of mAb targets. Unfortunately one of the 24

clones expressing mAb 3 became contaminated and thus only 23solosre investigated.

Results oftchapter 3 showed that there had been a negative relationship with clone titre and UPR
chaperone expression, and the most reliable methods of monitoring the UPR was via digital droplet
PCR (ddPCR, BioRadpecifically mRNAugntification. The 23 clones expressing mAb$ Were
therefore quantified for their expression of UPR stress markers aSgetion2.5, during shake flask
sub-culture, post static scale up and correlated with the titres that they produced. Four markers o

the protein folding pathway and the UPR were measured specifically: BIP, CALR, PDI and ATF4. These
markers were chosen based on the data obtaine@iapter 3 and for their specific role in the protein

folding pathway. PDI was chosen for the significartelation it showed with fragment (%) (Chapter
3.6.D.), as well as BIP due to its role as the master regulator of the UPR. CALR, was also investigated
here for the first time in the study, to investigate whether the protein quality chaperone expression
also affected mADb titre and quality. Finally, the mpoptotic UPR transcription factor, ATF4, was
investigated as it was of interest to see whether the UPR was exhibiting a specific UPR response
phenotype geared towards folding recovery, or if a more #specific phenotype was activated that

would result in ATF4 having a similar relationship to other UPR components

The 23 clones were cultured over a 4 day passage, and every 24 hours the samples were counted for
their cell growth and viability, their titrebtained and a sample of culture taken for RNA isolation. The
isolated RNA was then converted to cDNA and the transaipttsee UPR chaperones were measured
using ddPCR following normalisation with2M reference transcript ($#ion 2.5.). The relatiortsp
between the UPR chaperone transcripts and the titre of the clones on the fourth day in culture can be

seen in Figure 4.4, as measured by Spearman rank analysis.

A significantmoderatenegative correlation was immediatefpparent between the clone tié with
the three prarecovery chaperones: CALR (Figure 4.4.A-0r534,p = 0.012), BIP (Figure 4.4.B.,+ =
0.486,p=0.019) and PDI (Figure 4.4.C.;0.522,p= 0.011). No relationship was seen however with
the pro-apoptotic transcription factoATF4 (Figure 4.4.D., ~&:053,p = 0.809). This suggested that
the clones capable of producing the highest titres of mAb have a lower transcription dJRRe

components compared to those producing low titres. This was somewhat surprising, as the previou
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literature describes opposing evidence to the relationship between UPR expression and mAletitre.
Fourn et al. (2014for example, have shown a similar relationship to the results here, whereby cell
lines expressing low titres of a mAb construct havégher expression of BIP during cell culture than

a high producing clone counterpakober et al. (2012)n the other hand, showed that BIP mRNA was
positively correlated to mADb titre in clonal CHO lines, whereby the low producing clones had low BIP

expression.

The strength of the negative correlation was moderate, and thus whether this is a strong enough
correlation to confirm a biological relationship could be questioned. Increasing the number of clones
would help to answer this, particularly if clonegh higher titres than those recordealreadycould

be included to increase the diversity of tkempling This negative correlation was less clear when the
clones were split by mAb type, with some mAb types retaining the negative correlation throughout
ddPCR study e.g. mAb 1 and 4 (green and purple respectively, Figure 4.4.). Others showed fluctuations,
such as the expression of PDI in the mAb 3 (blue) clones. This may be due to the small sample sizes
per mAb type, or it may suggest that the mAb type, #nk its product quality attributes, may affect

UPR expression.

The second observation was that the UglRitsa very specific response to ER stress in the clones,
rather than a blanket expression of all three pathways, as the ATF4paptotic pathwaydid not

show the same relationship as the precovery markers. This was expected as the clones all grew in
culture, as shown by the high viable cell counts in the clones during scale up (Figure 4.3.A.). It would
be interesting to repeat the experiment aell lines that are not growing well in culture to see if ATF4

is indeedthen activated.

Nevertheless, it is important to note for biopharmaceutical productibat clones that direct
themselves towards ATF4 mediated apoptosis would not be suitable for large scale mass
manufacture. It was also interesting to see that the-peoovery markers measured did not appear to
have a big influence on the strength of the correlation and suggists each component is as
important to consider as the others. This data therefore suggests that any of the BIP, CALR or PDI
markers would be suitable candidates for reporter construct design as they all showed a significant,

negative correlation with tiee in the mAb panel.
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Figure 44. CALR, BIP and PDI mRt#@nscript expression was negatively correlated to mAb titre in the
mADb expressing clones, but ATF4 mRiascript expression was not correlated.

A) CALRB)BIPC)PDI andD) ATF4 mRNA expression was measured in the 23 mAb expressing clonekgitsil
droplet PCRddPCIRrafter 4 days in culture in technical and biological triplicate. The transcripts eeerelated
with their respective titres, measured on the Octet HTX (NER)nes were coloured by mAb type expres
mADb 1 (green), mAb 2 (red), mAb 3 (blue) and mAb 4 (pu@pelarman rank analysis was performed to mor
the relationship significance. Signdince was set gi < 0.05.
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4.2.5. The nomproducing CHO clones showed varying phenotypes of ER stress levels over 4
day subculture

Despite this overall negative correlation between mAb titre andneapvery UPR targets suggesting
that the UPR would be a good target for reporter construct design, when the ddPCR data was
interpreted over each time point of the 4 day sablture some iteresting phenotypes in the nen

producing clones were observed.

As mentioned above, of the 23 clones progressed for ddPCR assessment, 5 of the clones-were not
producing any measurable mAb titre. These clones were found in each of the mAb type expressed,
and were kept on for further study to ensure that within the panel of clones there was a range of
expression profiles included in the quantification of the UPR components. The inclusion-of non
producing clones therefore would incorporate the most extrentieetphenotypes into the study and

could be used to help progress the reporter construct. Theirexpression was confirmed when the
clones did not produce measurable titre during scale up, highlighted by a single clone in each mAb
type (Figure 4.3.B.).

When the nonproducing clones were measured via ddPCR for their UPR mRNA transcript quantity
alongside the higiproducing clones, interesting phenotypes were seen. The expression of BIP, PDI,
CALR and ATF4 mRNA transcripts were measured every 24 housstherdslay passage study, and
split by mAb type expressed (Figure 4.5). Themauucing clones of mAb 1 and 2 (named mAB 1

and mAb 2B: named after their mAb type expressed followed by their order of export alphabetically),
showed expression levelsline with those of their respective higbroducing clones for all four UPR
transcripts measured. The remaining Aproducing clones of mAb 4 and to a lesser extent in mAb 3
(mAb 3D, mAb 4B and mAb &) on the other hand showed elevated concentration8i#, PDI and
CALR in comparison to their high producing clone counterparts. This suggested that these three non
producing clones that have consistently shown no expression were undergoing high levels of ER stress,
despite not producing mAb. It was hypottised therefore that these 3 clones may actually be
producing single or fragmented chains. To confirm this an imaging study was performed on all 23 of

the CHO clones, staining for intracellular human IgG.
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Figure 45. Variation in the expression of UPEomponenttranscript quantities were seen over 4 days in t
non-producing CHO clones.

A)BIPB)PDIC)CALR anB) ATF4 mRN#anscriptexpression in the 23 clonal mAb lines over the 4 day pas
as measured by ddPGRioRad)Non-producing clones were highlighted in red, whilst producing clones
shown in blackTranscripts were normalised ai 2M reference transcriptBIP, PDI and CALR were more h
expressed in the neproducers expressing mAb 4 than theguévalent high producing clongbl=3. Error bar:
=+1SD
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4.2.6. The highhstressed norproducing CHO clones had mAb present inside the cell

The 5 norproducing lines were investigated further to understand why 3 of the clones were showing

a heavilymcreased UPR stress response, whilst the other 2 were not. Despite the clones not producing
any measurable titre, they did survive the whole CLD process in media containing MSX selection. It
was hypothesised therefore that these clones had successfulbgrated the plasmid into their
genome and were expressing the Glutamine Synthetase (GS) gene required to survive MSX selection
(Chapter 1.1.3.) but the integration of the mAb heavy and/or light chain had not been successful or

was truncated and was thereffe causing translational and protefolding stress on the clone.

