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“We cannot solve problems with the same thinking we used to create them”

Albert Einstein



Abstract

Chinese Hamster Ovary (CHO) cells ability to produce complex glycoproteins which do not

illicit an immune response in humans makes them ideal hosts cell factories for the production

of recombinant therapeutic proteins. Their responses are well characterised through extensive

use in biopharmaceutical platforms, simplifying regulatory approval. Modern therapeutics are

shifting towards unnatural multi-specific and fragment-based antibody modalities, presenting

new challenges to host CHO cell factories. Cellular production bottlenecks can prevent promising

therapeutics from progressing to market, due to diminished product titre or quality. Despite

diverse cell engineering approaches to facilitate production, solutions are often highly context

specific and unique to individual molecule and CHO hosts evaluated.

This thesis is divided into two research branches aiming to facilitate the rapid identification of

context specific solutions to aid the production of modern therapeutics.

Through the design of an industry applicable transient Simultaneous Overexpression and Si-

lencing Co-transfection (SOSC) gene screening platform, a High Throughput (HTP) workflow

is developed. This facilitates rapid identification of product specific genetic engineering targets,

providing insights into context specific sensitivity of effector gene manipulation. This platform

was applied, evaluating stable Monoclonal Antibody (mAb) producers of opposing expression

difficulty, identifying several molecule specific and one host cell engineering target. Despite

this, relation of the experimental results back to the host specific transcriptomics dataset was

unsuccessful.

In parallel, compounds which alleviate pathologic protein aggregates in disease models were eval-

uated as novel tools to reduce aggregation rate in Difficult to Express (DTE) mAbs. This aimed

to demonstrate whether aggregate formation in proteopathic disease is mechanistically similar to

that of modern DTE therapeutics. An initial Proof of Concept (POC) study evaluating a small li-

brary of proteostasis regulators found most compounds resulted in non-toxic growth arrest. Upon

delayed supplementation, this resulted in several product specific titre and Specific Productivity

(qP) increases. Next, a diverse library of compounds associated with disaggregation in models

of proteopathic disease was identified. Preliminary assessments identified 53 hits, and the sub-

sequent evaluation found 20 % of the total library improved and/or titre of a model DTE mAb.

Keywords: Cell culture enhancers, CHO cell engineering, Folding and assembly processes, High
throughput screening, Monoclonal antibody aggregation, Proteopathic disease, RNA interference.
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Chapter 1

Introduction

1.1 Introduction

Cell culture technology has considerably matured in the last 20 years, evolving to become ever-

more reliable and robust. There are many steps to be optimized that synergistically contribute

to the successful exploitation of this technology and produce a given Recombinant Protein (r-

protein) at high quantity and desired quality, while keeping production costs low.

Production yield is dependent on numerous factors due to the complexity of Monoclonal An-

tibody (mAb) manufacture, therefore each step requires stringent evaluation and optimisation.

One major step is the upstream process, starting from the frozen vial of the producer clone

and ending with the harvest of the culture broth. Critical parameters in this procedure are; (i)

the time until the desired cell density is reached, determined by the specific growth rate (µ) of

the cells, (ii) the duration of the production phase enabling accumulation of r-protein from a

high-density and viable culture, and (iii) the obtainable product titre determined by the Specific

Productivity (qP) and the overall process duration.

Synthetic host cell engineering aims to increase the duration of a fed-batch process in the biore-

actor. The process improvements, which are often only empirically described, are facilitated by

achievements in vector design and genetic engineering of host cell lines.

1.2 Bio-Pharmaceuticals and Recombinant Protein Development

Paul Ehrlich proposed the idea of a ‘magic bullet’ in the early 20th century, theorising that if

a compound could be designed to specifically target a disease-causing pathogen, then a toxin

could be delivered alongside the selective agent (Tansey and Catterall 1994). In 1970, it was

understood that cancerous B-cells produce a single type of antibody, but it was not until 1975

that Georges Köhler and César Milstein fused myeloma cells with B-cells creating hybridomas

capable of producing specific antibodies to known antigens. Riechmann et al. 1988 pioneered

the process of mAb humanisation, eliminating immune reactions caused by previous attempts.

1
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Although natural analogues were the first bio-pharmaceutical products developed, mAbs are

the controlling force in the modern market (Walsh 2003). As of 2014, 47 mAbs have been

approved in the US and Europe with an average approval rate of 4 products per year, and a

predicted $125 billion per annum in sales by 2020 (Ecker et al. 2015). Monoclonal antibodies

are homogeneous molecules, created by identical cells all derived from a single parental clone.

Therefore, they have monovalent affinity to their target antigen. Theoretically, antibodies can

be raised to specifically bind to almost any substance, although development of these into a

production pipeline to create a U.S. Food and Drug Administration (FDA) approved drug can

be problematic.

The broad umbrella of bio-pharmaceuticals covers any pharmaceutical drug that has been man-

ufactured, synthesised, or extracted in/from a biological organism or component. These include

a vast array of products including vaccines, blood components, tissues and gene therapies (Rader

2008). Of interest to my project is the production of r-proteins. These are the most common

type of bio-pharmaceuticals, holding the largest market share of the industry by significant mar-

gins. r-proteins can be divided into a range of subclasses including analogues to natural proteins

(for example erythropoietin), monoclonal antibodies, fusion proteins, bi-specifics, biosimilars

and more.

As the r-protein industry has matured, molecules have been dissected into smaller antigen bind-

ing fragments deviating further from those found in nature, to produce mono and multivalent

fragments. The driving force is that often the Constant Domain of Antibody (Fc) of an IgG

can have undesired immune-activating effects (Holliger and Hudson 2005); a common failure for

antibodies targeting solid tumours with physical barriers. This is due to the large Fc region

limiting therapeutic effects by preventing the antibody penetration to the centre of the tumour

(Christiansen and Rajasekaran 2004). Antibody fragments are often used in place of whole IgG

molecules where accessibility can be a limiting factor.

Antibody fragments are typically based on the Fragment, Antigen Binding (FAB) domain or

Single Chain Variable Fragment (scFv) as building blocks (Figure 1). The Antibody Variable

Domain (Fv) consists of the variable domains of the heavy and light chains. Problematically,

Fv domains inherently have limited stability due to domain disassociation, hence a peptide

linker was introduced to create the scFv, which is a naturally monomeric multivalent fragment.

Varying linker length can allow control over the degree of multimerisation (Bird et al. 1988;

Holliger, Prospero, et al. 1993; Wilkinson, Hall, et al. 2009). Due to these characteristics,

scFvs have become one of the primary building blocks of antibody fragments. Once single

mouse Heavy Chain Variable Domains (Vhs) were shown to be functional, it was suggested they

may be able to target pathogenic receptors otherwise inaccessible to intact antibodies. The

Vh fragments encountered many problems including lack of affinity, solubility and aggregation

(Ward et al. 1989). This was not addressed until Vh domains containing long Complementary

Determining Region (CDR) loops were discovered in both camelids and the shark variable new

antigen receptor domain; allowing targeting of previously inaccessible active sites (Greenberg

et al. 1995; Muyldermans et al. 1994). Several companies have been founded based on these

single domain antibody technologies (Wesolowski et al. 2009).
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Figure 1.1: Schematic representation of different antibody formats.
Schematic representation of different antibody formats showing the classical IgG molecule, camelid heavy
chain IgG (hcIgG) and shark IgNAR alongside antibody fragments generated from these. Figure taken
from absoluteantibody.com on 21/11/2017.

Despite the above, a key drawback to antibody fragments is the lack of an Fc domain. Without

this, Fc-mediated membrane recycling and bidirectional transcytosis of IgG across epithelial

cells are prevented (Kuo and Aveson 2011). As a result, these molecules have a greatly reduced

half-life. This has led to independent research efforts by many companies such as Genentech,

Astrazeneca and Pfizer, in attempts to re-engineer this natural IgG property with molecules

containing a single FAB arm, or monovalent IgGs (half antibody) (Ishino et al. 2013; Martens

et al. 2006; Wilkinson, Fowler, et al. 2013). These engineering challenges require host production

cells to produce molecules beyond the standard IgG models which are outside of their natural

capacity, therefore a need exists to develop novel methodologies to supplement our existing

engineering toolbox. These molecules fall under the category of Difficult to Express (DTE)

mAbs, a category that includes; antibody-receptor fusions, condensed FAB regions, antibody-

drug conjugates, bi-specific and FABs antibodies. Models are also expanding to tri-specifics,

single Vh domains and beyond (Figure 1.1).

Bi-specifics are the largest upcoming classes of antibody and antibody-like proteins, which com-

bine at least two specific antigen-binding elements. As these do not naturally occur, they are

typically synthetically constructed. The primary advantage of binding multiple epitopes resides

in the ability for one arm to bind with a molecule, marker or organism, while the other arm acts

as an effector; allowing recruitment of effector cells or delivery of a payload (Gu and Ghayur

2012). Additionally, bi-specific molecules can be used to dual-target a cell type with much higher

specificity than mono-specific IgGs. Some key types are quadromas, hetero-dimeric bi-specific

IgGs, bi-specific fusion antibodies and multi-specific antibodies.

The first described bi-specific antibodies were created through the fusion of two hybridoma cell

lines, creating a quadroma (or hybrid hybridoma) cell line capable of secreting whole IgGs with

binding characteristics of both parental hybridomas (Milstein and Cuello 1983). However, due

to the random pairing of 4 heterogeneous antibody chains (2 heavy and 2 light), only 12 % yield

is the desired functional antibody, leading to production and purification challenges. Bi-specific



4 Introduction

antibodies are generally understood to be hetero-dimeric molecules (with each arm targeting a

different antigen). Several techniques have been developed to skew antibody formation towards

the desired antibody stoichiometry. These include knobs-in- holes, amino acid substitutions

by Genentech (Ridgway et al. 1996), and electrostatic steering by Amgen (Gunasekaran et al.

2010), however these only address the issue of heavy chain association. To address the final

issues of light chain shuffling, two key options exist. Firstly, CrossMab (Roche) exchanges the

proximal CH1 and CL domains on one arm, keeping the Vh and Light Chain Variable Region

(Vl) domains constant, making heterodimer formation preferential (C. Cain 2011). Alternatively

switching to an scFv-Fc model, whereby the heavy and light chains are linked together.

Bi-specific antibody fusions have been considered to avoid the manufacturing complications

associated with heterodimeric bi-specific antibodies such as heterodimer formation and light

chain shuffling. Direct coupling of domains in fusion molecules avoids the production of shuffled

variants but results in a non-standard IgG molecule.

Figure 1.2: Graphical representations of antibody formats.
A) duel variable domains B) IgG-scFv and C) scFv-Fc-scFv fusion. Grey regions are non-modified from
the traditional IgG model, green and blue regions represent differential specificities. Figure taken from
absoluteantibody.com on 29/11/2017.

Figure 1.2 shows several different bi-specific antibody fusion modalities. The first is the Duel

Variable Domain (DVD) IgG developed by Abbott where the N-terminus is elongated by addition

of a second variable domain resulting in a hetero-tetramer molecule possessing 2 heavy and 2

light chains with tandem variable domains, as shown in Figure 1.2a (Gu and Ghayur 2012).

Other approaches include engineering an antibody that binds one antigen at the N-terminus,

and another at the C-terminus (Figure 1.2b), or an scFv-Fc-scFv format can be used where the

variable domains on both aspects of the bi-specific molecule are linked (Figure 1.2c). Multi-

specific antibodies can be generated by combining any of the existing technologies to create tri-,

tetra- and penta-specific antibodies. Examples include AstraZenecas’s reported IgG with back

to back scFvs on the molecule C-terminus, and the linking of antigen binding peptides to the C

and/or N terminus to allow up to 5 specificities by Zygenia (Dimasi et al. 2015; LaFleur et al.

2013).

With mAb development progressing rapidly, there are ever-increasing pressures to produce com-

plex and un-natural molecules on a large scale, at high qualities to reach commercial viability.
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Several examples of the most complex molecules are shown in Figure 1.3.

Figure 1.3: Examples of multimeric, multi-specific antibodies.
(a) bi-specific tri-Fab molecule, (b) & (c) bi-specific HexAB’s, (d) Penta-Fab structure with a tandem
AD2-Fab module, (e) 3 tri-specific octovalent antibody. Variable domains (V, pink, green or blue) and
constant domains (C, grey) of the heavy (H) and light (L) chains respectively with locations for locking
disulphide bridges as red lines.

1.3 Chinese Hamster Ovary Cells

Emerging challenges focus on successfully producing complex molecules emerging via drug dis-

covery pathways. Production of molecules involves inserting the genetic vector for the mAb

into the production cell line. Next, stringent clonal selection procedures are undertaken to iso-

late the best performing clone that can successfully grow and produce the product with a high

abundance and quality.

Chinese Hamster Ovary (CHO) cells were originally isolated from the epithelium of a Chinese

hamster in 1956, and remain the most commonly used host in the bio-pharmaceutical industry

for the production of therapeutics (Wurm 2004). The most notable CHO cell developments

are CHO-K1 (isolated in 1957); the first cell line used for protein production, and CHO-DG44

(created in 1983); the first cell line lacking the DHFR locus allowing antibiotic-free pressured

selection of plasmid Deoxyribonucleic Acid (DNA) (Wurm & Hacker 2011; Urlaub et al. 1983).

Today many variants of the original CHO cell lines have been developed into suspension culture,

with bio-pharmaceutical companies having multiple cell lines with specifically defined purposes,

predisposed to best produce different antibody modalities. Advances in cell culture technology

support production titres of more than 10g/L, bringing the cost of therapeutic proteins lower

(J. Y. Kim et al. 2012). Many reasons exist for CHO cells remaining the popular choice for
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protein production. Primarily they have been demonstrated as safe over the course of two

decades, making approval for therapeutic proteins from regulatory agencies such as the FDA

more straightforward. Secondly, powerful gene amplification processes exist such as DHFR-

mediated or GS-mediated systems allowing high qP to be achieved (J. Y. Kim et al. 2012).

CHO cells also perform efficient post-translational modifications when compared to other options

(bacteria, insect cell lines and murine myeloma cell line (NS0) and Human Embryonic Kidney

293 (HEK293) cells), producing glycol-forms that are biologically active and compatible with

humans (Haas et al. 2007). Lastly CHO cells have been easily adapted to serum-free suspension

growth conditions; important for both regulation and use in large scale bioreactors.