Fixed cell immunofluorescence imaging was employed to confirm this hypotBesisdn2.7.2). The

23 clonal lines were fixed and stained for amiman IgG (specific to both the heavy aight chain)

to predict whether the gene sequences were integrated into the genome and were being made into
protein. An antiBIP antibody was also employed to confirm the increased UPR phenotype seen in the
ddPCR study. The intensity of the intracellul@ knd BIP staining was quantified for each of the 23

Of 2ySa dzaAy3a [/ 2fdzyodza RIEGE Fylrfeara a2FaGol NB 0¢
against each other using Pearson R analysis (Figure 4.6.A.). The cell lines that were chosen off of the
Beacon for their high titre phenotypes showed a very strong positive correlation for intracellular 1gG
and intracellular BIP expression (r = 0.94.8; 0.0001). The 5 neproducer clones also showed the

same positive correlation between intracellular BIfdl égG expression (r= 0.955< 0.05), but with a

shift in increased BIP expression. A second graph showing the same data, but coloured by the mAb
type expressed was also plotted to consider whether the mAb type expressed had an effect on the
correlation fFigure 4.6.B.). Here, the same negative correlation appeared to be retained in all of the
clones expressing the same mAb type. As hypothesised, 3 of the clones stained positive for
intracellular IgG expression (Figure 4.6.C.). The intracellular staingalszaquantified (Figure 4.6.D).

These 3 clones were the same clones that had high ddPCR expression oftHeRproarkers BIP, PDI

and CALR. As the ahtiman IgG antibody used was directed against heavy and light chain, it could
not be confirmed whethethe clones were expressing both chains, individual chains or truncated

proteins and thus further study was required as to what was causing the UPR increase.

Of course, the fact that these clones were not producing measurable titre on the Beacon and during
scale up meant that they would unlikely ever be encountered by CLD as they would not be selected
for in the first place. However, the fact that they stained positive for IgG was interesting as it suggests
that any form of intracellular imaging of mAb ugian antibody nosspecific to either chains would be

an inefficient tool for CLD as it would note fajsasitive mAb expressing clones, and thus should not

be considered as an assay tool in the future.
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Figure 46. A strongpositive correlation was seen between BIP and IgG fluorescence in the high prod
clones, whilst some no#producing clones showed positive IgG expression.

Clones secreting antibodies tended to have higher levels of intracellular 1IgG and BIP. dlbea23mAl
expressing cell linesere fixed and stained for human BIP and IgG. The clones were then imaged on a Y
CV800amicroscopeand quantified for their intensity staining of each marker using Columbus software (v
2.9.1.).A) Correlationbetween the BIP and IgG intracellular staining. Clones were highlighted black
showed measurable titre during scale up, and red if they werepraducing. Pearson R correlation was L
to analyse the relationship between the two staining intersitiand statistical significance was sepat 0.05
B) The same correlative data as panel A, but coloured by mAb type and shaped -wrathrcing and hig
producing clones to highlight the effect of different mAb expression on the correla@dAnti-human Ig(
staining of the 5 nofproducing clones, coloured by their mAb type expresBadhe quantified intracellule
intensity of BIP (grey) and IgG (red) staining of the-piducing clones. Error bars =1SD.
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4.2.7. The highly stressed, nepgroducing mAb clones only express the mAb heavy chain

The 3 clones that showed intracellular IgG staining despite not producing measurable titre (Figure
4.7.A.), were confirmed to be producing only a single mAb chain via a multitude of further
confirmatory tests Fixed imaging was repeated on the lines but this time usinghamtian heavy

chain and anthuman kappa light chain specific antibodies in attempts to distinguish between the
chain types. The quantification of the imaging study showed that the thregpnotucing clones with

high BIP stress (Clone€34B and 4F) had high staining concentrations for mAb heavy chain but not
light chain (Figure 4.7.A.). The two naproducing, norstressed clones on the other hand showed no
positive staining for either @ins. This suggested that the stressed 4pooducers therefore were
successfully producing heavy chain protein, but had no light chain protein to form fully folded and
secreted mAb product. As heavy chain cannot be secreted from the ER without the attagtted
chain (Hendershot et al., 1987}his may explain why the clones were highly stressed. As imaging
guantification was previously shown to be produce large error mar@est{on3.2.2.), the staining

study was repeated and quantified by flow cytomeand showed the same increase in heavy chain

in the stressed nomproducers (Figure 4.7.B.). Interestingly, the rstressed 2B clone did appear to

also have positive light chain expression compared to the other clones. The same patterns were again

seen diring western blotting of the noproducing clones under reduced conditions (Figure 4.7.C.).

As these studies were directed at the protein level it was questioned whether these stressed non
producing clones actually had any light chain preésnside them and may have just never been folded
correctly and thus the final mAb product could not be folded correctly. To test this, ddPCR was
employed as peBection2.5. to quantify mRNA expression of the heavy and light chain in the non
producing€ 2y S48 OCAIdzNBE nodTd500d ¢KS ydzYoSNI 2F KSI @@
was 2.83 fold higher than inthe ngni NEaa SR Of 2yS&a omnduH YR odcm C
guantities were still much lower than any of the 18 high prodgaifones that were also measured

F2N) KSIF gé OKIFAY Ywb! odptrdpp Ywb! O2LASak >t 2y
from the ddPCR study, reiterated thize high copies of light chain present in the retnessed clone

2-B seen after flow cytomey analysis, with 39.05 copied/of mRNA quantified by ddPCR in the clone
compared to all of the other neproducer lines (average 2.74 copieb/ Again, the copy numbers

were still relatively low compared to the high producer clones (average 161.08stelp data not

shown) Interestingly the fold increase in heavy chain quantification for RNA was not as great as the
heavy chain quantification for the DNA guantification, suggesting that the effect on production may

be bottlenecked more greatly at thergtein expression stage. All of these studies taken together
provide solid evidence that the light chain has been lost in all of thegnoducing clones apart from

clone 2B, and the heavy chain expression has been lost in clofearid 2B.
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Figure 47. Multiple experimental methods confirm that only clonesB, 4B and 4F are expressing the hea
chain, whilst clone 2B may express low copy humbers of the light chain

Heavy (grey) and light chain (red) protein expression in theproducing clones was measured and quanti
by A) immunofluorescence imagin®) flow cytometry andC)western blotting under reduced conditions. 1
CHO host was also tested in this study for referei@emRNA transcripts of heavy and light chain v
measured by ddPCR followimgrmalisation to & 2M housekeeping transcrigiN=1). Error bars where prese
=+4-1 SD.
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4.2.8. The heavy chain only producing clones still attempt to fold the heavy chain as
evidenced by heavy chain homodim@resence in the cell lysate

As the norproducing clones appeared to be surviving and growing alongside thephiglucing
clones without any negative effect on growth, it was questioned as to whether the UPR was activated
by the heavy chain expressing ob@to cope with the protein that codiina be secreted. It was also
guestioned as to whether the clones producing individual chains remained in monomer form, or if the
clone was attempting to fold the mAbs where possible. To do this, western blots wemrmed on

all 23 of the clone lysates under noeducing conditions as p&ection2.6. Nonreducing conditions

were used as to not disturb any disulphide bonds holding the folded mAbs together. A GAPDH protein

reference was used.

The resulting western bte performed under nofreducing conditions showed that all of the high
producer clones contained the fulfgplded mAb (~150 kDa) and various intermediate formats of the
heavy and light chain that had yet to complete folding (Figure 4.8). Thermatucerson the other

hand did not show bands in the 150 kDa region as expected. Cl@nthdt showed neither chain
expression with only the GAPDH control band. Clofg Zhat expressed only the light chain,
contained a single 25 kDa light chain band. The thoeeproducer clones with heavy chain expression
(mAb 3D, 4B and 4F) however showed a 50 kDa heavy chain monomer band, and surprisingly a ~100
kDa heavy chain dimer band. This result was interesting as it showed that these clones were still
attempting tofold the mAb product despite having no light chain to bind to the homodimer. mAb
folding starts with the bonding of two heavy chains into a homodimer configuration, before the
addition of the two folded light chains to the homodimer (Chapter 1.2.3.). iiggests therefore,

that the clones are still attempting to make this mAb despite not having the light chain to do so. This
heavy chain homodimer cannot be exported from the ER like the light chain d&tebdershot et al.,

1987) and thus may explain whfe clones are under stress as referenced by the increased UPR
chaperone expression (summarised for the smoducers in Figure 4.9.). The light chain only
expressing clone (mAb-R) does not undergo this stress however as the light chain can be freely

secreted from the cell without the heavy chain.
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Figure 48. Western blots showed variation in expression of heavy chain and light chain across the 23
cell lines.

Western blots were performed under needucing conditions on a2 % BISris 1.0 mm protein gel followil
cell lysate extraction using RIPA lysis buffer. A fully folded mAb monomer should be ~ 150 kDa (compr
25 kDa light chains and 2x 50 kzaty chains)The nonproducing clone ‘B did not express either chain, wh
clone 2B expressed only the light chain. Nproducer clones B, 4B and 4F expressed only the mAb hei
chain. Heavy chain dimerisation is also apparent in these three €lamiseen by the ~100 kDa band, despitt
lack of light chain.
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Figure 4.9.Summary of the expression of UPR transcripts in the ganeducing clones measured by ddP¢
Prorecovery UPR chaperones are more highly expressed after 4 days in culture, in tpeodaning clone
that are expressing the heavy chain only (mAD,34B and 4F) than the clones not expressing either ch
(mAb 1B) or only the light chain (mMABE). mRNA expression of UPR chaperones was measured and qu
by ddPCR (BioRad) and day 4 quantification has been shown here (Figure 4.6). PDI and ATF4 mRN/
was consistently expressed across the qppaducing clones, regardless of whethéey were expressing m,
chains or not. BIP mRNA expression however was increased in all 3 of the clones expressing only the 1
chain. CALR was also increased to a lesser extent in cldesd 4F, but not 3D (N=3. Error bars =-t1 SD.
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4.3. Discussion

Significant progress has been made in the literature to identify gene and transcript targets that can
help to identify good quality and quantity mAb expressing CHO clones. Most analysis has been
performed on the CHO host expressing only one, or a hanofulpical format mAb constructs,
however. These studies then often find correlations with varying strengths in their relationship
between marker expression and titre. This raises significant questions therefore regarding whether
these relationships are poducible across many different mAb constructs, which are always adapting
in their target and design. Further to this, mAb constructs are also becoming more atypical in their
format, with the additions of fusion proteins and different chain arrangememtisseen in nature
becoming common place and potentially causing extreme folding stress phenotypes. These complex
mAb formats bring about additional product quality issues with them such as their propensity to
aggregate and fragment. To combat these limdas, this chapter has aimed to monitor some of the

markers that may be predictive of titre and quality identified in chapter 3, across a panel of mAb

O2yailiNHzOGa dGKFdG SFEOK AYyKSNByidfte KFZS WLINRBOf SYI G

cannd be measured at such an early stage during CLDOagter has focused on the titre of the
clones, before discussing quality in la@rapters. Any correlations that were seen with quality and

titre could then be safely expected to be predictive regasdlef the mAb type expressed.

The expression of the mAb constructs in the CHO host at thelpnal stage showed an interesting
variation in titres and productivity related to the mAb type expressed (Figure 4. This suggested

that the mAb sequere, and thus what it is targeting, itself may have an impact on the titre values
likely to be seen over the clones, and the viable cell growth of theclomal pools following recovery

from selection. The mADb titre at the ponal stage and the averagpdlight assay by subsequent
cloning on the Beacon then showed an interesting correlation. It was reassuring to note that a strong
correlation was seen between the two, as it confirmed the efficiency of the Spotlight assay as a marker
of titre during singd cell cloning. One outlier was mAb 8 that did not share an equal relationship
between the two techniques. The prdonal titres appeared much higher than the Beacon Spotlight
assay, suggesting that either the clones expressing mAb 8 were not producing dimgle cell
cloning, potentially due to stress, or that one of the techniques was inaccuraédehypothesised that

this is due to a lack in mAb binding affinity in the Spotlight assay or in the Protein A Octet sensors. This
could be due to the sequeee of mAb 8 in particular, and how it interacts with the assays. This may
need to be taken into consideration when using these techniques in the future but is out of the scope
of this thesis due to the proprietary nature of the mAb constructs. Anotharasting observation
regarding the productivities of the mAb constructs was between mAbs 5, 6 and 7. mAb 6 and 7 had

been engineered by GSK scientists from the parental mAb 5 construct in an attempt to see increased
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titres when expressed in CHO cells. Nstained pattern of increased titre was seen in either
engineered variant across the pofonal pool titres, the Beacon Spotlight assay or the clonal cell line

titres. Thus anghangesnadefrom the parental molecul@id not improve productivity.

Once theclonal lines had been generated, the correlation between the UPR and titre was investigated.
The results of the correlation between titre and BIP and PDI mRNA transcripts in this chapter had a
similar negative trend of the PrimeFlow and ddPCR dat@hapter 3. This suggested that the
relationship seen between the UPR and titre covered a plethora of different mAb constructs and could
be a reliable tool for monitoring mAb titre regardless of the mAb type. As the same relationship was
observed between BIP, PBnd the newly investigated CALR after ddPCR quantification (Figure 4.4.),

it appears that the response is an overall increase in UPR in poor producing clones. As there was no
NEflI GA2yaKAL) 60S06SSYy GAGNB | yR OZ@ENKQoISKHISANT 2 T Kid
as opposed to thepoptotic arm. It does suggest that whichever specific UPR marker is used for the
design of the reporter construct is not necessarily important as long as it is within the recovery
response pathway of the UPR. &sesult, a difficult decision would be needed when deciding which
final marker would be used for the reporter construct/assay. As BIP plays multiple roles in the folding
of protein, from binding to nascent polypeptides that are produced in homeostatiditions, to

binding to incorrectly folded protein during the UPR response, it may be less suitable as a reporter

construct(Feige et al., 201@ao and Kaufman, 2012)

4.3.1. The negative relationship between UPR expression and titre was the oppositeadf t

seen in the literature

The negatively correlated relationship seen between the UPR markers and titre via ddPCR was
surprisingly the opposite to what the majority of the literature has so far shown. One study showed
the same relationship as this studyith Le Fourn et al. (2014)easuring high BIP protein expression

in poor expressing clones than higher expressing close via western blot. Whilst this gave
confidence to the data shown here, the study did not measure RNA transcripts. Other studies that
have measured the mRNA transcripts of UPR markers, in a similar fashion to this study, have then
shown the opposite reladinship to this studya positive correlation between the UPR and tifkeber

et al., 2012 Prashad and Mehra, 2015Why this study therefore shows the opposite to this is
unknown and would require further study to understand why this has occurred.gks #ppears to

be conflicting evidence in the literature about the relationship, it may suggest that the true
relationship is actually affected by different factoExamples of the differences in the experiment

between this study and thBrashad and Mehrg2015)and theKober et al. (201Xtudies include the
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type of CHO lineage and selection pressure used, the length of the culture, the type and number of
mADb constructs used and the number of CHO clamesstigated All of the factors that may have had
an effecton the difference in results between this study and the literature has been discussed fully in

Chapter 7.