Bandaranayake1 and Almo 2014 analysed cell culture technology developments, describing how

30 years ago bioprocesses were operated for 7 days in batch mode achieving cell concentrations

of 3× 106 cells.ml−1 and r-protein yields of up to 100 mg.l−1. In 2007, modernised processes

reached much higher cell densities, and mAb titres of 1–5 g/L, due to improved basal media

and feed strategies. Further developments in specific feed concentrates to meet the different

demands throughout cultivation phases (such as lag, exponential and stationary phase) enable

even higher cell concentrations and titres beyond 10 g/L (Figure 1.4) (Kunert and Reinhart

2016). Recently, continuous strategies such as perfusion systems have begun to gain momentum

led by a paradigm shift in process development from prioritising higher titres to control over

product quality and improving process consistency (Kelley 2009).

Figure 1.4: Culture density and titre trends over time.
Taken from (Kunert and Reinhart 2016) demonstrating the exponential increase in both maximum cell
densities and product titres over the last 30 years.

Until 2011 CHO cell engineering was genetically limited as no CHO sequenced genomics ex-

isted. Due to this, genetic engineering approaches were based on sequenced Mouse and Human

genomes, with limited success. The first ancestral CHO-K1 genomic sequence was presented by

X. Xu et al. 2011 comprising of a of 2.54 Gb genomic sequence assembly, and 24,383 predicted
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genes (X. Xu et al. 2011). Although full annotation of the genome is a lengthy process, with sig-

nificant variability between CHO lineages, this has become a vital tool in the CHO engineering

toolbox, allowing elucidation of components and characterization of poorly understood pheno-

types. Another important finding identifies 99% homology to the human glycoprotein profile,

with 53% actively expressed, opening up a unique opportunity for glycoprotein manipulation in

CHO cells (X. Xu et al. 2011). These allow CHO engineering to be approached in an information

based maner, using bioinformatic evaluation to inform our experimental decisions.

1.4 Engineering the ER and UPR

Protein secretion allows a vast array of diverse events to occur, from enzyme secretion in saprobes

to hormonal signalling in multicellular organisms, and facilitates the production of r-proteins

in most production hosts, making it one of the most important processes in eukaryotes (Güler-

Gane et al. 2016). Protein secretion is multifaceted, utilising numerous steps spanning multiple

cellular compartments. The secretory pathway has two primary functions; performing proper

folding and Post Translational Modification (PTM) of proteins (for example glycosylation) and

directing proteins to their intra- or extra-cellular destination. The diverse processes along the

secretory pathway are handled by secretory components and protein traffic is directed by nu-

merous regulatory and structural proteins (J. K. Liu 2014). A specific set of regulatory proteins

are dedicated to elicit the correct secretory response to circumstantial factors such as cellular

stress, environmental changes and nutrient availability (Kaufman 1999). Malfunctions in secre-

tory components are often the result of human neuropathies such as Huntington’s, Alzheimer’s,

and Parkinson’s diseases. Additionally, protein specific misfolding can lead to cystic fibrosis and

antitrypsin deficiency (Vembar and Brodsky 2008; Yoshida 2007).

Although major successes have been achieved, particularly with mAbs and complex antibody

derivatives, increased transcriptional activity does not always enhance the amount of secreted r-

proteins due to reaching a plateau. Hence, very high transgene copy number and messenger RNA

(mRNA) levels may not correlate with an elevated protein yield. Furthermore, such approaches

can be unsuccessful for some proteins, whereby moderate levels of secretion cannot be achieved.

This is hypothesised to be linked to the cells inability to cope with the synthesis or processing

of complex and DTE proteins, eliciting cellular stress responses and cell toxicity effects (Johari

et al. 2015; A. A. Shukla et al. 2017).

Additional cellular bottlenecks likely include downstream cell machinery such as polypeptide

processing, modification and/or secretion (Le Fourn et al. 2014). Limitations on the expression

of r-proteins may reflect the cell inadequately handling the necessary post-transcriptional events

to effectively keep up with the high supply of the mRNA and polypeptide. This would result in

post-translational steps becoming limiting factors, in addition to yielding proteins bearing het-

erogeneous or variable modifications. Hence, consistent production of r-proteins at high yields

requires the identification of limiting bottlenecks, as well as specific engineering strategies to

modify and improve the post-translational protein processing and secretion machineries. The

secretion of proteins by mammalian cells is a complex pathway involving polypeptide transloca-
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tion from the cytosol into the lumen of the Endoplasmic Reticulum (ER), where they fold and

assemble before being targeted to their destination (Figure 1.5). 1

Luminal Recognition / Peptide Folding

Disulphide Bond Formation

Glycoform Maturation Mature Product Secretion

ER-associated Degradation Misfolded Peptide Pool

Figure 1.5: KEGG pathway: Protein processing in the endoplasmic reticulum.
The image highlights the scale of point of intervention to stimulate or disrupt protein processing to impact
overall yields and product quality. Arrows show major known interactions between host endoplasmic
reticulum. Although far more interactions occur, these may have less impact or need further evidence to
be added. Image is taken from Kanehisa and Goto 2000 and adapted for purpose.

Many studies report that the bioengineering of host cell lines may improve the modification

or secretion of heterologous proteins and other therapeutics (Baik, Gasimli, et al. 2012; Goh

et al. 2010; Y. Lim et al. 2010; R.-W. Peng and Fussenegger 2009; P. Zhang et al. 2010).

Functional proteins involved in the various post-translational steps of the endoplasmic reticulum,

secretory pathway and of exocytosis have been studied, and could be successfully engineered to

solve bottlenecks and cellular limitations (Mariati et al. 2012). It was shown that chaperones,

Unfolded Protein Response (UPR), ER-Associated Protein Degradation (ERAD) components,

and stress-mediated apoptosis pathway ER components can be modified and over-expressed

to create novel host cell lines allowing higher production capacities. For example CHO cells

have been engineered to express differing protein di-sulfide isomerases or XBP1; a regulatory

transcription factor for secretory cell differentiation and ER maintenance, showing a decrease ER

stress and increase protein titres (Borth et al. 2005; R.-W. Peng and Fussenegger 2009; Tigges

and Fussenegger 2006). Other attempts included the chaperone expression such as ERp57,
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CANX, CALR and BIP in CHO cells (Chung et al. 2004; S. O. Hwang et al. 2003; Morris et al.

1997). A key limiting factor in this research is the molecular mechanisms by which these ER

proteins can improve protein secretion and their ability to act on various r-proteins have not

been studied systematically. This is proving challenging as changes in cell performance vary

greatly in a product dependent manner, reliant on the specific CHO cell line used. Increasingly

trends point towards extreme specificity of production with different engineering targets, hence

it is unlikely that an improved cell line can be produced to ubiquitously increase expression of

r-proteins.

The UPR is a cellular response activated by ER stress that is conserved between all mammalian

species, yeast and worm organisms. However, if the UPR fails to equilibrate the cellular envi-

ronment to normal levels, cell dysfunction and death follows (Oslowski and Urano 2011). The

UPR consists of 3 distinct branches, each initiated by a different ER-transmembrane protein:

IRE1, PERK, and ATF6. Under stress-free conditions, BIP binds to these master switches in-

hibiting their activity (Oslowski and Urano 2011). Each of the mentioned UPR regulators have

distinct functions in adaptive response, feedback control and cell fate regulation respectively,

and ultimately dictate whether the cell will survive, or initiate apoptotic pathways (Oslowski

and Urano 2011).

IRE1, a type I ER transmembrane kinase, senses ER stress leading to dimerisation and auto-

phosphorylation, activating downstream signalling cascades. IRE1 exists in two isoforms; IRE1α

and IRE1β. IRE1α is expressed ubiquitously in all cell types. Activated IRE1α splices XBP1

mRNA, which is a transcription factor that up-regulates UPR target genes involved in ERAD

and protein folding, such as EDEM1 and P4HB (Calfon et al. 2002; A.-H. Lee et al. 2003;

Yoshida, Matsui, Hosokawa, et al. 2003; Yoshida, Matsui, Yamamoto, et al. 2001). Elevated

levels of chronic ER-stress can cause recruitment of TRAF2 and the activation of ASK1, leading

to the regulation of the BCL2 family of proteins (Nishitoh et al. 1998). IRE1β is less well

documented in the relevant literature.

PERK is also a type I ER transmembrane kinase and similarly to IRE1α when ER stress removes

inhibition from BIP, PERK oligomerizes, auto-phosphorylates and then directly phosphorylates

eIF2α (Nishitoh et al. 1998). Once phosphorylated, eIF2α prevents the formation of ribosomal

initiation complexes causing a global reduction in mRNA translation, protecting cells from ER

stress-mediated apoptosis (Nishitoh et al. 1998). Meanwhile, ATF4 requires eIF2α phospho-

rylation for translation, resulting in regulation of several UPR target genes including CHOP

(Harding et al. 2000).

The third arm of ER stress signalling is regulated by the type II ER transmembrane transcrip-

tion factor ATF6, which exists in two isoforms; ATF6α and ATF6β. Only ATF6α has been

extensively studied concerning ER Stress. Upon ER stress conditions, ATF6α moves into the

Golgi and is cleaved by proteases. The processed form of ATF6α activates UPR genes and as-

sociates with protein folding and degradation after translocating to the nucleus (Harding et al.

2000).

Additional tools are constantly being developed to aid the ever-growing bio-pharmaceutical in-
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dustry. One thought-provoking report (Lund et al. 2017) recently used literature from the Yeast,

Human and Mouse secretory pathways to compile a comprehensive catalogue of characterised

ER and secretory genes with functional annotations and interactions. In total 801 distinct

components were mapped from Mouse literature; the most comprehensive to date. These were

then applied to CHO-K1 using comparative genomic and transcriptomics data resulting in 764

validated and annotated CHO secretory components, providing a strong platform for target

selection of an RNA Interference (RNAi) screen of ER and secretory pathway components in

CHO cells.

1.5 RNAi

1.5.1 Overview of principles

RNAi is a naturally occurring biological process by which Ribonucleic Acid (RNA) molecules

inhibit gene expression or translocation to accurately silence a gene with high potency. This is

historically known as co-suppression or post-transcriptional gene silencing. Two key discoveries

lead to the birth of RNAi. The discovery of the regulatory lin-4 and let-7 Micro RNAs (miRNAs)

led to the discovery of RNAi by Double Stranded Ribonucleic Acid (dsRNA). RNAi was first

experimentally documented when Fire et al. 1998 demonstrated that 20-25 nucleotide small

interfering RNA (siRNA)s are the key effectors of RNAi in C. elegans.

In mammalian cells, a global non-specific mechanism for inhibition of protein synthesis was

observed through exposure to dsRNAs greater than 30 bp (Tran et al. 2004). PKR, and 2’,

5’ oligoadenylate synthetase (2’, 5’-OAS) are shown to be responsible for non-specific silencing.

PKR shuts down global protein synthesis through phosphorylation of translation initiation factor

eIF2α. Resultantly, RNase L is activated inducing non-specific degradation of all mRNAs in

a mammalian cell (Tran et al. 2004). The non-specific interference pathways represent the

mammalian cell response to viral infection or other stress (Bass 2001). Tuschl first demonstrated

that RNAi could be directly mediated by siRNA mammalian cells, as siRNA does not integrate

into the genome, hence the RNAi response is only transient. However, stable gene suppression

can be induced through utilization of RNA Pol III promoter-driven expression of Short Hairpin

Ribonucleic Acids (shRNAs) (Elbashir et al. 2001).

In nature, RNAi plays a protective role defending against parasitic nucleotide sequences from

viruses and transposons, in addition to having regulatory functions during development (Saurabh

et al. 2014).

The inherent RNAi pathway is found in many eukaryotes, including animals and is highlighted

in Figure 1.6. It is initiated by the Dicer complex, that cleaves exogenous dsRNA (in plants),

or shRNA (in humans) molecules into short fragments of 20-25bp. Short dsRNA in the cells

cytoplasm initiates the RNAi process through activation of the RISC. Each siRNA is unwound

into 2 Single-Stranded Ribonucleic Acid (ssRNA), known as the guide and passenger strands.

The guide strand is incorporated into the RISC, while the passenger is degraded. The best

studied outcome of this process is post-transcriptional gene silencing whereby this complex binds

to and cleaves mRNA complementary to the guide strand, through induction of Argonaute 2
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Figure 1.6: Representation of dsRNA degra-
dation by DICER and RISC complexes.
The DICER RNase III complex identifies the dsRNA
and cleaves them into 21 to 25 bp siRNAs. These
molecules are recognized by the RISC complex, leav-
ing the antisense strand in the RISC, resulting in the
complex activation. The activated RISC next targets
and cleaves complementary mRNA to the antisense
strand of the siRNA (Portilho and Almeida 2011).

(Portilho and Almeida 2011). The initiating dsRNA can also be endogenous, in the form of pre-

microRNAs expressed from RNA-coding genes. Primary transcripts are first processed into the

stem-loop structure in the nucleus before export from the nucleus to the cytoplasm (Bagasra and

Prilliman 2004). This silencing mechanism makes RNAi an invaluable research tool, as synthetic

RNA introduced into cells can selectively and consistently induce robust suppression of individual

Gene of Interest (GOI). Modern applications of RNAi in cellular engineering involve large-scale

high-throughput screens systematically shutting down individual genes to aid identification of

components necessary for a particular cellular event (Kupferschmidt 2013).

1.5.2 RNA isoforms: siRNA, miRNA, and esiRNA

Various RNAi methods have been employed for siRNA based knock-down of specific genes in

mammalian cells (G. Hu et al. 2009). DNA-vector-mediated RNAi silences genes transiently in

mammalian cells, while other expression systems are used for stable silencing. The promoters of

RNA polymerase II and III, U6 and H1 respectively, have been used for stable silencing (Hu et

al. 2009), along with Transfer Ribonucleic Acid (tRNA) promoter-based systems. Additionally,

retroviral-vector-based delivery of siRNAs has also been utilized for more efficient silencing.

Interestingly, transgenic mice have been established with germline transmission of a shRNA

expression cassette for silencing of genes not targeted by homologous recombination-based ap-

proaches (Tiscornia et al. 2003).

The use of RNAi is not limited to the determination of gene function, in fact having many

potentials in healthcare applications, such as treatments for viral infections and cancer. Viral

and human genes required for viral replication can be attacked to generate viral-resistant host

cells or to treat viral infections (J. A. Smith et al. 2010). Oncogenes, which accelerate cancer

growth, can also be targeted by RNAi, are important for neurovascularisation, and could prevent

tumour growth (Chaika et al. 2012; S. K. Shukla et al. 2015).