4.3.2. Measuring mAb titre and mAb mRNA expression resulted in a different relationship
with BIP

An unexpected outcome of this study wasesewhen imaging was employed to measure the
relationship between intracellular BIP and intracellular ig@ereby an inverse relationship was seen
between mADb titre and BIP mRNA transcript expression via ddPCR (Figure 4.4.B.), and intracellular BIP
protein and intracellular 1gG (Figure 4.6.A.). It is hypothesised that this change in relationship is due
to the mAb form that was measured in each study. In the ddPCR study the mAb was measured in the
form of secreted titre (mg/L), whilst in the imaging studhe tquantification of intracellular IgG was
measured. It is hypothesised therefore that noticing large quantities of intracellular IgG is actually
suggestive of bad titre characteristics in the clones, as it suggests that the mAb is not being secreted
efficiently from the cell and thus a high expression of BIP occurs from the resulting ER stress. This
relationship was also shown tthapter 3 (Figure 3.2.) whereby a known high producing CHO clone
had lower quantities of intracellular mAb, compared to a kndem producer that had a 2.08 fold
increase irintracellular mAb staining. Similariathias etal. (20204 K2 ¢ SR G KI & 6KSy | U
SELINB&&Q Y! o ¢6la GNIyaFfSOGSR Ayid2 + /1 h Kz2ad GKSE
individual, spherial structures rather than the diffuse staining of the ER of a CHO clone expressing a
standard format mADb. These spherical structures localised to mAD light chain staining suggesting that
the ER phenotype seen was caused by the presence of mAb. The stateimgjty of the clones
expressing the difficult to express mAb was not compared to the standard format mAb clone, but it
does give further evidence to suggest that the morphology of the ER and the presence of mAb inside
the clone may be a useful diagnistool for clonal selection, as well as highlighting how this problem

may be exacerbated as more complex mAb formats arise. If the hypothesis that high intracellular mAb
staining is an indicator of poor expression is correct it may give an interestinmang for the role

of the secretome in the CHO clones, as well as successful protein folding. The secretome has been
previously suggested to be implicated in clonal productivity, Wwith et al. (2020showing that

reducing secreted host cell proteins inoped CHO productivity and growth characteristics.

Questions could be asked as to whether the ddPCR technique itself is causing this inverse relationship

rather than it being a biological response, whereby the analysis is incorrect or not specific enough to
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accurately measure thranscripts This has been confirmed to not be the case however, at least in
part, by an extended investigation into the technique. This was first confirmed with the data from the
study of heavy and light chain via ddPCR (Figut®4. When the values of heavy and light chain
measured by ddPCR were correlated together, a strong positive correlation (r = 9881001) was

seen between the two (Appendices Figure 1.A.), which would be expected as the heavy chain and light
chain wee expressed at a 1:1 ratio on the same plasmid, and thus as long as successful integration
had occurred in the clones there should have been a positive linear relationship between the two. This
was further confirmed when the ddPCR quantified heavy ahd ¢igain values were correlated to the
observed titre of the clones, also measured during the study (Appendices Figure 1.B.). Two positive
correlations were observed against titre (r = 0.7885 and r = 0.805 for heavy and light chain
respectively, bottp < 00001). This result gave further evidence to ddPCRs accuracy as a technique, as

it was predictive of a secondary technique (mAb titre measured on the Octet HTX).

Following the confirmation that ddPCR did appear to be specific and accurate as a techmigge it

then questioned as to why such an opposite relationship was seen between the quantification of BIP
and intracellular IgG in the imaging study (Figure 4.6.A.) and BIP ddPCR quantification and mAb titre
in the same cell lines (Figure 4.4.B.). It wasollypsised that it was due to regulation occurring in the

ER post RNA translation. To explore ttie values of the ddPCR heavy and light chain expression
were plotted against the concentrations of intracellular IgG imaging in the clones (Appendices Figur
2.), as well as ddPCR quantified BIP and intracellular imaging quantified BIP (Appendices Figure 3.A.).
Neither heavy nor light chain ddPCR expression correlated to the quantification of intracellular 1gG
imaging by microscopy (r = 0.268,= 0.216 and = 0.112,p = 0.612 for heavy and light chain
respectively). BIP expression did moderately positively correlate on the other hand (r = 9655,
0.0009). The imaging quantification was also shown to be accurate and reliable, as when quantification
was repated using flow cytometry, a positive relationship was seen between the two studies

(Appendices Figure 4.).

As a result of these brief studies it does suggest that both the ddPCR and imaging quantiication
reliably quantifying transcripts and proteings seen by the correlations with BIP, but the difference
seen between measuring intracellular IgG and secreted product was causing the inverse relationship
seen in this thesis. This can be confirmed by correlating the mAb titre and IgG imaging vadiresdobt

in the study, showing no relationship between the two techniques (Appendices Figure 3.A., r = 0.149,
p = 0.499).
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4.3.3.Non-producing clones often expressed individual mAb chains

Whilst the results of the noproducing cell lines are not useful fitre development of a reporter for

CLD as they would not typically be exported from the Beacon in the first place, their expression of
MRNA transcripts related to protein folding do hint at the complexity of the UPR and protein stress in
CHO cells. The fathat BIP, CALR and PDI are all more highly expressed in thgraaurcing clones

that do have evidence of single heavy chain expression (Figure 4.9.) shows how CHO cells initiate the
UPR to adapt with stress. It also shows how the cells are unaffectdukbgxpression of the light

chain singularly, which can be freely secreted out of th€ERskar et al., 2013Df the three UPR
markers, PDI showed the least fold change in expression between thprodacers with mAb heavy

chain only (mAb -®, mAb 4B and mAb 4) and the nosproducers with nho mAb heavy chain (mAb

1-B and mAb 2B). It could be speculated therk, that PDI is not necessarily recruited in the UPR as
heavily as other markers or that there are less disulphide bonds present that need catalysing. Despite
the increases of CALR, BIP and PDI, the complete lack of ATF4 expression in these clonethsiliggest
even this heavy chain build up is not enough to elicit an apoptotic or reduced growth response, and
asks the question of how much sustained,foisled protein is actually required to initiate apoptosis.
Single cell cloning on the Beacon require$sae have grown within the culture time it used for, and
therefore it could besuggested that clones with slower growth have not been included in this study
to prove this. As clones with slower growth are not desirable for mass manufacture howevehjsand t

thesis attempted to remain relevant to CLD, this theory has not been explored further here.

The study of the noproducers for their expression of the heavy and light chain was also useful for
confirming the specificity of the ddPCR experimental teghe. The heavy and light chain expression

in the clones was measured by four techniquddPCR, immunofluorescence imaging, flow cytometry
and western blot (Figure 4.7.). All four techniques showed very similar expression characteristics in
the nonproducing clones. Particular clarity of expression was seen in the western blotting under non
reduced conditions (Figure 4.8.), which showed the expression of the mAb heavy chain in its unfolded
and homodimeric folded form in the ngoroducers expressing onllge heavy chain. The ddPCR data
showed the same result as the western blot image and its subsequent quantification, showing that
the ddPCR data obtained was reliable and specific to the target of interest following normalisation to
the i 2M housekeeping tmascript. This is particularly important in the context of the ddPCR studies
measuring for UPR components, which did not have a knockout control, as the data obtained was used
to make decisions based on the future reporter construct due to their high thmpuignature and

more quantitative results.

As there is now clear evidence to show that the UPR®gplated in poorly expressing CHO clones

in this study, chapter 5 will focus on the design and expression of ebbalstel reporter construct for
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use in CHAines expressing the same panel of mAbs used in this study. The reporter construct will
then be tested for its ability to predict mAb titre and quality in clonal mAb expressing cell lines

throughout the CLD process.
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5. Designing an ER resident fluorescent organelle
reporter to monitor mAb production throughout Cell
Line Development (CLD)

5.1. Introduction

Historically, ell line developmen{CLDhas beersynonymous with vast numbers ofAb expressing
CHCcell linesscaled up from lowculture volumestriaging at each scalep stage based on growth
and productivity Intense experimental procedures such as the transfection of a host cell line with a
gene ofinterest (GOI), followed by single cell cloning often leaves theseedtismely fragileand
sensitive to disturbance during recovery. Subsequent static sgalavolves low numbers of cells as
the cell lines are expanded until they reach larger volanmeshake flasks. It is therefore critical that
the screening technigues used to triage cell lines during agaleses either the least volume of cells
manageable or can be performed on cultures without the need for sampBogable screening
techniques are also required to be rapid and hitiiioughput to allow a multitude of cell lines to be
analysed and selected within short timeframés previously demonstrated {thapter 3, his makes
sampling techniques such as PrimeFlow RNA and ddPCR thateanutikle days to run and analyse

impossible to use as a screening tooCinD

In order to develop a todio monitor mAD titre and product quality througho@LD which enables
rapid screening at early stages,fluorescently taggedinfolded protein rsponse PR reporter
construct waslesignedThe use of ddiorescen reporter allows cells to be monitored live throughout

all stages of CLD fromnaging static culture plates post transfection and post Beacon export, single
cell cloning on the Beacon or samplidgring shake flask culturey flow cytometry By having the
opportunity to monitor this as early as possible, thest cell lines can behosen quickly, reducing
costs and resource, with a greatemnge of higher quantity and quality clonas the same time
Similarly, fluorescence could be monitored furtlmio Upstream processes, where 15 day production
studies are performed, as well asake flask cultures thanhonitor stability in cultures of increasing
generations Transientfluorescence eéchniques like the ER Tracker dye teste@hapter 3 are not
able to monitor mAD titre or quality over a long period of time. Instead, it was decitat a
fluorescence based reporter construct would be more beneficial for CLD as it would be continuously

expressed and monitored throughout CLD.
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As the data in Chapter 3 and 4 highlighted that the unfolded protein response (UPR) is correlated with
product titre and quality, it was decided to design a reporter construct which may resjpaheé UPR.
Huorescently tagged UPR reporters have béencribedpreviouslyin the literature.For example, a
dual RFP/GFP fluorescent reportanstruct was generate which is alternatively spliced b¥BP1

under conditions whedRElis activated byhemical stressoréRoy et al., 2017)