An siRNA is a 20-25 nucleotide long dsRNA molecule possessing 2-3bp 3’ overhangs. Normally,
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siRNAs are generated by DICER cleavage and phosphorylated by kinases before entering the

RISC complex (Denli et al. 2004). It is hypothesised that the hydroxylated 3’ termini are

essential for siRNA-primed amplification steps. Studies have shown non-priming alterations in

the 3’ hydroxyl group did not adversely affect RNAi-mediated silencing. They described how

siRNAs operate as a guide, not the primer-RNAs for gene repression in human and Drosophila

RNAi pathways (Schwarz et al. 2002). Conversely, other work demonstrates modifications to the

3’ end of the siRNA anti-sense strand abolished RNAi silencing, while modifying the 3’ end of the

sense-strand had no negative impact on RNAi silencing (Hamada et al. 2002). When combined,

these support the model that each strand of siRNAs possesses differing functions in the RNAi

process, with the 3’ hydroxylated end of the antisense strand likely priming amplification.

Micro RNAs are 19–25-nucleotide small RNA strands produced by cleavage of endogenous

70 nucleotide non-coding stem-loop precursors by the DICER complex. The miRNAs can ei-

ther repress the target mRNA translation (mostly in mammals) or facilitate mRNA destruction

(mostly in plants), allowing for minor sequence mismatches (Ambros et al. 2003). Currently,

approximately 2000 different miRNAs have been identified across a spectrum of species includ-

ing plants, animals and lower species. Following the most common terminology, miRNAs with

well-characterized functions (lin-4 and let-7 etc.) are referred to as Small Temporal Ribonucleic

Acids (stRNAs), while those with unknown functions are called miRNAs (Ambros et al. 2003).

Many miRNAs have been characterized due to physiological roles in cancer and other diseases

(Singh et al. 2012). Over recent years miRNA focused cell engineering has gained increasing

attention (Jadhav et al. 2013). Contrastingly to single gene over-expression and knock-down

strategies, miRNAs open the possibility of regulating entire signalling networks, as a single

miRNA can post-transcriptionally suppress up to 100 different mRNA targets (Barron et al.

2011; Hackl et al. 2012).

Tiny Non-coding Ribonucleic Acids (tncRNAs), which are very similar to miRNAs in size, have a

single-stranded structure and lack of complementation to a given mRNA. The key differentiation

factors are their lack of processing from a hairpin precursor and phylogenetic non-conservation.

Like miRNAs, tncRNAs are transcribed from non-coding sequences, however, the developmental

role they take is not fully understood.

An endoribonuclease prepared small interfering siRNA (esiRNA) is a cocktail of siRNA oli-

gos formed by cleavage of a longer 200+bp dsRNA by RNase III or DICER in-vitro Kittler

et al. 2004 . Generally, esiRNAs are created through Complementary Deoxyribonucleic Acid

(cDNA) template amplification by Polymerase chain reaction (PCR) followed by tagging with

bacteriophage promoter sequences. This facilitates RNA polymerase mediated transcription of

DNA. This complex mix of siRNAs is like the mixture created by in-vitro DICER RNAi, hence

the nomenclature endoribonuclease prepared. The heterogeneous mixture of siRNAs targeting

the same mRNA sequence led to highly specific effective silencing, greatly reducing non-target

specific phenotypes. Figure 1.7 highlights the increased specificity and reduction of Off-target

Effects (OTEs) offered by esiRNAs over individual siRNAs and pools of siRNAs. Buchholz

suggests that within a complex mixture, each siRNA is found at a low concentration, and the

on-target effect of the multiple siRNAs is additive. Although each siRNA may also have an
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off-target effect, these differ for each siRNA in the mix, hence the off-target effects are diluted

out (Theis and Buchholz 2011).

Figure 1.7: Comparison of siRNA and esiRNA as knockdown methods.
(A) Comparative overview of esiRNA and siRNA methodologies. siRNAs target a region of 19 bp to 23 bp
in a transcript. esiRNAs are heterologous pools of many differing siRNAs covering a region of 300 bp
to 600 bp of the target transcript. Note each siRNA within this pool has different off-target signatures
(represented by letters). Hence pooling dilutes out OTEs whereas the on-target effect remains unaltered.
(B) Expression array analysis of changes in transcription levels after MAPK14 depletion by both RNAi
techniques. Transcripts which are significantly altered (p <0.01, blue: down-regulated and red: up-
regulated) are shown in clusters. Increasing numbers of pooled siRNAs (1–12 individual siRNAs) reduces
the number of off-target events. show the most specific knock-down (bottom panel). Figure taken from
Theis and Buchholz 2011.

1.5.3 Targeting, prediction and design rules

RNAi technology is applicable for gene silencing in many species and has been used extensively

in C. elegans for functional genomics. High-throughput investigation of most of the 19,000 genes

has been accomplished for C. elegans with one group producing an RNAi library, representing
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86% of the genes (Singh et al. 2012). This strategy has been replicated with varying levels of

success in multiple other model organisms, including some human studies (G. Hu et al. 2009).

In order to streamline screening efforts, specific siRNA design rules have been proposed and vali-

dated over several years (S.-C. Wu 2009). Original proposals by Tom Tushel suggested generating

23 nt duplexes following the motif AA(N19)TT (N; any nucleotide) containing approximately

50 % Guanine and Cytosine (GC) content. As molecule thermodynamics effect initial recognition

of the siRNA-RISC complexes, a lower GC content (36 % to 52 %) and avoiding internal repeats

were found to benefit stability (Reynolds et al. 2004). Additionally, the sequence-specific prop-

erties of siRNAs can influence critical siRNA-protein interactions required for mRNA cleavage.

These include an A in positions 3 and 19 of the sense strand, the absence of G or C in position 19,

a U at position 10 and the absence of G at position 13 of the sense strain (Mittal 2004; Reynolds

et al. 2004). Other reported criteria include the absence of U at position 9, the presence of G

or C but no U at 15 of the sense strands, and the 3’ overhang nucleotide 2 preferentially being

A and avoiding C (Bradáč et al. 2007). These rules generally only apply to synthetic siRNAs

and plasmid-encoded shRNAs because the siRNA duplex is completely conserved in naturally

occurring miRNAs.

Early excitement about RNAi was initially dampened by false-positive results. Like all screening

approaches, RNAi has a strong association with false discovery, particularly connected with off-

target effects OTEs (Echeverri et al. 2006; Sigoillot and King 2011). A large practical challenge

of RNAi applications in research is the prediction and minimisation of these OTEs. As RNAi

intersects with multiple pathways, often non-specific effects are triggered by the experimental

introduction of siRNAs when RNAi reagents bind to RNAs other than their intended target,

owing to partial complementarity. Additionally, when a mammalian cell encounters a dsRNA it

may confuse this as of viral origin, initiating an immune response. Screens may be undertaken

to identify engineering targets for improving various capacities of production cell lines. The

issue arises when secondary genes with incomplete complementarity are silenced alongside the

GOI. This may lead to incorrect conclusions over the GOIs function.

Off-target effect mitigation is continually improving with advancing technologies and can be

minimised with appropriate experimental controls and powerful siRNA design algorithms. The

most powerful of these is DEQOR; a web-based design tool for siRNA quality and specificity

(Hendershot 2004). DEQOR utilises multiple algorithms to maximise siRNA potency including

sequence length, GC content and inclusion/aversion of specific nucleotide sub-chains. Further-

more, specificity can be evaluated by a Basic Local Alignment Search Tool (BLAST) search

incorporated into the program. The two predominant variables are siRNA potency and CHO

cell dependent specificity, as currently the DEQOR BLAST search application does not support

direct CHO or C. griseus inputs.

New experimental approaches and the use of novel genome-engineering systems to validate RNAi

results are allowing better and faster identification of OTEs. Conversely, RNAi screening in

mammalian cells has paved the way for innovation in related areas, including the use of miRNA

mimics and inhibitors, the use of RNAi or mutagenesis in three-dimensional mammalian culture

systems, and the development of in-vivo disease models in mice (S. E. Mohr et al. 2014).
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1.5.4 High-throughput RNAi Screening

RNAi screening combines the power of genetic screens with the rapid time-frame of phenotypic

assays — the use of which had previously been limited in cell lines to small-molecule screens.

RNAi screening has made it possible to identify new genes, or gene networks, and elucidate their

function in a wide variety of biological processes. This includes areas such as signal transduction,

organelle or protein localization and/or function, cell and organelle morphology amongst others

(Boutros and Ahringer 2008).

RNAi technology introduced functional genomic studies in human and other types of cultured

and primary cells. Cell-based RNAi screening compliments established techniques, instrumen-

tation, assays and liquid handling methods previously developed for chemical screening in cells.

Overall, cell-based RNAi screens provide a rapid and accessible platform for genome-scale func-

tional studies (Boutros and Ahringer 2008; S. Mohr et al. 2010; Neumüller and Perrimon 2011).

Typically, large screens are facilitated by emerging genome-wide RNAi libraries, developed by

both academics and commercial entities. New libraries help build our understanding of the

most effective strategies for design and delivery of RNAi reagents. To date, hundreds of large

scale screens have been undertaken in C. elegans, D. melanogaster, mouse and human cell lines

(E. Yanos et al. 2012; S. Mohr et al. 2010; Perrimon et al. 2010; Root et al. 2006). More

recently, methods have been developed for screening neuronal and muscular primary Drosophila

cells of embryonic origin (Bai et al. 2009). In addition, an increasing number of studies are

being performed using mammalian stem cells (Zou 2010). High quality transcriptomics data for

tissues, tumours and cell lines, made available by rapid advances in next-generation sequencing

technologies, is constantly shifting and updating choices and interpretation of cell-based RNAi

screen data (Neumüller and Perrimon 2011; Nijwening and Beijersbergen 2010; Sioud 2011).

1.5.4.1 Previous CHO applications of RNAi screening

Documentation of previous RNAi screening studies in CHO cells is limited with publication

dates ranging from 2006 to 2019. Of these, S.-C. Wu 2009 is a review highlighting the prospects

of RNAi in improving r-protein production in CHO cells. Synthetic RNAi silencing of host

gene expression has been used in a variety of ways to improve commercial cell lines. The

stable silencing of Bax and Bak of the Bcl2 family of genes using shRNA vectors have been

shown to improve both viability and yield of CHO producer cell lines (S. F. Lim et al. 2006).

Additionally, duel silencing of both caspase-3 and caspase-7 simultaneously followed by Sodium

Butyrate (NaBu) treatment displayed marked benefits to production cell lines (Y. H. Sung et al.

2007). Both methodologies primarily impact genetic control of the apoptotic pathway via the

mitochondrial branch (Bcl2) or terminal apoptotic activators (caspases) (Arden and Betenbaugh

2004).

Klanert et al. 2019 applied a whole mouse genome siRNA library to CHO cells, identifying

two hits. When evaluated in multiple cell lines producing therapeutic proteins, several product

specific titre and qP improvements were observed. However, titres were low in the 30 mg.l−1 to

200 mg.l−1 range, therefore applicability to biopharmaceutical development processes is limited.
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Furthermore, silencing of glycosylation associated gene expression in CHO cells has been shown

to enhance product efficacy, offering great cost per dose reductions. The in-vivo circulating half-

life of glycoproteins can be manipulated from minutes to hours or days. The use of stable shRNA

vectors against sialidase cDNA can reduce sialidase activity, reducing the rate of sialic acid

removal, improving glycoprotein production yield (Ngantung et al. 2006). Also looking at post-

transcriptional modifications, the use of siRNA targeting FUT8 can result in a defucosylated

IgG1 product, which in one instance had 100-fold greater antibody-dependent cell-mediated

cytotoxicity (Mori et al. 2004). This effect has been further amplified by double silencing of

FUT8 and GMD (Imai-Nishiya et al. 2007). Lastly, an siRNA approach has been used to reduce

glucose consumption rates, resulting in slowing the rate of lactate production, improving culture

longevity and r-protein production (S. H. Kim and G. M. Lee 2007).

Up to 2009, several groups have investigated the promise of RNAi in production cell lines.

One approach is to use genome-scale micro arrays on producing lines looking for globally down

regulated genes. The ‘hits’ from 3 studies have been highlighted in Table 1.1.

Table 1.1: Examples of gene down-regulation correlating with increased r-protein produc-
tion.
Genes highlighted from genome-scale micro-array studies, in which effector gene down-regulation is cor-
related with high r-protein production in CHO cells.

Author Highlighted Targets

Wong et al. 2006 Rpl37a, Ercc5, Pgm2, Igfpb4, Bcl10, Ptma, S100a6, BIP, Atp5,
GJA1

Yee, Gatti, et al. 2008 Fdps, Cyp51, Sc5d, Csel1, Chek1, Ptma, Apc, Pdcd4, Dap3, Traf3,
Bid, Gadd45b, Ppid, Trap1, XBP1

Trummer et al. 2008 Itpr3, Tuba1, Fads3, Hmgcs1, Ncam1, Tmsb4x, Spnb2, Flnb,
S100a13, Vldlr, Usp34, Ntan1, Abhd6, Pdhb, Mdh1, Gstm5, Papolg,
Nipbl, Cul4a, Pdhb, Mdh1, Nup155, Vdac3, Mtif2, Cct6b, Spnb2,
Nup155, Vps54, Golga7, Vldlr, Papolg, Ash2l, Sertad2, Mrps31,
Tm2d2

There are several other published examples of RNAi based gene silencing in CHO cells aiding

r-protein productivity. In 2012, Hamond and Lee demonstrated transient silencing of cofilin,

a regulator of actin cytoskeleton dynamics, can enhance specific productivity by up to 80 % in

multiple CHO cell lines. In support, replication of transient data using stable shRNA vectors

resulted in a 65 % productivity improvement, suggesting cofilin modulation alongside its regu-

lators may be a viable approach for further CHO engineering (Hammond and Kelvin H. Lee

2012).
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1.6 Molecular Chaperones, Chemical Chaperones and Regula-

tors

1.6.1 Chemical Chaperones

The use of chemicals as chaperones and regulators is not a new concept. In the field of protein

synthesis and UPR, there has been a large research focus on the use of chemical chaperones in

disease pathology, especially those involving protein folding such as Alzheimer’s, Parkinson’s,

Huntington’s and other prion diseases.

Molecular chaperones are proteins which interact with the none-native form of proteins assisting

in folding or unfolding, and are not present in the final structure. This mechanism is the first,

and strongest line of defence against protein misfolding and aggregative expansion (Muchowski

and Wacker 2005). Over expression of HSPs, the prominent family of molecular chaperones in

cells has been shown to have neuroprotective properties in neurodegenerative diseases. This has

led to studies of HSPs as potential therapies, making them an interesting target for production

cell line engineering (Muchowski and Wacker 2005).

Chemical chaperones are low molecular weight compounds that specifically bind proteins in-

ducing refolding or structure stabilization, aiding restoration of protein function. Chemical

chaperones can be divided into 2 subgroups: osmolytes and hydrophobic compounds. These

have a nonspecific mode of action and often cannot bind directly to the proteins, unlike phar-

macological chaperones. Frequently, they only have effect at high molar concentrations, so they

have been historically neglected as therapeutic agents (Bernier et al. 2004).

Cellular osmolytes are ancient members of stress responses, playing a significant role for organ-

isms exposed to stress conditions. The major osmolytes in eukaryotes are restricted to a few

classes of low molecular weight compounds: free amino acids and their derivatives, polyols, and

methyl-amines. Under denaturing environmental conditions, the intracellular environment is

enriched with organic osmolytes increasing the stability of proteins without affecting their ac-

tivity. Osmolytes appear to be involved in particular individual stress conditions, while polyols

protect cells against extreme temperature and dehydration. Amino acids protect against high

extracellular salt environments, and methylamines are present in urea-rich cells (Yancey et al.

1982). A recognised example of cellular osmolytes to bio-pharmaceuticals is Dimethyl Sulfoxide

(DMSO).

Generally, hydrophobic chaperones such as sodium 4-Phenylbutyrate (4-PBA) and bile acids

have a mechanism of action defined by the interaction of hydrophobic regions of the chaperone

with exposed segments of the unfolded protein protecting it from aggregation. 4-PBA and bile

acids reduce aggregate accumulation in vivo and in vitro, reversing ER stress. However, it has

been suggested these molecules have more complex mechanisms of action with higher levels

of regulation (Cuadrado-Tejedor et al. 2011). 4-PBA has potential benefits for a wide variety

of diseases including cancer, cystic fibrosis, thalassemia, spinal muscular atrophy as well as

protein folding diseases such as type 2 diabetes mellitus, Amyotrophic Lateral Sclerosis (ALS),

Huntington’s, Alzheimer’s, and Parkinson’s. Although 4-PBA has been classically described as
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a chemical chaperone, based on its effects on ER stress and aggregate accumulation, the actual

molecular mechanisms involved in its beneficial effects are not completely clear (Cortez and Sim

2014; Ozcan et al. 2006).

1.6.2 Proteostasis Regulators

Primarily, the proteome is maintained by ER localised biologic pathways. ER quality control

pathways regulate secreted proteins by directing non-native conformations between folding and

degradation pathways. These pathways prevent the secretion of incorrect conformations of

proteins (Wiseman et al. 2007). Energetically destabilised proteins are generally targeted to

degradation pathways as low stability prevents them from properly folding within the steady-

state ER environment. However, stable proteins can efficiently fold in the ER, increasing their

trafficking to downstream environments.

Since the components of both these pathways engage non-native protein conformations, chang-

ing the relative activities and stoichiometry’s of the pathways directly influences the relative

flux of polypeptides through folding or degradation pathways. For instance, increasing the ac-

tivity of ER protein folding pathways via ER chaperones and folding factor over expression can

reduce targeting of non-native proteins to degradation pathways, facilitating folding through

iterative chaperone cycles (Wiseman et al. 2007). The extracellular aggregation of destabilized,

aggregation-prone proteins such as TTR or IgG light chains are implicated in the pathogenesis

of prion diseases like TTR amyloidosis and light chain amyloidosis (Plate, Cooley, et al. 2016;

Ryno et al. 2013). Other protein folding diseases shown to be impacted by UPR dependent secre-

tory pathway modulation include retinal degeneration, A1AD-associated emphysema, Gaucher

disease, Fabry disease, and idiopathic epilepsy (Chiang et al. 2012; Di et al. 2016; Grandjean

et al. 2020; Han et al. 2015; T.-W. Mu et al. 2008; Plate, Cooley, et al. 2016; S. E. Smith et al.

2011).

Inequalities in ER quality control threaten downstream events, impacting disease associated ag-

gregation via the UPR. These UPR quality control mismanagements seen in aggregative diseases

could be similar in methodology to UPR induced ER-stress as a response to DTE antibodies

in production cell lines. Chemical biologic strategies have recently been elucidated to indepen-

dently activate the ER-stress arms IRE1, XBP1s and/or ATF6 to physiologic levels. These tools

have revealed unique contributions of IRE1, XBP1s and ATF6 activation to remodelling of the

ER environment.

Initially, activation of the IRE1 branch of the UPR was achieved through chemical-genetic

targeting of the kinase active site ofIRE1 protein via mutation of a gatekeeper residue, bypassing

the need for IRE1 phosphorylation to activate its endoribonuclease function (DeRisi et al. 1997;

Urano et al. 2000). Discovering that kinase inhibitors can induce IRE1 to activate its RNAse

activity led to subsequent identification of more potent pharmacological activators (Korennykh

et al. 2009). Problematically, off-target effects limit the general utility of these compounds,

which can also target PERK.
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Selective activation of the PERK pathway is achieved by fusion of the cytosolic PERK kinase

domain to two modified FK506 binding domains, allowing induced dimerisation through the

addition of a small-molecule ligand AP20187 (Z. P. Lin et al. 2011). Ligand-induced dimerisa-

tion induces PERK auto-phosphorylation and downstream pathway activation through eIF2α

phosphorylation. Stress-independent PERK activation has defined several protective roles of

the PERK pathway on ER function, in addition to anti-proliferative and pro-apoptotic function

(J. H. Lin et al. 2009). This chemically induced dimerisation approach has been similarly been

applied to IRE1 (H. B. Sung et al. 2006). Strategies of ATF6 pathway activation absent of ER

stress involve the fusion of ATF6 to a Mutant Oestrogen Receptor Domain (MER), allowing

ligand-dependent regulation with tamoxifen (Thuerauf et al. 2007).

Alternatively, the activated form of the ATF6 protein can be fused to a destabilised mutant

of DHFR, causing constitutive degradation, while stabilising the entire fusion protein. Sub-

sequently ATF6 activity is selectively activated through addition of the ligand Trimethoprim

(TMP) (H. B. Sung et al. 2006). TMP dose titration allows incremental induction of ATF6

transcriptional targets to endogenous levels. Similar approaches have also been applied to regu-

late XBP1 activity (Shoulders et al. 2013). These tools have defined the distinct roles for IRE1,

XBP1 and ATF6 in regulating ER proteostasis for many proteins that aggregate in association

with diverse protein aggregation diseases.

Utilising chemical biologic strategies, it is becoming clear that activation of IRE1, XBP1, and/or

ATF6 have individually distinct roles in ER quality control regulation. This has been best

demonstrated through evaluation of the impact of UPR signalling on the redirection of desta-

bilised proteins between folding and trafficking or degradation pathways. In another example,

stress-independent activation of ATF6 proteins, but not XBP1, can specifically reduce the secre-

tion of aggregation prone TTR variants (Shoulders et al. 2013). This corresponds with increased

targeting through mechanisms such as ER and autophagy (J. J. Chen et al. 2014).

1.7 Thesis Aims and Overview

High Throughput (HTP) screening platforms can be utilised to address the challenges presented

by complex biotherapheutics and help to overcome limitations in host CHO cell factories. Ge-

netic and chemical CHO engineering solutions are often highly context specific and cellular

responses differ greatly between hosts and therapeutic products. The strict timelines associated

with cell line development campaigns limit the applicability of employing genetic screening ap-

proaches to identify product specific engineering solutions, and although host cell engineering

strategies are not limited by these constraints, solutions are less prevalent.

Genetic overexpression and chemical chaperone supplementation approaches have successfully

identified non-product specific CHO host engineering solutions. These are designed to improve

the yield of multiple Easy to Express (ETE) therapeutics, however this rarely translates to

complex DTE, bi-specific and aggregate-prone molecules. The unique folding and assembly

challenges presented by complex DTE molecules amplify the need for rapid, information rich

methods for HTP screening of effector genes.
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Emerging research explores the beneficial effects of chemical induced branch-dependent UPR

regulation on protein aggregates, in proteopathic disease models. This may be applicable in a

DTE mAb production context, providing new research avenues for CHO engineering.

This research project can be divided into three main aims:

1. Design and develop a transient screening platform capable of effector gene knock-down

and overexpression in suspension CHO cells.

2. Test the functionality of the screening platform for identifying product specific and CHO

host engineering strategies.

3. Investigate the applicability of compounds with anti-aggregative properties in proteopathic

disease models as enhancers of product yield and quality producing CHO cells.

These aims were investigated and addressed throughout the duration of this PhD studentship,

and are compiled into the thesis chapters described below.

Chapter 2 outlines the materials and methods used throughout the project to generate the data

presented in subsequent chapters.

Chapter 3 describes the design, development and validation of a HTP transfection and culture

platform for transient Simultaneous Overexpression and Silencing Co-transfection (SOSC) ge-

netic screening. This starts with a detailed description of the design criteria which features

chemically defined, high cell density co-transfection of DNA and RNA, for the overexpression

and knock-down of effector genes. This was achieved through experimental of evaluation siRNA

knock-down technologies, adapted to ensure industry applicability. The highest performing

siRNA transfection method, electroporation, was then successfully optimised for plasmid DNA

co-transfection as validated by flowcytometric analysis. Next the established HTP 96-Deep Well

Plate (DWP) cell culture platform was evaluated, and transitioned to 24-Shallow Well Plates

(SWPs), improving overall culture performance. Finally, the chapter addresses variability ob-

served in seeding densities post HTP electroporation by automating transfection, seeding and

sampling of cells on an Opentrons OT-2 liquid handler.

Chapter 4 Describes a case study, exploring the application of the designed SOSC gene screening

platform to identify genetic engineering targets for producing CHO cells. Paired transcriptomics

data from a CHO host and ETE producer cells was leveraged to identify a library of effector

genes, whose expression was differentially regulated upon adaptation to stable mAb production.

By experimentally screening stable producers of ETE and DTE mAbs derived from a common

host, this chapter identifies product specific and host cell engineering targets. The inclusion of

RNAi knock-downs facilitated evaluation of the difference in sensitivity of the ETE and DTE

mAb producers, highlighting Integral Viable Cell Density (IVCD) variability in the ETE, and

titre in the DTE model systems. This is likely a result of adaptations during the cell line selection

process.

Chapter 5 investigates the application of a select group of proteostasis regulators as CHO cell

culture enhancers. In literature the compounds were found to preferentially activate the ATF6

branch of the UPR in HEK293 cells and reduce pathogenic aggregates in cell models of TTR



1.7 Thesis Aims and Overview 21

or light-chain amyloidosis. This chapter was a Proof of Concept (POC) study, evaluating the

transferability of research investigating disaggregation in neurological pathologies, into a CHO

engineering context. The select proteostasis regulators were first titrated into CHO cultures pro-

ducing an ETE mAb, to identify the pharmacologically active concentration ranges and evaluate

their effect on cell growth and productivity. The observed growth limiting effects highlighted

the need for supplementation of compounds to be delayed until cultures were approaching Peak

Cell Density (PCD). Further assessment of DTE CHO models known to suffer from aggregation

demonstrated product specific growth and titre improvements, supporting further investigation

into the applicability of compounds which alleviate aggregation in disease models.

Primarily Chapter 6 investigates the application of a broad library of pre-clinical candidates,

identified from the AstraZeneca Open Innovation compounds database, as novel tools to reduce

the aggregation rate of DTE mAbs. Based on the findings from Chapter 5 a diverse library of

compounds was identified from literature, AstraZeneca’s phenotypic screening assays, and the

current mechanistic understanding of aggregative pathologies and CHO engineering. The results

presented demonstrate the applicability of the compound library on a DTE model mAb known

to suffer from intracellular product aggregation caused by the formation of disulfide cross-bridges

between engineered cysteine residues. Culture conditions were found to be sub-optimal due to

glucose depletion between culture feeds. Hit compounds were re-evaluated following a revision

of the media and feed composition by the AstraZeneca Cell Line Development team. Although

incomplete, initial data validates the efficacy of identified hit compounds, and inclusion of an

alternative mAb model suggests the library is non-product specific. Overall, the results sub-

stantiate the use of disaggregases from proteopathic disease research as novel CHO engineering

tools, providing strong evidence for further investigation from a mechanistic biology perspective.





Chapter 2

Materials and Methods

The following chapter details the methodology used to complete the research discussed in subse-

quent chapters. A full equipment and materials list can be found at the end of this chapter.

Bacterial and molecular work was undertaken in a separate laboratory to mammalian cell culture

to prevent cross-contamination and ensure sterility. Any materials coming into direct contact

with mammalian cells were pre-sterilised, or autoclaved at 121 °C and/or underwent 0.22 µm

filtration. All mammalian cell culture work was carried out in a High-Efficiency Particulate

Absorbing (HEPA) filtered laminar flow hood. Any material, container or lab equipment was

decontaminated with 70 % ethanol before entering the flow hood. Materials purchased were of

high quality and of cell culture grade.

Work undertaken was either completed in the Department of Chemical and Biological Engineer-

ing, University of Sheffield and its associated facilities, or the Department of Biopharmaceutical

Development, AstraZeneca, Cambridge.

23
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2.1 CHO Cell Culture

2.1.1 Cell Lines

All the cell lines and hosts used in the scope of this work are of Chinese Hamster Ovary (CHO)

linage and were provided by AstraZeneca. For all stable producing cell lines 50µm L-Methionine

Sulfoximine (MSX) selection was used to maintain product production. Details of each are below:

� MEDI-CHO - Non-producing parental host of CHO-K1 linage which has been suspension

adapted. All subsequent cell lines are daughters of the MEDI-CHO host.

� CHOETE - Stable clonal producer of Monoclonal Antibody (mAb)ETE, a model Easy to

Express (ETE) IgG1 known as Nip109.

� CHODTE - Stable pool producing mAbDTE a Difficult to Express (DTE) IgG1.

� CHOBIS-A - Stable clonal producer of mAbBIS-A, an appended BIS-5 scFv-IgG bi-specific

DTE antibody displaying highly aggregative properties.

� CHOBIS-B - Stable clonal producer of mAbBIS-B, a DTE BIS-4 bi-specific antibody.

� CHOT2 - Non-producing clonal cell line adapted for improved transient production.

2.1.2 Cell Culture Maintenance

Cells were cultured in CD-CHO medium (Thermo Fisher Scientific, MA, USA) with the required

supplementation described in Table 2.1. During routine cell maintenance cultures were grown

in vented Erlenmeyer flasks (Cornering, Surrey, UK) or TPP TubeSpin Bioreactors (Thermo

Fisher Scientific, MA, USA). Cultures were maintained at 37 °C and 5 %(v/v)CO2. Erlenmeyer

flasks were shaken at 140 rpm, and TPP TubeSpin Bioreactors at 200 rpm with a 25 mm throw.