Chemical stressors can induce stress along the secretory pathway, mimicking the effects of mAb
expression and as such are often udadthe literature. Examples of chemical stressors include
Tunicamycin and Brefeldin A. Tunicamycin is a mixtunewiologous nucleoside antibiotics that were

first isolated from Streptomyces lysosuperificudunicamycin inhibits JNnked glycosylation,
preventing core oligosaccharide addition to nascent polypepti@estein folding therefore becomes
blocked in the ER, and as such Tunicamycin has become a common drug elggidaiodmonitor ER
stress(Tordai et al., 1999Roy et al., 2017Brefeldin Aon the other hand inhibits protein transport

from the ER to the Golgi apparatus by inhibiting vesicle-C&#3ociation to the Golgi membrane
(Chardin and McCormick, 1999hus, here proteins are folded correctly but cannot translocate past
the ER.

The Roy et al. (2017)eporter study focused onransient transfection othe reporters into mAb
expressing cell lindsowever, whichresults in differences in reporter copy numb#ransfected into
cellsacross the populationlhus the intensity of the reprter, and the availability of UPR components

to interact with varying numbers of reporter levels can impact on the quantificalahties of the
reporter. The effect of different mAb constructs, each with different problematic characteristics is also

not well represented in the literature.

To generate a novel reporter tool that investigates the EdReticulin (CALR) was chosen lie
fluorescently taged. Calreticulin is an ER luminal protein, retrieved by the ER by the presence of a
KDEL retention sigl. It has many recognised functions, but oofeits earliest discovered rolesas

its ubiquitous storage of G&in the ERKrause and Michalak, 199DALR has also shown to function
as an Ninked glycosylation chaperone in the ER. CALR binds to psdteit have yet to be trimmed

of their glucose residues that were added duringiited glycosylation. CALR binding prevents these
proteins from being translocated to the Golgi until the glucose has been trimmed, or alternatively
marking it for degradatio, if the glucose is not remove(High et al., 2000Ellgaard et al., 2003
Molinari and Helenius, 1999¢Calreticulin was chosen namely for this function in ensuridomkéd
glycosylation, with which incorrect-fhked glycosylation can have a negative effect on product
quality, from Fc effector function and mAb binding to the mAbs pharmacokineticgBBte et al.,
2020) It was also onef the markergdentified by theddPCR dat#o be correlated to mAb titreand
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was increased in clonesith an imbalancd heavy chain: light chain ratidmigure 4.5.). Finally,
Calreticulinhas also beesuccessfully taggewith GFP in other organisms suchastyosteliumand

rat pancreasAR42jcellso a Nf £ SNJt ¢ | dzo Sy pASedd@ StNll, M5yiving dokfidemce n m
that CALR could be tagged in CHO cells without effecting the proteins form or furCtitvaticuin

was chosen over BIP due to its singular UPR role as a egaiityl chaperoneWhilst BIP is increased

in response tcER stress it also inhibits the UPR in homeostasis and binds to nascent protein and thus
the multi-purpose role of the reporter mearthat the results of the expression could not be solely
based on the UPR.

A mitochondrial reporter was also designed to confirm localisation could be measured in smaller
organellesand to see whether the reporter response was specific to the/#filst mary studies have
focused on the ER, one study has also shown that the membrane potential of mitochondria in high
producing clones is higher than in low producing cld@sakrabarti et al., 2019)ranslocase Of Outer
Mitochondrial Membrane 2@rotein (TOMZ20) waselected as the protein to tag as it is localised to

the mitochondrial membrane anklas been successfully tagged previously in Normal Rat Kidney Cells
(NRK) and rat neuronal cefl#/ang et al., 201,8Cho et al., 2017Both CALR and ™20 were tagged

with GFP via twoguadrupleglycineserine linkers (GGGG$)gure 51) andclonedA y 12 2y S 2 F
proprietary expression plasmids containinggeneticin resistance gene. CALR was also tagged to
mOrange, to give a second wavelength optionthe Beacon, and to give the option of transfecting

both reporters together.

A) Endoplasmic Reticulum Reporter

B) Mitochondria Reporter

Figure 51. Schematic of the fluorescent organelle reporter constructs priortieing clonednto a proprietary
GSK plasmid.

The organelle specific protein was tagged to GFP or mOrange via a double Glycine, Serine (GGGGS
4SljdzSy0Sa ¢gSNB adadyiuKSaiAaSR o0& ¢KSN)Y2TAA&KSeMRIato
GSK proprietary plasmid containing a Giézie selection markerA) The Endoplasmic Reticulum reporter \
based on the Calreticulin protei®) The Mitochondrial reportewas based on the translocase of the ou
mitochondrialmembrane 20 (TOM20) protein.
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5.1.1. Chapter Aims

The aim of thishapter was to desigand testa fluorescently tagged UPR based reporter construct
that could beusedto generatea reporter host cell lineThe reporter cell lines shoukkpress the
reporter consistentlyacross thepopulation of cellsand the intensity of the reporter respond to
changes in biosynthetic capacig.g.when cells were expressing mAb). In addition, the potential of
using a mitochondrial membrane based repmrtconstruct was explored, to determine if

mitochondrial activity affects mAb production in CHO closrad to be used as an ERecific contral

The reporter host wathen transfected with the same panel of mAbs use@iapter 4, to understand
whether the reporter canbe used tomonitor titre of different mAbs, with different problematic
characteristics and product quality issudalle 2.2. ThisChapter focuses on the ability to predict
mADb titre during CLD, as quality cannot be determined until greaiacentrations of mAbs have been
obtained- typically after the clones are cultured in a production study for 15 days. This product quality

analysis will therefore be performed @Enhapter 6.
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5.2. Results

5.2.1. The fluorescently tagged repter proteins are localised to the Endoplasmic
Reticulum and Mitochondria following transfection into the CHO Host

The three reporter constructs were transfected separately into the CHO host, and selected for using
Geneticin $ection2.4.1. and 2.4.2.).dHowing recovery the prelonal pools were confirmed for
successful stable integration of tiheporter constructsinto the CHO hoggenome by live cell imaging
(Hgure 52.). The cells were transferred to a Pdlysine coated 96 well plate, and spun daaensure

flat imaging $ection2.7.3.). Expression of theCALRGFP and TOM2GFP reporter plasmigvas
localised to theER and mitochondria respectivehown by organelle specific fluorescenEgre
5.2.A). CALRnOrange was also successfully localigethe ERAs expected, cells transfected with

the reporter construct grew successfully under geneticin selection whereas the negative control, not
transfected with DNA, did not recover and was discarded after 18 (ffayse 52.B.). This successful
locdisation and growth following selection recovery indicates that the cells were not impacted by the

addition of the constructs.