Cells were sub-cultured, every 3-4 days to a density of 0.2× 106 cells.ml−1 to ensure exponential

growth was maintained. Cell density, viability and diameter were quantified on a Vi-Cell XR

(section 2.1.4). To minimise genetic drift, cells were sub-cultured a maximum of 15 times. The

number of subcultures a cell line has undergone is referred to as the ’passage’ number.

When undertaking Biological replicates CHO cell cultures have undergone at least 2 further pas-

sages or have been separated at least 2 passages previously to ensure sufficient genetic variation.

2.1.3 Revival, Cryopreservation and Cell Bank Generation

Master and working cell banks of each cell line in section 2.1.1 were generated as described

below:

2.1.3.1 Revival

Cells were rapidly thawed at 37 °C and slowly diluted into 40 ml of pre-warmed CD-CHO media.

Cells were then pelleted by centrifugation at 200 g for 5 minutes and re-suspended into 10 ml of
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Table 2.1: Cell line supplementation for routine maintenance.
Table of selection markers and growth supplements required for each cell line used, with working concen-
trations and supplier details.

Cell Line Supplement Supplier

MEDI-CHO 6 mm L-Glutamine Thermo Fisher Scientific, MA, USA

CHOETE 50 µm MSX Sigma Aldrich, MI, USA

CHODTE 50 µm MSX Sigma Aldrich, MI, USA

CHOBIS-A 50 µm MSX Sigma Aldrich, MI, USA

CHOBIS-B 50 µm MSX Sigma Aldrich, MI, USA

CHOT2 25 µm MSX, 100 µg.ml−1 Hygromycin-B Thermo Fisher Scientific, MA, USA

pre-warmed CD-CHO media. Cells were seeded at 0.3× 106 cells.ml−1 and labelled as passage

0. Cells were allowed 3 subcultures to recover post revival prior to any experimental work.

2.1.3.2 Cryopreservation and Cell Bank Generation

Cell banking was undertaken 3 passages post revival to minimise genetic ageing of the cell

population. Cryopreservation media was formulated from CD-CHO media supplemented with

7.5 % Dimethyl Sulfoxide (DMSO) (Sigma Aldrich, MI, USA) to prevent the formation of ice

crystals during freezing. At 3 days post subculture, cells were centrifuged at 200g for 5 minutes

and re-suspended in cryopreservation media at 10× 106 cells.ml−1. Aliquots of 1 ml were placed

into NUNC�cryovials (Thermo Fisher Scientific, MA, USA) and stored in a ’Mr Frosty’ (Nalgene,

Roskilde, Denmark) container filled with isopropanol overnight at−80 °C for a controlled freezing

rate. Cryovials were then transferred into a liquid nitrogen cryostat at −196 °C for long term

storage.

2.1.4 High-throughput Cell Culture

Several alternative culture formats were used throughout this project dependent on experimental

scale, culture material requirements and work location. All high-throughput shaking cultures

used vented lids secured with clamps (Duetz System; Enzyscreen B.V., Heemstede Netherlands).

These are described in the following sections:

2.1.4.1 96 Deep Well Plates

Cells were cultivated in 96 Deep Well Plates (DWPs) (Masterblock®; Grenier Bio-One, Kremsmünster,

Austria) maintained at 37 °C and 5 %(v/v)CO2, 85 % humidity and shaken at 320 rpm (25 mm

throw). Cells were seeded at variable densities from 0.2× 106 cells.ml−1 to 1.0× 106 cells.ml−1

at a volume of 475 ul and were cultured for 5 days unless otherwise stated.

2.1.4.2 24 Shallow Well Plates (University of Sheffield, Sheffield)

Cells were cultivated in 24 Shallow Well Plates (SWPs) (Nunc�, Nunclon Delta coated, flat

bottom; Thermo Fisher Scientific, MA, USA) maintained at 37 °C and 5 %(v/v)CO2, 85 % hu-
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midity and shaken at 230 rpm (25 mm throw). Cells were seeded at variable densities from

0.5× 106 cells.ml−1 to 1.5× 106 cells.ml−1 at a volume of 700 µl and were cultured for 5 days

unless otherwise stated.

2.1.4.3 24 Shallow Well Plates (AstraZeneca, Cambridge)

Cells were cultivated in 24 SWPs (Cornering® Costar® TC-Treated, flat bottom; Sigma Aldrich,

MI, USA) maintained at 37 °C and 6 %(v/v)CO2, 70 % humidity and shaken at 210 rpm (25 mm

throw). Cells were seeded at 0.7× 106 cells.ml−1 at a volume of 800 µl and were cultured for 10

days unless otherwise stated.

2.1.5 Fed-Batch Culture

When cultures were run as fed-batch, the following procedures were followed unless otherwise

stated in both The University of Sheffield and AstraZeneca. At The University of Sheffield

cultures were fed every third day with an equal mix of CD-CHO EfficientFeed�A and B (Thermo

Fisher Scientific, MA, USA) totalling 10 % culture volume starting at day 3 post-seed. When

at AstraZeneca, a proprietary in-house feed was used. The 24 shallow well plates were fed on

alternate days starting at day 3 post-seed.

2.1.6 Assessment of Cell growth and Viability

2.1.6.1 Vi-Cell XR, Beckman Coulter

The Vi-Cell XR (Cell Viability Analyser; Beckman Coulter, High Wycombe, UK) assesses many

aspects of a culture including Total Cell Density (TCD), Viable Cell Density (VCD), Viability

and mean cell diameter via an automated Trypan Blue Dye exclusion method. The Vi-Cell XR

allows simultaneous loading of 9 samples for easy cell analysis.

2.1.6.2 Presto Blue

PrestoBlue�was used as a high-throughput measure of culture performance prior to January

2018. The viable cell population of cultures can be estimated using PrestoBlue�Cell Viability

Reagent (Thermo Fisher Scientific, MA, USA); a blue, non-fluorescent, resazurin based solution

that is cell-permeable. Upon entering the cell, PrestoBlue�is reduced at a rate directly propor-

tional to the metabolic activity of the cell. The resultant compound (resorufin) is red and highly

fluorescent. As a result an indirect measurement of the viable cell population can be attained.

PrestoBlue�was diluted (1:1) in CD-CHO. Cell culture was diluted as required. A 100 µl culture

sample was added to each well of a 96-well plate (Nunc�, Nunclon Delta coated, flat bottom;

Thermo Fisher Scientific, MA, USA). A minimum of 3 blank samples (CD-CHO in place of

sample) was included on each plate. A 20 µl aliquot of diluted PrestoBlue�was added to each

well and pipette mixed. Following a 35 minutes incubation in a static incubator (37 °C, 85 %

humidity, 5 %(v/v)CO2), the flourescence intensity was measured using the PHERAstar Plus
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(Plate Reader; BMG Labtech, Ortenberg, Germany) (excitation: 540 nm, emission: 590 nm).

Raw values were converted into normalised readings shown in eq. (2.1).

Relative flourescence(RFU) =
Sample flourescence

Blank flourescence
− 1 (2.1)

2.1.6.3 Norma HT, Iprasense

The Iprasense (Norma HT; Iprasense, Clapiers, France) was acquired in January 2018 and

replaced the use of Presto Blue Assays. The device uses lens-free microscopy to measure the

culture TCD, VCD, viability and mean cell diameter amongst other parameters (C. Allier et al.

2017; Cedric Allier et al. 2018). Samples were loaded onto slides containing 48 fluidic chambers

with a depth of 100 µm. A point light source illuminates each sample from above. The light

diffraction was captured by a sensor below creating a holographic image. A reconstruction

algorithm was applied to construct the image from diffraction patterns. Viable and non-viable

cells have distinct holographic signatures (derived from longitudinal and Z-profiles), hence can

be distinguished.

The 100 µm counting chambers had an accurate range of 0.2× 106 cells.ml−1 to 5.0× 106 cells.ml−1

and a loading volume of 10 µl. For greater cell densities a 1 in 2 dilution step into CD-CHO

was performed. Image reconstruction and assessment was performed using the HORUS software

(Iprasense).

2.1.6.4 Trypan Staining on the Cellavista®, Synentec (AstraZeneca, Cambridge)

The Cellavista® 3 (Synentec GmbH, Elmshorn, Germany) is a high-throughput imaging system

capable of many bright field and fluorescence assays. Firstly, 0.4 % trypan blue (Beckman

Coulter, High Wycombe, UK) was diluted 4-fold in Phosphate Buffered Saline (PBS) to 0.1 %.

A 96-well Masterlock® (Greiner Bio-One, Kremsmünster, Austria) was pre-filled with 665 µl

PBS. A 96-well plate was filled with 100 µl PBS and 20 µl of 0.1 % trypan blue. A 35 µl cell

culture sample was added to each matrix block well (1:20 dilution). An 80 µl aliquot of diluted

sample was transferred from the matrix block to the 96-well trypan blue plate (1:2.5 dilution).

The plate was centrifuged for 1 minute at 130 g and 4 °C prior to imaging on the Cellavista 3

at a final dilution of 1:50. The Synentec image processing software analysed the culture health

to give TCD, VCD, viability and other metrics. When necessary an extra dilution step in PBS

was performed to reach a maximum dilution on 1:200.
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2.2 Recombinant Protein Quantification

2.2.1 Valita�TITER IgG Quantification Assay

Valita�TITER IgG Quantification Assay (ValitaCell, Dublin, Ireland) is a rapid, high-throughput

assay that quantifies IgG-Fc interactions with a fluorescently labelled derivative of protein G via

Fluorescence Polarization (FP). FP is detected through excitation of the sample wells with plane

polarized light. The intensity of emitted light is measured in both the parallel (polarized propor-

tion) and perpendicular (depolarized portion) planes to the exciting light. The FP is expressed

as a normalised difference of the two intensities, typically expressed in Milli-Polarisation Units

(mP). The amount of the Fc-containing molecule present is proportional to the polarisation of

the well.

Cell culture supernatant was diluted to within the assay range of 2.5 mg.L−1 to 100 mg.L−1. A

60 µl aliquot of Valita�mAb Buffer (ValitaCell) was added to the Valita�TITER plate, followed

by 60 µl of diluted sample. The plate was mixed by pipetting and was incubated at room

temperature in the dark for 30 minutes. Fluorescence polarisation was measured using the

SpectraMax iD5 (Microplate Reader; Molecular Devices, CA, USA) with 485 nm excitation and

520 nm (parallel and perpendicular) emission wavelengths. The mP was calculated using the

SoftMax Pro (Molecular Devices) software as per eq. (2.2), where Ivertical represents fluorescence

intensity measured in the vertical plane, and Ihorizontal represents fluorescence intensity in the

horizontal plane. Standard curves (using IgG1 kappa standard (Sigma-Aldrich)) were used to

interpolate recombinant IgG concentration.

mP =
Ivertical − Ihorizontal
Ivertical + Ihorizontal

(2.2)

2.2.2 Octet Quantification Assay

Supernatant samples were diluted 1:20 into PBS prior to titre analysis. The analysis of product

titre for cell culture work completed at AstraZeneca was outsourced to the BioProcess Ana-

lytics team. Titre was analysed on an Octet HTX System (Forte Bio, CA, USA). A molecule

specific standard curve was run with each 384-well assay and was used to calculate the mAb

concentration from the specific binding rate measured.
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2.3 Plasmid DNA Creation, Amplification and Preparation

2.3.1 De novo gene Synthesis

Gene synthesis was outsourced to GeneArt (Thermo Fisher Scientific, MA, USA). Input se-

quences were either C. griseus or H. sapiens dependent on protein specific interactions. Each

Coding DNA Sequence (CDS) was codon optimised by GeneArt’s proprietary sequence optimi-

sation tool. The full list of synthesised CDS constructs can be found in Appendix B.

2.3.2 Restriction Digest of Plasmid DNA

From 0.5 µg to 3.0 µg of plasmid Deoxyribonucleic Acid (DNA), 1x CutSmart�Buffer (New

England Biolabs, MA, USA) and various High-Fidelity® Restriction Endonucleases were mixed

and incubated for 2 hours at 37 °C. Digested DNA was used immediately or stored at 4 °C for

up to 1 week.

2.3.3 Gel Electrophoresis and Extraction

Plasmid DNA was run on a 1.0 % agarose Tris-Acetate-EDTA (TAE) (Sigma Aldrich, MI,

USA) gel with 1:10,000 SYBR�Safe DNA Gel Stain (Thermo Fisher Scientific, MA, USA) for

75 minutes with HyperLadder�1kb (Bioline, UK) at 100 V. Gels were imaged under UV light

using a Biospectrum Imaging System (UVP, CA, USA).

Fragments of interest were excised using a scalpel and purified from the agarose gel using a QI-

AGEN Minelute gel extraction kit (QIAGEN, Manchester, UK) according to the manufacturer’s

protocol.

2.3.4 Plasmid Cloning

Insert and vector fragments were combined at a 6:1 molar ratio respectively as per eq. (2.3). The

required mass of insert and vector was made up to 9 µl in nuclease-free water and the ligation

was performed using NEB�’s Quick Ligation kit (New England Biolabs Ltd, Hitchin, England)

as per the manufacturer’s instructions. Ligation reactions were incubated for 15 minutes at room

temperature.

Insert mass(ng) = Ratio excess · Insert length(bp)

V ector length(bp)
· V ector mass(ng) (2.3)

2.3.5 Plasmid Transformation and Amplification

Plasmid vectors for amplification were transformed into Subcloning Efficiency�DH5α Escherichia

coli (E. coli) Competent Cells (Thermo Fisher Scientific, MA, USA). A 50 µl of DH5α cells were

thawed on ice then incubated with 100 ng of plasmid DNA for 10 minutes on ice. Cells were heat-

shocked for 40 seconds at 42 °C and incubated for a further 2 minutes on ice. Cells were added
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to 1 ml LB-Broth (Thermo Fisher Scientific, MA, USA) and incubated at 37 °C and 700 rpm

(5 mm throw) for 30 minutes. Cells were spread onto LB-Agar (Thermo Fisher Scientific, MA,

USA) plates containing Ampicillin (Sigma Aldrich, MI, USA) at 100 µg.ml−1 and incubated at

37 °C overnight. A single colony was inoculated into 10 ml LB-Broth with 100 µg.ml−1 Ampi-

cillin, which was incubated for 16 hours at 37 °C and shaken at 200 rpm overnight. For larger

amplifications, the 10 ml culture was incubated for 8 hours, then expanded to 150 ml for 16

hours.