Despite undergoing selection, the population had a diverse range of reporter expression intensities
(Hgure 5.2.A.) and manyof the cells in each population were not positive for reporter expression
perhaps as a result of gene silencing of the exogenous reporter constructiDAler for these
reporter constructs to be used as a tool for cell line selection it is imperaliae differences in
fluorescence intensity reflect characteristics of mAb titre and product quality and are not simply
inherent within the host population. To ensure this, the jotenal lines stably expressing each
reporter construct were single cell cloti¢o create three clonal host cell lines expressing each of the
reporters homogeneously. From this mAb could be transfected into the newly generated host. Figure

5.3 shows a schematic of this experimental plan.
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Figure 52. CALRGFP, CAL:ROrange and TOM2GFP all fluoresced in the CHO host, and localised to th
and mitochondria respectively

A) Live cell imaging of the CHO host showed successful reporter transfection following recovery fror
transfection. Preclonalpopulations were positive for each reporter; however expression was heterogen
the population. 500,000 cells were sampled 31 days post transfection, after the cultures had recovered
viability. Images were taken on the Yokogawa CV8000. Baak20um.

B) CHO clones transfected with the reporter constructs dropped in viable cell count (ceffsrkiand viability
(%) following the addition of geneticin selective media. The population increased over time as suc
transfected clones recovered in the presence of the selective m¥diaility and viable cell count was measu
on the ViCell XR, up to 30 days post transfection with the fluorescent organelle reporters. Negative
transfected with PBS only. Selieet was added 2 days post transfection.
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Transfection 1

Reporter

CHO Host Plasmid

Reporter transfected cell line is single

Transfection 2 cell cloned to generate a reporter

host line
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%
¢ mAb 2
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Reporter Host Line 3 Plasmid S
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mADb transfected cell lines are single
cell cloned into the reporter host cell
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Figure 53. Experimental plan for thelevelopment of host cell lines expressirige fluorescent reporters.
As the reporters needed to be expressed at the same copy number, and logation the CHO host genorr
the reporter wasstablytransfected (transfection 1) and single cell cloned on the Beacon. A single, positiv
for eachreporter construct was chosen during scale up to generate a reporter host cellDiHA. sequenc
expressingnAbs of interestcould then be transfected into the new reporter host celklithat wasexpressin

the same reporter consistently throughout the poputati(transfection 2). These pi@onal pools could then t
single cell cloned to obtain stably transfected mAb reporter cell lines.
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5.2.2.Generation of clonal CALBFP, CAL-ROrange and TOM2GFP expressing host lines
Followingsuccessful recovery pestansfection, he preclonal reporter pools generated were single
cell cloned on the BeacoBystem (BLl)to obtain clonal populations derived from one single

progenitor cell The pe-clonal reporter cell lines were loaded and cuéd asper Sectior?.4.3.

Following four days culture on the Beacanages of the reportecell lineswere taken on the Beacon
using the FITC (GFP) and TexasRed (mOrange) Hxprassion of th€ ALRGFPreporter wasvery
clear, withthe GFP signabacentrated in the perinuclear region of the delthe majority of the pens
(Hgure 5.4. A)As seen previouslyfure 5.2.A), there was a range in expression levels of the reporter
constructs in the prelonal pool across the pens on the BeacGiiP itensity and cell sizearied
across the pens, as well as within the pens themselvesome clonesThe TOM2@FPsignalwas
more difficult to see and the average staining intensity was much lower than the equivalerGERLR
populations, apart from in onpen wherethe mitochondrial targeting had possibly been lost dhd
GFP expression wagtoplasmic(third pen in the TOM2GFP reporterFgure 5.4. Abottom row).
This lack of distinction between the TOMAFRexpressingell lines is likely due ttve smaller nature

of the mitochondria as localised imaging was seen in the higher resolutiorcioreal imagingRgure
5.2.A) Unlike the CALBFPthe CALRnOrangesignal was far weaker and appeared almost diffuse
(Fgure 5.4. Amiddle row) This mayave been due to the mOrange not emitting and exciting at the

exact same wavelengtfequired forthe TexasRed filter available on the Beacon.

16 pendor eachprospectivehost cell line were selected for export based oowgth and homogenous
expression within the clonal population. Following export and recovery, the reporter cell lines were
scaled up and based on growth and continuing expression of the reporter construct, a final cell line
was selected for each reporter: CRGFP host, CALROrange hos{not shown)and TOM26GFP

host. As mentioned above, the images obtained from the @AORange cell lines on the Beacon were
not optimal. Furthermore, the Beacon Spotlight assay, which enables ahiprtitre assay to be
performed, requires use of the TexasRed filter. Use of the @#QRnge host would therefore
prevent this titre assay being run if this host were to be included as a selection tool during cell line
development. Given this, the CAbROrange host was not progresd further as a potential selection
tool. The two clones chosen for the CAERP and TOM2GFFhost linehad consistent expression on

the Beacon (* pesin Fgure 5.4.A), andshowed considerable growth on the Beacdime reporter

was measurable during aic scale up by live, fluorescence microscogure 5.4.B, although

expression was variable as cultures still had low viabilities during rec(rguye 5.4.C.).
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Figure 54. The generation of clonal reporter host lines on the Bea¢c@mdthe subsequeniscale up of theCALRGFPand TOM20GFP host cell lines.

A) Exampleof beacon pen images takersingthe FITC filter (GFP reporters) and TexasRed filter (mOrange reporterd dégsculturing on theBeacon. * pens final clone
chosen to be the reporter host cell ling)Live, fluorescence imaging of the CARRP and TOM2GFP reporter host cell Bsduring static culture recovenysing a Yokogav
CV8000 microscope, taken at the 24 well stegale bar = 20 un€)Viable cell count (x®ml) and viability (%opf the CALRGFP and TOM2GFP reporter host cell lin
during staticand shakingulture recoverymeasured with a ViCell XRiable cell count and viability increased consistently with increased scale up volumes for th@
reporter host line. The TOM2BFP reporter host line increased until 6 well scale up, before dropping slightlytaeswere moved from static culture to T25 shal
culture.
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5.2.3.The expression of the reporters is retained during cultuaed does not impact the
health of the CHO host

In order for the CAL-BFP host or the TOMZBFP host to be a feasible tool for use in cell line selection

it is necessary that expression of these reporters does not impact the performance of the CHO host
cell line which may later impact expression of nphkbteins. During the selection of the reporter host

cell lines, geneticin was required feglection of cell linew/hich had integratedhe reporter plasmids

into their genomeduring transfection andgubsequentstable cell line generation. The presence of
geneticin however would be an extra stress on the cell lines that waold 6 S LINBaSyid Ay
platform CHO host, and thus when comparing sugability of thereporter host this would have to

be taken into consideration. Ideally, tlgeneticin would baemovedfrom the culture medato keep

the cell lineswithout impacting expression of the reporter§o investigate this, the CHO host, CALR
GFP host and TOMZBFP host were grown in the presence or absence of geneticin selection and the

subsequent impaabn growth and GFP expression monitored.

Live cell imaging of theeporters inculture at passagel andpassage3 showed that the GFP reporter
was still consisterty expressedh both the CALRGFP and TOM2GFP reporter host cell lines and thus

removal ofgeneticin did not cause the loss of the reporetpressior(Figure 5.5.Aand B.

The effect of geneticin removal was then analysed in the CHO host and the reporter hosts. The removal
of geneticin also did not have a negative effect on the growth of eitfehe reporter host cell lines.

The viable cell count of the CHO host was consistentlgr@en in presence afeneticin, and the
viability was also much lower (between-83%) compared to the CHO host in rs®lective conditions
(>99%) Figure 5.50). This was expected as the CHO Host did not coatgémeticinresistancegene.
However, despite the lack of a geneticin resistance gdme CHChost was still ablgo survive and
multiply under selectionalbeit at amuch reduced viabilityHgure 5.5.C). This may have contributed

to the earlier finding that some of the reporter cell lines were able to grow on the Beacon but did not
exhibit any fluorescencelhe removal of selection to botthe CALRGFP and TOM2BFPreporter

lines had a posite effect on viability, with the average viability increasing by 2@sd 2.71 % for

the CALFGFP and TOM2BFP reporters respectively. Similarly, the viable cell count was increased in
both reporter cell linesn the absence ofe@neticin. Overall, theseaesults indicated that removal of
geneticin from the reporter host media may increase, albeit marginally, both growth rate and viability

of these hosts.

The growth of the reporter host cell lines withogeneticin was also compared to the CHO Host, to
confirm that the addition of the reporter did not affect cell growth. The viable cell count, viability and

doubling time over 8 passages did not show eleardifferences between the 3 cell linethe TOM20
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GFP reporter hogdid havea consistently largeridmeter compared to the CHO Howtith an average
diameter over the 8 passages being 15.3 and 14.9 microns respecHi¢glse 5.5D). It was unclear

as to why the TOM2GFP reporter host was larger, particularly as it did not appear to be visually
largerthan the CALIGFP reporter host on the Beacon (Figure 5.4.A.). It was suspected therefore to
be a phenotype of the particular clone chosen following scale up as cells recovered back into

suspension culture.

123



Chapter 5: Results

A) Passage 1 B) Passage 8
CHO Host CALR-GFP Host TOM20-GFP Host CHO Host CALR-GFP Host TOM20-GFP Host
[ o
= = |
3 T
@ il
E £/
o @
o o
[T [T
o o
C) The Effects of Geneticin The Effects of Geneticin
on Host Cell Count on Host Viability
= 8- 100+ .
E -e— CHO (-Geneticin)
©
e R 95 -e— CALR-GFP (-Geneticin)
x n —_
:E:" > 9 —o— TOM20-GFP (-Geneticin)
3 44 2 -+ CHO (+Geneticin)
° S g5 —+ CALR-GFP (+Geneticin)
> S
O 24 > —+— TOM20-GFP (+Geneticin)
o 80
Qo
s
>0 1 I 1 I 1 1 1 1 75 ] ] 1 T I T T 1
12 3 45 6 7 8 12 3 45 6 7 8
Passage Passage
D) Host Viable Cell Count Host Viability in  Host Doubling Time in  Host Diameter in
in Non-Selective Media Non-Selective Media  Non-Selective Media  Non-Selective Media
=8+ 100+ 25 18
£ == ]
) | 5 504 N
$ 6] s 3 20 §
< 2 96 2 154 o 16 -e~ CHO Host
3 4 z E E ~e- CALR-GFP Host
° S 94 o 10 g -~ TOM20-GFP Host
] s = £ 14+
O 2 Q (]
o 92 3 5 a
8 a
> 0-rrTTTTTT O-rTTTTTTT [+ o s e e e 12T T TT T T
12345678 12345678 12345678 12345678
Passage Passage Passage Passage

Figure 55. Removal of geneticin selection does not impact the expression of GEER or TOM2GFP bi
improves the growth of the reporter cell lines.

GFP and brightfield live cell imaging of the cultures aftpd passage an@®) 8 passages withougeneticir
selection. GFP is still present in all of the reporter cells despite removal of seldotimges were taken on
NyONE Scientific plate read€).Viable cell counand viabilityof the CHO host (black), CAGRP host (red) a
TOMZ20OGFP host (blue) with (triangle) and without (circle) the presengemédticin selection. The CHO host
not contain the geneticin resistance gene, and showed a reduced viable cell count as aDpglowth
characteristics of the reporter hastcompared to the CHO host, in neelective mediaColoured as pepane
B. R: Viable cell counix1®/ml), viability (%) doubling time(hours) anddiameter (microns) Counts wer:
measured on the ViCell XR.
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5.2.4. CALKGFP reporter expression isteened, and can be seen during mitosis

Although reporter expression was confirmed to be retained in culture with low resolution live imaging
on a NyOne plate reader (Figure 5.5HKiyh resolution imaging was also performed to confirm that
the reporter expression would continue in cells undergoing mitosis insedactive media. For this
fluorescence time lapse imagimgas used on the live cell populationsldt minuteintervals, and the
imagesfurther confirmedthe retention of the CALFP reprter expressionthroughout mitosis
(Hgure 5.6.A). Threecells activelyunderwent mitosisduring the ~5 %2 hour time lapse experiment.
The process of mitosis toapproximately20 minutes. Th&€ ALRGFReporter can still be seen during
anaphase irone cel line Hgure 5.6. B). TOM2GFP reporter mitosis was not captured during the

time lapse imagingalthough expression of the reporter was still evidédta not shown).
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80 mins 120 mins 160 mins

Figure 56. CALRGFP reporteexpression is retained in thlost cell lineduring mitosis

A) Time lapse images takeam a Yokogawa CV80@@icroscope.Scale bar = 20 unimageswere taken at 1
minute intervals. Images from every éterval has been shown here for the ease of visualisatiorididg cell
are highlighted in the first image taken 40 minutes afi@tial incubationin the microscope Correspondin
arrows show e time point at which they undergo mitosiB) Time lapse imagesf the CALFGFP host shov
here after 20 minutesone cell undergoes mitosis withihe 20 minutetime period. GFP expression is still s
during anaphase.
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5.2.5. Reportehost responds tochemicallyinduced ERtress

Following confirmation that the CAIGP and TOM2GFP hosts were successfully being expressed
within the host cell line without impacting its performance, it was necessary to assess their use as a
reporter in detectingstress within the cellsTo understand whether thexpressiorof amAb resulted

in an ER stress response, the GFP phenotype in response to ER stress had to be first char@imerised.
chemical stressorstifiicamycin and Brefeldin iere employed for thighese two chemical stressors

were chosen as thegffect different parts of the protein folding and secretory pathway.

To determine whethertie CALFGFP and TOM2GFP reporter host cell linesspond to UPR stress,

the cell linesvere incubatedn the presence or absenad Tunicamycior Brefeldin A for 24 hours in

D{ YQa LINRPOQM&t SuliureMddia. Live fluorescence images of the cultures were taken after
6 and 24 hours incubation, as well@santification of theGFP intenity by flow cytometry.

Within 24 hours, tk effects of Tunicamycin and Brefeldin A could be sBgare 5.7.AandB.). Under
normal culture conditions the reporter cells were similar in size with tygtdbed orruffled cell

membranes in the majorityf the population. The GFP expression was alstocalised to the
organelle targets. The addition of Tunicamycin did not stop repantganelle ceocalisationbut GFP
was also present within the membrane rufflaslike the normal conditionsin both @ll lines GFP
fluorescence intensitdid appear to bereaterin the CALKSFP reporter hostompared to the normal

culture conditions, whereas the TOMZEFP reporter host looked the same

The addition of Brefeldin resulted in the complete loss of bfebbed membranein the majority of
the population as seen in the brightfielthages Again, the CALBFP reporter host had a much more
intense GFP expression comparedhe cultures in the absence of Brefeldinayd whilst it was co
localisedto the ER it appeared distorted with a heavy hakhaped presencearound the cell
membranegqFigure 5.7.A.)The GFP expression from the TOMZBP reporter host however did not

look obviously different to the normal conditioBigure 5.7.B).

The visual observationsese confirmed quantitatively usirgn iQueflow cytomeer (Hgure 5.7.C. and
5.7.D). The average intensity of the CARRP reporter host wad.22 foldhigher than that of the
TOMZ20GFP hosin the normal culture conditions at both time pointgkely due ¢ the larger surface

area of the ER. There was no significant difference between GFP intensity in the-BBM28porter

in the normal conditions compared the populations kept in Tunicamycin or Brefeldiaffer 6 hours
incubation. Again, after 24 hounscubation there was no significant change in GFP intensity between
the Tunicamycin incubated cells and the normal control culture. The addition of Brefeldin A did result

in a significant reduction in GFP intensity compared to the normal conditions.
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The @QLRGFP host had a significantly increased GFP intensity when incubated with Brefeldin A at both
time points, compared to the normal conditio(Bigure 5.7.C.)nterestingly however, the CAIGFP
reporter host showed an initial significant reduction in RGinhtensity when incubated with
Tunicamycin compared to the control, before increasing in GFP expression after 24!haurs/ ! [ wQ a
main function in the ER lumen is to bind to proteins that have a misfolded glycan profile during N
linked glycosylation, an@unicamycin inhibits finked glycosylation the increase in GFP expression
after 24 hours was not surprisingurther study would be required to confirm that the response was
specific to the chemical addition, and not by means of another stress f&tmstions could also be
asked at to whether a different mechanism of action was at work, as the-GREReporter was
expressed over a constitutive promoter, rather than the protein specific promBtewious literature
however has also shown thaCalreticulin is upregulated in HelLa cells when incubated with
Tunicamycinboth when looking at endogenous CALR expression and upon addition of an exogenous
plasmid and promotefYang et al., 2019 urther analysis would be neededftother investigate his.