2.3.6 Plasmid Purification from DH5α E.Coli

Either QIAGEN Spin Miniprep or QIAGEN Plasmid Plus Maxi Kits (Qiagen, Manchester, UK)

was used to lyse E. coli cells and purify the amplified plasmid DNA as per the manufacturer’s

protocol. In summary, provided buffers and centrifugation steps lyse (via alkaline lysis) the cells,

and precipitate a large portion of cellular components including genomic DNA. The remaining

supernatant was applied to an anion exchange column, binding plasmid DNA. Washing occurred

prior to elution in Tris (trisaminomethane) buffer. Purified plasmid DNA was kept at −4 °C or

−20 °C for short and long term storage respectively.

2.3.7 NanoDrop Quantification of DNA

A NanoDrop�One (Microvolume UV-Vis Spectrophotometer; Thermo Fisher Scientific, MA,

USA) was used to determine DNA concentration and purity. The absorbance of a sample can

be calculated using the Beer-Lambert Law (eq. (2.4)) where A represents the optical attenua-

tion; ε the molar attenuation coefficient; L the optical path length; C the concentration of the

attenuating species.

A = εLC (2.4)
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2.4 Design and Synthesis of esiRNA Constructs

For each design target, C. griseus messenger RNA (mRNA) sequences were analysed for tran-

script variants. Where no transcript variants existed, the full mRNA sequence was sent for

endoribonuclease prepared small interfering siRNA (esiRNA) design. Where variants exist,

mRNA transcripts were aligned and a partial transcript of minimum 500 bp was selected which

maximises homology across all variants. Design and synthesis of esiRNAs was outsourced to

Eupheria Biotech (Dresden, Germany), who analyse the selected mRNA sequences through a

program called DEQOR (Henschel et al. 2004). This mimics esiRNAs by fragmenting the input

sequence into pieces of 16 nt to 25 nt, whereby the sequence window is shifted along by 1 nt

at each iteration step of the algorithm. DEQOR analyses sequence length, GC content and

inclusion/aversion of specific nucleotide sub-chains to maximise esiRNA potency. Furthermore,

specificity was ensured by Basic Local Alignment Search Tool (BLAST) analysis to minimise

off-target effects.

On delivery, esiRNAs were stored at −20 °C as per the manufacturer’s instructions.

2.5 Chemical Supplement Preparation and Storage

Chemical supplements tested in this study were ordered from commercial suppliers, or through

the AstraZeneca Open Innovation Collaboration drug library. Powdered compounds were re-

suspended in either DMSO or nuclease-free water, according to the manufacturer’s instructions.

If necessary compounds were filter-sterilised using a 0.22 µm filter (Cornering, Surrey, UK).

Compounds were stored at −80 °C for long term storage, or 4 °C for short term storage. A full

list of chemical supplements, and supplier information can be found in Appendix C.
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2.6 Transient Transfection Methods

2.6.1 Lipofection and Nano-Particle Transfection Methods

DharmaFECT®2 (Horizon Discovery Group, Cambridge, UK), DharmaFECT®4 (Horizon Dis-

covery Group, Cambridge, UK), MISSION small interfering RNA (siRNA) (Sigma Aldrich, MI,

USA) and NanocinRibonucleic Acid (RNA) (Tecrea, London, UK) transfection reagents were

stored according to the manufacturers instructions. Where not already available, the man-

ufacturers protocols were adapted to reverse transfect suspension cells at a final density of

0.5× 106 cells.ml−1. The below sections describe protocols for transfections into a final volume

of 200 µl at 0.3× 106 cells.ml−1 incubated in static conditions.

When using 96-DWP cultures, the described methods were scaled up for a culture volume of

475 µl. Plates were incubated for 2 hours at 37 °C, 5 %(v/v)CO2 and 85 % in a static incubator

before being transferred to shaking conditions as described in section 2.1.4.1.

2.6.1.1 Dharmafect

The required volume of siRNA was diluted in 20 µl of non-supplemented media and was mixed

by pipetting. Between 0.1 µl to 1.0 µl DharmaFECT®2 or DharmaFECT®4 was diluted into

20 µl of non-supplemented media into a 96-well culture plate and was mixed by pipetting. Fol-

lowing a 5 minute incubation at room temperature the diluted siRNA was added to the diluted

DharmaFECT®reagent. The transfection mix was carefully mixed by pipetting and incubated

at room temperature for 20 minutes.

The required number of cells were centrifuged at 200 rpm for 5 minutes and re-suspended into

160 µl then seeded directly onto the 40 µl transfection mix. Cells were incubated at 37 °C,

5 %(v/v)CO2 and 85 % humidity for up to 5 days.

2.6.1.2 Mission RNAi

The required volume of siRNA was diluted in non-supplemented media to 48.5 µl in a 96-well

culture plate and was mixed by pipetting. Next 1.5 µl of MISSION siRNA was added, and im-

mediately mixed for 10 seconds by pipetting. The transfection mix was incubated for 15 minutes

at room temperature.

The required number of cells were centrifuged at 200 rpm for 5 minutes and re-suspended into

50 µl then seeded directly onto the 50 µl transfection mix, the cells were mixed gently by pipet-

ting. Cells were incubated at 37 °C, 5 %(v/v)CO2 and 85 % humidity for 4 hours then 100 µl of

non-supplemented media was added for a final culture volume of 200 µl. Transfected cells were

incubated at 37 °C, 5 %(v/v)CO2 and 85 % humidity for up to 5 days.

2.6.1.3 NanocinRNA

The required volume of siRNA was diluted in non-supplemented media to 9.2 µl in a 96-well

culture plate and was mixed by pipetting. Next 0.8 µl of Nanocin RNA reagent was added, and
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immediately mixed by pipetting. The transfection mix was incubated for 20 minutes at room

temperature.

The required number of cells were centrifuged at 200 rpm for 5 minutes and re-suspended into

190 µl then seeded directly onto the 10 µl transfection mix. The culture was mixed by pipetting

and incubated at 37 °C, 5 %(v/v)CO2 and 85 % humidity for up to 5 days.

2.6.2 High-throughput Electroporation

The high-throughput 96-well plate electroporation process described below has been adapted

from a protocol previously developed by Claire Bryant during the course of her Ph.D. and

allows rapid delivery of DNA and RNA into cells.

The passage of cells prior to transfection was performed in CD-CHO media without the pres-

ence of selective markers. All successive steps were in non-supplemented CD-CHO media. A

2.0× 106 cells aliquot was transfected in a volume of 20 µl, with 0 ng to 500 ng DNA per well,

and an siRNA or esiRNA concentration of 0 nm to 2600 nm.

Experimental triplicates were pre-paired together in 50 % excess and separated when trans-

ferring to the final nucleofection plate. The DNA and/or RNA were combined with Tris-

Ethylenediaminetetraacetic Acid (TE) buffer (Sigma Aldrich, MI, USA) to a final volume of

7 µl. This was added to 38 µl of nucleofection solution (prepared as per the Amaxa SG Cell

Line 96-well electroporation kit (Lonza, Basal, Switzerland) instructions) in a 96-well U-bottom

plate (Thermo Fisher Scientific, MA, USA). Cells were centrifuged at 200 g for 5 minutes and re-

suspended in CD-CHO media at a density of 200.0× 106 cells.ml−1. A 45 µl aliquot was added

to each triplicate preparation totalling 90 µl per triplicate condition. A 20 µl aliquot of each

triplicate condition was transferred to 3 wells of a 96-well electroporation plate (Lonza, Basal,

Switzerland). The Amaxa plate was then electroporated on the Amaxa Nucleofector 96 Shut-

tle System (Lonza, Basal, Switzerland) on program FF-158. Immediately post-electroporation,

80 µl of pre-warmed pre-gassed CD-CHO was added. A 40 µl or 70 µl sample of transfected

cells was seeded into 96 DWPs or 24 SWPs respectively, also containing pre-warmed, pre-gassed

CD-CHO media. The cultures were incubated according to conditions outlined in section 2.1.4.

2.6.2.1 Cleaning of Lonza Electroporation Plates

The following procedure was performed in a HEPA filtered laminar flow hood. The cleaning

procedure was only used to transfect biological replicates.

Immediately after use plate wells were washed with 170 µl of 100 % High-Performance Liquid

Chromatography (HPLC) grade iso-propanol 5 times. Wells were then incubated with 220 µl for

30 minutes. The plates were left uncovered to dry for 1 hour, followed by a further 1 hour under

Ultra-Violet (UV)-light to ensure sterility. Plates were used for a second transfection the same

day.
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2.7 Flow Cytometry

The presence of intracellular cyan-5 Fluorescent-Tagged Small Interfering Ribonucleic Acid

(ftRNA) and expression of intracellular eGFP was quantified by flow cytometry. This method-

ology measures the fluorescence intensity within living cells, allowing assessment of the trans-

fection efficiency of multiple siRNA delivery methods. In addition the co-transfection of DNA

and siRNA can be assessed. Initially the Photomultiplier Tube (PMT) voltages were adjusted

for optimal detection of mock-transfected and CHOT2 cells. The cell size and granularity was

adjusted for by setting Front Scatter (FSC) and Side Scatter (SSC) respectively. The detec-

tion channels for cyan-5 and eGFP was adjusted so that the Median Fluorescence Intensitys

(MFIs) were 0 by adjusting the PMTs. Positive control cells for each fluorescence signal were

measured on the device to adjust the PMTs to ensure the maximum fluorescence intensity was

within range. Cross detection and compensation was not required as the emission spectra of the

fluorescence signals do not exhibit any interference (Figure 3.1).

Table 2.2: Attune NxT flow cytometer optimised settings.
Summary of the lasers, emission filters, fluorophore channels and voltages utilised for the detection of
Cyan-5 ftRNA and eGFP. These settings were applied for both single and multi-fluorescent analysis.

Laser Name Channel
Name

Excitation
Wavelength

(nm)

Emission
Filter (nm)

Fluorophore
Detected

PMT
Voltage

Forward Scatter FSC-A N/A N/A N/A 1250

Side Scatter SSC-A N/A N/A N/A 2700

Red RL1-A 633 660/20 Cyan-5 2650

Green BL1-A 488 530/30 eGFP 750

Prior to flow cytometry analysis cells were harvested by centrifugation at 200 g for 5 minutes.

Live cells were re-suspended and mixed 2 times in PBS (Thermo Fisher Scientific, MA, USA)

with an equivalent centrifugation step between each wash. Cells were then re-suspended in CD-

CHO to maintain cell viability. Flow cytometric analysis was performed on an Attune Acoustic

Focusing Flow Cytometer (Thermo Fisher Scientific, MA, USA). The wavelength of lasers and

filters, channel names and PMT voltages are shown in Table 2.2. The auto-sampler settings

were as follows:

� Sample volume: 150 µl

� Maximum sample uptake volume: 150 µl

� Upper event limit: 50,000 events

� Lower event limit: 10,000 events

� Mixing cycles: 2

� Washes: 2

Data was analysed using FlowJo�analysis software, analysis and gating strategies are described

in chapter 3.
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2.8 Quantification of Intracellular Proteins

Cells for western blot analysis were harvested by centrifugation at 500 g for 3 minutes and washed

once in ice cold PBS (Thermo Fisher Scientific, MA, USA). Upon centrifugation and removal of

PBS, pellets were immediately transferred into storage at −80 °C for sample preservation. All

samples were stored on ice unless otherwise stated.

2.8.1 SDS Polyacrylamide Gel Electrophoresis

Lysis buffer was prepared by combining Radio-Immunoprecipitation Assay (RIPA) (Sigma Aldrich,

MI, USA) buffer with Protease Inhibitor Cocktail Set III (50x) (Merck Millipore, Darmstadt,

Germany) and Benzonase Nuclease (Merck Millipore, Darmstadt, Germany) (100 U/ml). The

lysis buffer was added to cell pellets for a final concentration of 1.0× 107 cells.ml−1 and incubated

for 2 hours shaking at 700 rpm with 5 mm throw at 4 °C.

Protein lysate concentration was assessed on a NanoDrop�One (Microvolume UV-Vis Spec-

trophotometer; Thermo Fisher Scientific, MA, USA) to ensure total protein concentration of

(26.0± 2.5) mg.ml−1.

Samples were prepared for Sodium Dodecyl Sulfate–Polyacrylamide Gel Electrophoresis (SDS-

PAGE) by volume as follows: 25 %(v/v) protein lysate, 25 %(v/v) NuPAGE�LDS sample

buffer(4x) (Thermo Fisher Scientific, MA, USA), 10 %(v/v) NuPAGE�Sample Reducing Agent

(10X) (Thermo Fisher Scientific, MA, USA) and 40 %(v/v) di–H2O. Samples were incubated

at 75 °C for 5 minutes. Chameleon® Duo Pre-stained Protein Ladder (LI-COR® Biosciences,

NE, USA) was incubated at 95 °C for 2 minutes.

Either 20 µl of sample or 5 µl of ladder were loaded into NuPAGE�pre-cast 4 % to 12 % Bis-

Tris Protein Gels (1.5 mm, 15-well; Thermo Fisher Scientific, MA, USA). Gels were run in

NuPAGE�MOPS SDS Running Buffer (20X) (Thermo Fisher Scientific, MA, USA) made up

with di–H2O at 180 V for 90 minutes or until the loading dye ran to the end of the gel.

2.8.2 iBlot® Gel Transfer

Protein gels were transferred using the iBlot® Dry Blotting System (Invitrogen�, Thermo Fisher

Scientific, MA, USA) (20 V, 23 V, 25 V for 1 minute, 4 minutes and 2 minutes respectively) onto

Novex�iBlot® Nitrocellulose Transfer Stacks (Invitrogen�, Thermo Fisher Scientific, MA, USA)

as per the manufacturer’s instructions.

2.8.3 Western Blotting

The following blocking buffers were used dependent on the target: PBS/Tris Buffered Saline

(TBS) and 5 %(v/v Bovine Serum Albumin (BSA) (Sigma Aldrich, MI, USA), or Intercept®

(PBS/TBS) Blocking Buffer (LI-COR® Biosciences, NE, USA). Primary (Table 2.3) and sec-



36 Materials and Methods

ondary (Table 2.4) antibody solutions were made in 2 ml of blocking buffer. The wash buffer

comprised of PBS/TBS with 0.2 %(v/v) TWEEN® 20 (Sigma Aldrich, MI, USA).

Unless otherwise stated, incubation steps were performed on a rocker at 18 rpm. Membranes

were blocked in 20 ml of blocking buffer and incubated for 2 hours, then were washed once

in 20 ml PBS, 0.1% Tween-20 (PBS-T) for 5 minutes. Membranes were heat-sealed in a plastic

pouch with 2 ml primary antibody solution and incubated overnight at 4 °C rotating on a vertical

axis at 12 rpm. Membranes were washed 3 times in 20 ml PBS-T for 5 minutes, then heat-sealed

with 2 ml secondary antibody solution for 2 hours at room temperature rotating on a vertical

axis at 12 rpm. After a further 3 washes in 20 ml PBS-T for 5 minutes, membranes were dried

between 2 sheets of filter paper. Membranes were stored in the dark and imaged within 72

hours.

Western blots were imaged on the LI-COR Odyssey® Sa Infrared Imaging System (LI-COR®

Biosciences, NE, USA) controlled with Image Studio�Software (LI-COR® Biosciences, NE,

USA). Images were analysed on Image Studio�and the target protein was quantified relative to

β-actin or GAPDH controls.

Table 2.3: Western blot primary antibodies.
Complete list of western blot primary antibodies, dilution ranges and supplier information.

Target Host Dilution Range Product No. Supplier

Sec22b Rabbit 1:2,000 - 1:5,000 SY-186003 Synaptic Systems (Göttingen,
Germany)

BIP Rabbit 1:1,000 - 1:3,000 ab-21685 AbCam (Cambridge, UK)

HSP90B1 Rabbit 1:1,000 - 1:2,000 PA5-24824 Thermo Fisher Scientific (MA, USA)

β-actin Mouse 1:400 - 1:200 ab-8227 AbCam (Cambridge, UK)

GAPDH Mouse 1:750 - 1:1,000 Ab-97166 Cell Signalling (London, UK)

Table 2.4: Western blot secondary antibodies.
Complete list of western blot secondary antibodies, dilution ranges and supplier information.

Target Marker Dilution Range Product No. Supplier

Anti-Rabbit
IgG (H+L)

Alexa Flour Plus 800 1:5,000 - 1:10,000 A32735 Thermo Fisher
Scientific (MA,
USA)

Anti-Mouse
IgG (H+L)

Alexa Flour 700 1:5,000 - 1:10,000 A-21036 Thermo Fisher
Scientific (MA,
USA)

Anti-Mouse
IgG (H+L)

DyLight® 800 1:7,000 - 1:12,000 Look Up Thermo Fisher
Scientific (MA,
USA)

Anti-Rabbit
IgG (H+L)

Alexa Flour 680 1:5,000 - 1:8,000 Look Up Thermo Fisher
Scientific (MA,
USA)
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2.9 IgG Product Quality Analysis

This method was developed by Jennifer Spooner (AstraZeneca, Cambridge, UK) and adapted

for this work.

Cell culture samples were centrifuged at 1000 g, 4 °C for 5 minutes to remove cells and debris.

The aspirated supernatant for IgG product quality analysis when used within 3 days samples

were stored at 4 °C, otherwise samples were frozen at −80 °C immediately after harvest.

2.9.1 IgG Purification by Protein A Affinity

All incubation steps were performed at room temperature shaking at 1300 rpm and 5 mm throw

and all centrifugation steps were at 1000 g for 2 minutes.

Mabselect SuRe protein A-derived resin (50 %(v/v) in 20 % ethanol; GE Healthcare, IL, USA)

was diluted to 10 % with 20 % ethanol and 500 µl was added to each well of a 96-well filter plate

(0.45 µm polypropylene membrane, 800 µl; Agilent Technologies, CA, USA). The filter plate was

centrifuged to remove the 20 % ethanol. The plate was then washed twice to equilibrate the resin

by incubating with 300 µl PBS for 5 minutes and centrifuging. A 500 µl aliquot of supernatant

was incubated in the filter plate for 60 minutes and centrifuged to remove the supernatant.

The plate was then washed 3 times to remove contaminants by incubating with 300 µl PBS for

5 minutes and centrifuging. The filter plate was incubated with 200 µl of 0.1m Glycine Buffer

pH 2.7 for 60 minutes then centrifuged to elute the IgG into a 96-well HPLC plate (0.5 ml,

round bottom; Agilent Technologies, CA, USA). Purified protein concentration was verified by

UV absorbance measurement at 280 nm on a Stunner (Unchained Labs, CA, USA) HPLC and

stored at 4 °C prior to further analysis.

2.9.2 High-Performance Size Exclusion Chromatography

Post-purification IgG samples were analysed for aggregate profiles on an Agilent Technologies

1260 Infinity HPLC system on a Walters BEH200 (150 mm x 4.6 mm Size Exclusion Chromatog-

raphy (SEC) column (Waters Corporation, MA, USA) under the following conditions:

� Flow rate: 0.400 ml.min−1

� Detection wavelength: 280 nm

� Injection volume: 10 µl

� Temperature: 20.00 °C

� Mobile Phase Buffer: 0.1m Phosphate, 0.1m Sulphate pH 6.8

� Pressure: 280 bar

� Run time: 6 minutes
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Two 96-well plates of samples could be loaded onto the HPLC system at a time, and maintained

at 4 °C prior to injection. Gel Filtration Standards (Bio-Rad Laboratories, CA, USA) and a

NIP228 control IgG1 were run before and after each plate to monitor column integrity and

ensure correct peak identification. Peaks were integrated by the Agilent Technologies software

and peak areas used to calculate the abundance of IgG and other High Molecular Weight Species

(HMWS).

2.10 Automated Liquid Handlers

2.10.1 OT-2, Opentrons

The OT-2 (Opentrons, NY, USA) is a fully customisable, fast and precise bench-top liquid

handler with the flexibility to run any plate protocols. Equipped with 2 pipetting arms and 11

lab-ware positions, large protocols can be completed without intervention. This was procured

in September 2019 and was used for all high-throughput cell culture in chapter 4.

Protocols were written in Python within the Opentrons API 2.0 environment. Protocols were

simulated on the Opentrons Simulator run through Jupyter�Notebook prior to laboratory opti-

misation. Protocols were finalised after 3 successful mock runs. Examples of protocols include;

plate-based electroporation (section 2.6.2), Valita�TITER IgG quantification (section 2.2.1),

Iprasense slide loading (section 2.1.6.3), high-throughput culture feeding (section 2.1.5) and

sample collection for western blotting (section 2.8.3). All plate-based cell culture experiments

that generated the data presented in chapter 4 were completed on the Opentrons OT-2 liquid

handler. The finalised Python scripts for all experiments completed on the Opentrons OT-2

liquid handler are available in Appendix D.

2.10.2 Biomek FX, Beckman Coulter

The Biomek FX Laboratory Workstation (Beckman Coulter, High Wycombe, UK) was used

when available for sampling cultures, preparing trypan plates for culture assessment and harvest-

ing cultures. Biomek FX protocols were already set up and followed the methodology described

in section 2.1.6.4.
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Table 2.5: List of equipment.
Alphabetical list of equipment used with supplier information.

Equipment Supplier

Attune Acoustic Focusing Flow Cytometer Nunclon Delta coated, round bottom;
Thermo Fisher Scientific, MA, USA

Biospectrum Imaging System UVP, CA, USA

Biomek FX automated liquid handler Beckman Coulter, High Wycombe, UK

Cellavista® Synentec GmbH, Elmshorn, Germany

Duetz System Enzyscreen B.V., Heemstede, Netherlands

Erlenmeyer flasks Cornering, Surrey, UK

iBlot® Dry Blotting System Invitrogen�, Thermo Fisher Scientific, MA,
USA)

Iprasense Norma HT; Iprasense, Clapiers, France

LI-COR Odyssey® Sa Infrared Imaging Sys-
tem

LI-COR® Biosciences, NE, USA

Amaxa Nucleofector 96 Shuttle System Lonza, Basal, Switzerland

Mr Frosty Nalgene, Roskilde, Denmark

NanoDrop�One Microvolume UV-Vis Spectrophotometer;
Thermo Fisher Scientific, MA, USA

Octet HTX System Forte Bio, CA, USA

OT-2 Liquid Handler Opentrons, NY, USA

PHERAstar Plus Plate Reader; BMG Labtech, Ortenberg, Ger-
many

SpectraMax iD5 Microplate Reader; Molecular Devices, San
Jose, USA

Vi-Cell XR Cell Viability Analyser; Beckman Coul-
ter, High Wycombe, UK
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Table 2.6: List of materials part A.
Alphabetical list of materials used with supplier information part A.

Material Supplier

24-well Plate Cornering® Costar® TC-Treated, flat bot-
tom; Sigma Aldrich, MI, USA

24 Well Plate Nunc�, Nunclon Delta coated, flat bottom;
Thermo Fisher Scientific, MA, USA

96-well Masterblock® Greiner Bio-One, Kremsmünster, Austria

96-well electroporation plate Lonza, Basal, Switzerland

96-well filter plates 0.45 µm polypropylene membrane, 800 µl; Ag-
ilent Technologies, CA, USA

96-well HPLC plates 0.5 ml, round bottom; Agilent Technologies,
CA, USA

96-well plate Nunc�, Nunclon Delta coated, flat bottom;
Thermo Fisher Scientific, MA, USA

96-well U-bottom plate Thermo Fisher Scientific, MA, USA

Amaxa SG Cell Line 96-well electroporation
kit

Lonza, Basal, Switzerland

Ampicillin Sigma Aldrich, MI, USA

Benzonase Nuclease Merck Millipore, Darmstadt, Germany

Bovine Serum Albumin Sigma Aldrich, MI, USA

CD-CHO medium Thermo Fisher Scientific, MA, USA

CD-CHO EfficientFeed�A Thermo Fisher Scientific, MA, USA

CD-CHO EfficientFeed�B Thermo Fisher Scientific, MA, USA

Chameleon® Duo pre-stained protein ladder LI-COR®, NE, USA

Cryovial NUNC�1.5 ml Thermo Fisher Scientific, MA, USA

CutSmart® Buffer New England Biolabs, MA, USA

DharmaFECT®2 Horizon Discovery Group, Cambridge, UK

DharmaFECT®4 Horizon Discovery Group, Cambridge, UK

Dimethyl Sulfoxide Sigma Aldrich, MI, USA

Gel Filtration Standards Bio-Rad Laboratories, CA, USA

Hygromycin-B 50 mg.ml−1 Thermo Fisher Scientific, MA, USA

HyperLadder�1kb Bioline, UK

IgG1 kappa standard Sigma Aldrich, MI, USA

Intercept® (PBS) Blocking Buffer LI-COR®, NE, USA

LB-Agar Thermo Fisher Scientific, MA, USA

LB-Broth Thermo Fisher Scientific, MA, USA
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Table 2.7: List of materials part B.
Alphabetical list of materials used with supplier information part B.

Material Supplier

L-Glutamine (200 mm) Thermo Fisher Scientific, MA, USA

L-Methionine Sulfoximine 100 µm Sigma Aldrich, MI, USA

Mabselect SuRe protein A-derived resin 50 %(v/v) 20 % ethanol; GE Healthcare, IL,
USA

MISSION siRNA transfection reagent Sigma Aldrich, MI, USA

Nanocin RNA Tecrea, London, UK

NEB�’s Quick Ligation kit New England Biolabs Ltd, Hitchin, England

Novex�iBlot® Nitrocellulose Transfer Stacks Invitrogen�, Thermo Fisher Scientific, MA,
USA

NuPAGE�4 % to 12 % Bis-Tris Protein Gels 1.5 mm, 15-well; Thermo Fisher Scientific,
MA, USA

NuPAGE�LDS sample buffer (4x) Thermo Fisher Scientific, MA, USA

NuPAGE�MOPS SDS Running Buffer (20X) Thermo Fisher Scientific, MA, USA

NuPAGE�Sample Reducing Agent (10X) Thermo Fisher Scientific, MA, USA

Phosphate Buffered Saline Thermo Fisher Scientific, MA, USA

PrestoBlue� Cell Viability Reagent; Thermo Fisher Scien-
tific, MA, USA

Protease Inhibitor Cocktail Set III (50x) Merck Millipore, Darmstadt, Germany

QIAGEN Minelute gel extraction kit Qiagen, Manchester, UK

QIAGEN Spin Miniprep Qiagen, Manchester, UK

QIAGEN Plasmid Plus Maxi Kits Qiagen, Manchester, UK

RIPA Sigma Aldrich, MI, USA

Subcloning Efficiency�DH5α Competent
Cells

Thermo Fisher Scientific, MA, USA

Sterilising filter 0.22 µm Cornering, Surrey, UK

SYBR�Safe DNA Gel Stain Thermo Fisher Scientific, MA, USA

TPP TubeSpin Bioreactors Thermo Fisher Scientific, MA, USA

Tris-acetate-EDTA buffer Sigma Aldrich, MI, USA

Trypan blue Beckman Coulter, High Wycombe, UK

TWEEN® 20 Sigma Aldrich, MI, USA

ValitaTITER�IgG Quantification Assay ValitaCell, Dublin, Ireland

Walters BEH200 SEC column Waters Corperation, MA, USA





Chapter 3

Design and Development of a

Simultaneous Overexpression and

Silencing Co-transfection (SOSC)

Screening Platform for CHO Cell

Engineering

This chapter describes the design, development and validation of a high-throughput gene screen-

ing platform for co-transfection of DNA and RNA while maintaining industrially approved mAb

production conditions. A comparative assessment of RNA delivery methods was conducted in or-

der to identify the optimal transfection methodology to transfect suspension cells at high density.

The selected transfection methodology was validated with three target genes and the knock-down

potency, duration and consistency were assessed through relative quantification of intracellular

Host Cell Protein (HCP) abundance. A better suited high-throughput cell culture format was

optimised and evaluated against the existing 96-DWP format. The performance and precision

of an automated liquid handler was assessed against a human operator when completing protein

quantification assays and the selected transfection method. The complete gene screening platform

capable of SOSC of target proteins was then automated to run on the Opentrons OT-2 liquid

handler.
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3.1 Introduction

The expanding development of complex engineered Monoclonal Antibodys (mAbs) in unnatural

formats has lead to increasingly complex Chinese Hamster Ovary (CHO) engineering strategies

being trailed to improve host cell lines and support the cell line development processes (Fischer,

Handrick, et al. 2015).

Despite the success of transient and stable gene overexpression studies aiming to improve mAb

secretory capacity and cell growth characteristics (Johari et al. 2015; Ku et al. 2008; Pybus et al.

2014; Wlaschin and W. S. Hu 2007), engineering solutions are often non-transferable due to high

cell line and mAb specificity. Resultantly, unique engineering solutions need to be identified for

optimal development new mAbs requiring a standardised High Throughput (HTP) method of

screening effector genes and evaluating changes to cell performance within a short time frame.

An example of such a method is described in Cartwright et al. 2020, where a HTP overexpression

gene screening platform for rapid transient screening of effector genes in CHO cells has been

developed.

Stable knockout of effector genes are another engineering solution to improving the production

of Difficult to Express (DTE) bio-therapeutics. The transient knock-down of effector genes

by RNA Interference (RNAi) is a well established and documented process with hundreds of

screens published in C. elegans, D. melanogaster, mouse and human cell lines (E. Yanos et al.