The slight reduction in expression of CARRP after 6 hours of Tunicamycin incubation was surprising
however, as the UPR can temporarily attenuate translation via the PERK pathway (Fig(veéalter

and Ron, 2011)it is hypothesised that this il reduction may have been an initial response to the
addition of Tunicamycin. Despite this, the study deeggest that the CAEBFP reporter host is
capable of monitoring a stress response via the intensity of the reporter expressed, and whilst it may
reduce in expression initially, the likely phenotype is to be an increased GFP intensity in the presence

of constantstress.
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Figure 57. Effects of Tunicamycin and Brefeldin A on the CARIRP and TOM2GFP reporter host cell line
A-B) Fluorescencand brightfieldimagingof CALRGFP and TOM2GFP host cell linedter 24 hours incubatic
in either media, media containing 1ug/ml tunicamycin, or media containing 1ug/ml brefeltiimeges capture
usinga Yokogawa CV8000 microscojgeale bar= 20 pmGD) GFP intensityof the fluorescent reporte
measured by flow cytometry (NS3pn an iQue flow cytometdr { G dzRSy G Qa G GSa
Tunicamycin and Brefeldin A culturesaagst the normal condition control. P valms= nonsignificant,* <0.0E
and ** <0.01. Error bars =4SD.
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5.2.6.CALRGFP and TOM2GFP eporter expression increases after transient transfection
with plasmidsexpressing antibody

Given thatthe CALRGFP reportethost cell line could successfully be used to measure chemically
induced ER stress using Tunicamycin and Brefe]dimvAs of interest to see wheth@enAb expression
resultedin the same phenotypéelhe reporter expression would need te measurable at any stage

of the CLD pipeline to be a useful selection tdblis was therefore tested, by transiently transfecting
the reporter hosts with mBs 3, 4 and Trom the mAb panel (Table 2.2). Two negative controls were
also measured: a PBS tsdected control and nofransfected control.The CHO host was also
transfected witha constitutive GFP plasmid, and mAb 4 as positive comtrbh 4 was chosen as it is
known to be a high expressor control mAb. The cells were then analysed on 1 daydaysl gost

transfection for growth, reporter expression and mAb titre.

Cell vability (%)in all of the culturesemained high 1 day post transfecti@¢@5.6 % averageput
droppedto 72.4 %after 7 days in cultureHgure 5.8.A). As the untransfected controls also dropped

in viability it most likely caused by the exhaustion of nutrients from the media or the toxicuguibd
metabolites. To confirm this, the concentration of waste metabolites such as Lactate and Ammonia
could havebeen measuredThe CHO host had a higtviable cell count than the two reporter lines 1

day post transfection, but after 7 daleft in 6 well cultureall cultures had over 1 x%onl cells Figure

5.8.B). ThemAb transfectedultures were all producingeasurable titres by day(®.74¢ 1.62 mg/L)
however some were measurabhs early as 1 dgyost transfection p to 0.36 mg/LFgure 5.8.0.

mAb expression was further confirmed with positive IgG stainimghe iQue flow cytometerin all

mADb transéctions at both timepointsHgure 5.8.D).

As expectedGFP was not measurable in the CHO host, apart fhentultures transfected with the
constitutive GFP plasmid. A trend was seen in fepBrter intensity in both reporter hosts with
higher intensités in themAb transfected cell lines, compared to the nmansfected and PBS
transfected controlsKgure 5.8.5 (an average 1.47 fold increaseGALRGFP expression in the mAb
transfected populations compared to the PBS control). Desfiiee TOM20GFP reporter not
significantly increasing in responge chemical stressorsn increase was observed in resportse
transient mAb transfectioat the exact same fold increase as the G&IER reporter populations (1.47
fold increase) The transfection procederdid not affect reporter intensity, as similar intensities were
recorded in thenontransfectedcontrol, suggesting that the increase in GFP expression was caused
by the expression of the mAmolecule and/or theplasmidit was expressed inThe type of mhA
expressedalso did not affect the intensity of the reporter, suggesting that the response could be

monitored with anyplasmidcontaining a mAb construct
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The reporter GFP intensities had large error bars across the replicates, making it difficultiothece
results seen in the experiment. The large error is thought to be due to the heterogeneity of the pre
clonal pools post transfection. Despite this, it did give early evidence that the sudden addition of a
mADb construct that requires complex proteiolding pathways causes stress to the cell immediately
afterits addition. To understand if thisa true biological reaction that is retained throughout culture

the reporter GFP expression will have to be monitored throughout a full CLD campaign, &om th

transfection to generation of single cell clones.
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Figure 5.8. Reporter expression was increased 24 hours post transient transfection with mAb construct
The three host lines were transfected with mAb constructs via electroporation and monitored 1 day (gr
7 days (red) later (N=3). The transfectalls were measured on the ViCell XR for tgiCell viability (%) ar
B) Viable cell count (cells x4l). C)mAb titre (mg/L) was monitored on the Octet HTD).Reporter GF
expression (gMFI) arid)IgG Intensity (gMFI) were measured on the i@aw cytometer. Error bars =% SD.
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Figure 5.8.(Continued) Reporter expression was increased 24 hours post transient transfection with

constructs.

The three host lines were transfected with mAb constructs via electroporation and monitored 1 day (gr
7 days (red) later (N=3). The transfectlls were measured on the ViCell XR for tgi€ell viability (%) ar
B) Viable cell count (cells x4l). C)mAb titre (mg/L) was monitored on the Octet HTD).Reporter GF
expression (gMFI) arid)IgG Intensity (gMFI) were measured on the i@aw cytometer. Error bars =% SD.
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5.2.7. CALKSFP and TOM2GFP eporter localisation remains visible on the Beacon after
mAD transfection

The CALISFP reporter expression was increased during chemical stress induction and immediately
after transient transfection with mAb in the CAGFP reporter host, suggesting that it may be
monitoring ER stress. To confirm that this prediction could be useful during a CLD pipeline the CALR
GFP reporter host had to be run through a typical CLD workflow vwher€ ALFGFP expression could

be monitored throughout. As the TOMZBFP reporter host did not show an increase in reporter
expression during chemical stress induction it was decided to not take the TGHRQeporter host

line through the CLD pipeline.

The CALFP host cell line was stably transfected with the mAb panel (Table 2.2.) and following
recovery and selection these potonal cell linesvere loaded and culture@dn the Beacoras per
Section2.4.3.Clonal cell lineshowed an overall consistentythe localisation of theeporter and cell
size(Figure 5.9.A.)However, thdntensity of the reporter variethetween different penssuggesting

that the CALRGFPmay be responding to differences in the folding environment of the ER potentially

causedoy differences in the levels of antibody expression betwelenes.

TheBeacontitre measurement Au scorég and productivity QP cannot be directly compared with
previous experimentsas variation is present between the chips, culture times and Spotlight assay
reagentlots. The general trend here was the same as the Spotlight titre assay measured in the mAb
expressing CHO clones in ChaptemAbs 13 had the higheAu scors, whilst mAbs 57 had much

lower Au scores96 cell lines were exported, ensuring that clones expressing a range of mAb types

were chosen with a range of Au scores to obtain good and bad producing cell lines.
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Figure 5.9. Single catloning of the CALISFP reporter host transfected with a panel of mAb constructs.

A) Selection of CAL-BFP reporter host line pens imaged on the Beacon 6 days after load on the FITC filter. Pens were expressing differestrncfsh Baporter intenst
cell counts and cell sizes varied across the pBhSpotlight Au score (*1000) for each of the 96 exported mAb lines after 6 days in autttine Beacondivided into thi
mAb construct Mean Au score also show@)Productivity (Qp, *1000) of the 98xported mADb lines after 6 days in cultua the Beacondivided into the mAb constru
Mean Qp also showrQp was obtained by dividing the Au score by the cell number.
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