2012; S. Mohr et al. 2010; Perrimon et al. 2010; Root et al. 2006). Typically RNAi is used in

HTP screens of hundreds to thousands of genes in genome-scale functional studies, aiming to

identify new genes and elucidate their function in biological processes (Boutros and Ahringer

2008). However, the documented RNAi studies in CHO cells are limited with only Klanert et al.

2019 evaluating the effect of RNAi on producing CHO cells. Furthermore, the use of RNAi for

transient knock-down is mostly limited to low density static cultures with little applicability to

a industrial mAb production formats.

The development of a RNAi screening platform capable of evaluating the performance of pro-

ducing CHO cells in culture conditions representative of bioreactor production. This could be

used to screen effector genes hypothesised to improve cell performance and mAb production,

broadening the toolbox of engineering targets available for the development of new mAbs. Such

a platform could assess the sensitivity of cell lines to the knock-down of genes associated with

mAb production (e.g. folding and assembly processes), providing insights into generic and mAb

specific production bottlenecks in the CHO secretory pathway. Furthermore, the ability to tran-

siently co-transfect Deoxyribonucleic Acid (DNA) and Ribonucleic Acid (RNA) would open a

number of research opportunities such as effector gene titration and the direct comparison of

cell line responses to gene up- and down-regulation, offering a greater depth of information than

either strategy in isolation.

This chapter explores the design, optimisation and characterisation of a practical and scalable

HTP RNAi screening platform, compatible with plasmid-DNA co-transfection as an engineering

tool. This began with identification of the platform design requirements and evaluation of

the available transfection methodologies ability to meet these requirements. After the optimal
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transfection method was validated experimentally, the knock-down dynamics were evaluated

to identify optimal RNAi concentration ranges and characterise the duration of the Gene of

Interest (GOI) depletion. Next the culture conditions of the platform were optimised to maximise

performance so the stationary culture phase could be reached within the five-day duration of

effective RNAi knock-down. Lastly the entire platform was automated on an Opentrons OT-2

liquid handler to improve the accuracy, robustness and throughput.
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3.2 Results

3.2.1 Design of a RNA and DNA Co-transfection Methodology

3.2.1.1 Identification of platform design requirements

The first step when evaluating the knock-down methodologies for CHO cell engineering was

assessment of the desired characteristics and outputs. A framework was created by reviewing

the literature for existing RNAi screening methods in CHO cells. The platform requirements

were assessed for use in industrial biopharmaceutical production settings, identifying limitations

of current methodologies. The key design characteristics are described below:

a) Robust, accurate and consistent - This was vital for research based cell engineering in

academia and for future use as an engineering tool during cell line development campaigns

in industrial settings. This was needed to allow for standardised rapid high-throughput

transfection of both producing and non-producing CHO cell lines, and primarily interface

with a range of small scale suspension culture formats.

b) Simple and reproducible RNA and DNA co-transfection - The ability to directly compare

RNAi silencing to transient over-expression of target genes was essential. Therefore, the

platform adopted needed to be capable of delivering both forms of nucleic-acid, either

simultaneously or through successive transfections. Unlike RNA, DNA exerts a significant

transcriptional burden on the cells, therefore DNA load must be standardised across all

conditions within an experiment.

c) Alignment to industrial mAb production - This required the platform to support suspen-

sion cultures and achieve exponential and stationary growth phases seen in industry mAb

production processes. RNAi silencing remains effective for up to 7 days in dividing cells,

however this is likely to be reduced beyond 5 days (Bartlett and M. E. Davis 2006). There-

fore an ideal solution would achieve Peak Cell Density (PCD) by 5 days post-transfection.

d) Chemically-defined and protein-free - These are essential characteristics for platform inte-

gration in the biopharmaceutical industry where the use of animal derived products during

biotherapeutic development is not permitted by regulatory agencies (S. Mohr et al. 2010).

Therefore, common supplements to RNAi methodology such as Fetal Bovine Serum (FBS)

and Fetal Calf Serum (FCS) must be avoided (Pasettoa et al. 2015; Theis and Buchholz

2011).

e) Cost efficient and scalable - The screening platform should be as cost effective as possible

while meeting the above design characteristics. The importance of this scales with the

number of screening targets. A secondary objective is incorporating the design flexibility

to optimise greater cost efficiency into the process in the future.

3.2.1.2 Advantage and disadvantages of selected RNA transfection methods

There are two commonly used knock-down methodologies dependent on the cell model and

desired output. Lipofection is most common in RNAi screening studies offering scalability and
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rapid reverse transfection protocols for large scale screening in addition to documented double

knock-downs for prolonged silencing. DharmaFECT� lipofection reagents are the gold standard

within this category, however no published methodology exists for its use in suspension cultures.

Additionally, electroporation offers direct instant delivery of DNA and RNA to a large number

of cells, however it is only used in small scale studies due to the high cost and complexity.

Due to the limited literature of RNAi studies in suspension CHO cells, multiple transfection

methods were experimentally assessed. Lipofection, electroporation and nano-particle transfec-

tion methodologies were selected and Table 3.1 highlights the advantages and disadvantages of

each. Reagents were evaluated and prioritised for testing based on the likelihood of success and

cost efficiency:

1. DharmaFECT� 2 & 4 - As the gold standard for RNAi screening, two reagents from

Horizon were recommended for use in CHO cells. These also served as a benchmark to

compare other reagents. However, performance when transfecting cells in suspension or

at high density has not been previously documented, therefore an alternative lipofection

reagent was evaluated.

2. MISSION®siRNA - The key benefits listed in Table 3.1 include cost efficiency and doc-

umented transfection of suspension cells. Additionally, the manufacturer’s recommended

transfection density was higher then DharmaFECT� reagents. Only 80 % transfection

efficiency in suspension cultures was advertised, however only electroporation had a value

for comparison. A major concern was the effectiveness without the addition of serum to

improve RNA uptake and cell growth.

3. Nanocin RNA - This was the ’wild card’ transfection method, advertised as a novel nano-

particle RNA delivery vehicle. Nanocin RNA had been demonstrated to be less cytotoxic

than other methods permitting better culture growth, and had an existing protocol for

reverse transfection of suspension cells. Additionally, the transfection cell density was

similar to that of MISSION®siRNA. However, the company was relatively new, with

little literature available to support the method.

4. SG Cell Line 96 Nucleofector� Kit - The many benefits of the Lonza electroporation

platform were evaluated against the higher cost per transfection. Although this method

is likely to succeed, it was placed as a reserve with priority given to optimisation of a

more cost effective transfection platform for improved scalability. The strength of RNAi

silencing may be reduced as RNA can only enter cells during electroporation. The primary

hurdles identified were increased protocol complexity and cost implications.
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Table 3.1: Assessment of the advantages and disadvantages of the RNA delivery methods
tested.
The table provides and an overview of the benefits and limitations of each RNA delivery reagent/method
in the context of the proposed screening platform.

Reagent
(Method)

Advantages Disadvantages

DharmaFECT�
2 & 4 (Lipofec-
tion)

� Gold standard for RNAi
screening studies.

� Double knock-down for
prolonged silencing
demonstrated in the
literature.

� Validated for adherent
cells only.

� Low density of cells
transfected.

� Reagent presence stunts
cell growth.

MISSION®siRNA
Transfection
Reagent
(Lipofection)

� Validated for transfection
of suspension cells.

� Can conduct transfections
at a high cell density (up
to 1.5× 106 cells.ml−1).

� Best cost efficiency of the
proposed methods.

� Serum recommended to
improve RNA uptake.

� Maximum advertised
silencing efficiency of 80 %
in suspension cultures.

� Reagent presence stunts
cell growth.

Nanocin RNA
(Nano-particle
Assembly)

� Lower cytotoxicity than
lipofection techniques.

� Tecrea also offer Nanocin
DNA for successive
transfections.

� Double knock-down for
prolonged silencing.

� Validated for transfection
of suspension cultures.

� New technology with
limited literature.

� Validated for adherent
cells only.

SG Cell Line 96
Nucleofector�Kit
(Electroporation)
(Cartwright et
al. 2020; Yang
et al. 2015)

� Simple adaptation of DNA
transfection platform.

� High cell density
� Transfection efficiencies

with 96% for eGFP.
� Instant nucleic acid

delivery
� Cost reductions possible

through plate reuse.
� No cytotoxic reagents

permits normal cell
growth.

� High kit cost at £3.30 per
transfection

� Complex protocol with
time sensitive steps.

� Lower through put than
other suggested methods.
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3.2.2 Developing a Method to Quantitatively Assess RNA and Plasmid DNA

Delivery

There was a requirement to accurately and reliably assess both the transfection efficiency and po-

tency, primarily for small interfering RNA (siRNA) and subsequently plasmid DNA co-delivery.

When compared to other RNAi screening platforms (section 1.5.4.1), one important divergence

was high cell density transfection in excess of 1.0× 106 cells.ml−1. Therefore a consistent, reli-

able and robust method for simultaneous assessment of both RNA and DNA transfection was

needed.

After reviewing available approaches, transfection of a Fluorescent-Tagged Small Interfering

Ribonucleic Acid (ftRNA) and subsequent measurement by flow cytometry was selected as an

effective and reliable method (Homann et al. 2017; L. Peng et al. 2017). In addition, the use of

a eGFP plasmid vector would allow assessment of co-transfection capabilities.

Fluorophores

GFP

Cy5

Lasers

488 laser

633 laser

Filters

660/20

530/30

Fluorophores / Filters 660/20 530/30

GFP 0% 46%

Cy5 94% 0%

Figure 3.1: Cyan5 and eGFP excitation and emission spectra with Attune NXT flow cy-
tometer lasers and bandpass filters.
Cyan5 and eGFP excitation and emission spectra’s are displayed by dotted and solid filled lines respec-
tively. The 633 nm and 488 nm lasers are represented by red and blue vertical lines respectively. The
RL1 (660/20 nm) and BL1 (530/30 nm) bandpass filters read areas represented by the grey boxes with
95 % and 46 % filter coverage respectively.

When reviewing the commercially available negative control siRNAs, a cyan-5 ftRNAs was

selected for the following reasons; Firstly, the available lasers on the Attune NxT flow cytometer

allowed for efficient excitation of the fluorophore. Secondly, the emission spectra of cyan-5 and

eGFP do not exhibit any cross interference when using the available lasers and bandpass filters.

Figure 3.1 shows a schematic of the excitation and emission spectra of cyan-5 and eGFP when

excited by 633 nm and 488 nm lasers with measurements taken by RL1 (660/20 nm) and BL1
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(530/30 nm) bandpass filters. A consideration when measuring siRNA transfection efficiency

with ftRNA was the requirement for a robust washing procedure. This ensures that measured

fluorescence is from positively transfected cells, not ftRNA still present in the culture medium or

stuck to the outer cell membrane. The washing procedure described in section 2.7 is the result

of several optimisation steps and the effectiveness is demonstrated in subsequent figures.

3.2.2.1 Flow cytometer parameter optimisation

RL1-A+
0.39

RL1-A-
99.6

0 10
4

10
5

10
6

RL1-A :: RL1-A

0

200

400

600

C
ou

nt

BL1-A+
0.44

BL1-A-
99.6

0 10
3

10
4

10
5

10
6

BL1-A :: BL1-A

0

300

600

900

1.2K

C
ou

nt

Single Cells
95.4

0 1.0M 2.0M 3.0M

SSC-H :: SSC-H

0

2.0M

4.0M

6.0M

8.0M

10M

S
S

C
-A

 ::
 S

S
C

-A

Dead
6.20

Live
86.9

0 2.0M 4.0M 6.0M 8.0M 10M

FSC-A :: FSC-A

0

2.0M

4.0M

6.0M

8.0M

10M

S
S

C
-A

 ::
 S

S
C

-A

A B

DC

Figure 3.2: Flow cytometry gating strategy.
Figure shows the gating method employed to isolate and analyse cells transfected with Cyan5 tagged
ftRNA or co-transfected with ftRNA and eGFP. The depicted example demonstrates the identification
of single cell transfectants in a mock-transfected cell population. The single cell population was selected
stepwise by first gating for viable and dead cell populations (a), next the viable cell population was gated
for single cells (b). Finally the the threshold for cyan5 ftRNA (c) and eGFP (d) positive transfection
was set so that in excess of 99.5 % of cells were negative in all mock-transfected control samples.

The first step in establishing a detection methodology was to set up the optimal voltages and

gating strategies to accurately identify the viable population of single cells. The voltage selec-

tions for Front Scatter (FSC) and Side Scatter (SSC) are described in section 2.7. Figure 3.2
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shows the gating strategy used to quantify transfection efficiency and potency of cyan-5 ftRNA

and eGFP. Initially the viable and apoptotic cell populations were isolated (Figure 3.2a), al-

lowing an estimation of cell viability as per eq. (3.1). Subsequently single cells were isolated,

excluding doublets and larger aggregates (Figure 3.2b). Finally, the voltages on the 633 nm and

488 nm lasers were adjusted to account for autofluorescence of the parental cell line. In order

to ensure the fluorescence of transfected cyan-5 ftRNA and expressed eGFP was within the

detectable range, the voltages were adjusted to ensure the Median Fluorescence Intensity (MFI)

on the RL1-A and BL1-A fell between 100 RFU and 1000 RFU (figures 3.2c and 3.2d). Gating

was set to ensure for all replicates at least 99.5 % of measured mock transfected cells fell into

the negative gate.

For measuring both ftRNA and eGFP transfections, both the MFI and the transfection efficiency

(calculated per eq. (3.2)) were the primary measure of transfection method performance.

Estimated Cell V iability (%) =
V iable Cells

V iable Cells+Apoptotic Cells
· 100 (3.1)

Transfection Efficiency (%) =
Total Positive Transfectants

Total Parent Population
· 100 (3.2)

3.2.3 Assessment of RNA Transfection Methods

3.2.3.1 Optimising transfection reagent volumes

In order to assess the candidate transfection reagents, CHOT2 cells were transfected with a range

of reagent and ftRNA concentrations. Cells were transfected as described in section 2.6.1 with

a final seeding density of 0.5× 106 cells.ml−1. The concentrations tested for each reagent can be

found in Table 3.2, with ftRNA concentration fixed at 30 nm.

Table 3.2: Reagent concentrations for assessing the performance of candidate transfection
methods.
The table displays the volume added, and proportion of final culture volume of each transfection reagent
during method screening. All conditions used a cyan-5 ftRNA concentration of 30 nm.

DharmaFECT�2 DharmaFECT�4 MISSION®siRNA Nanocin RNA

µl % by vol. µl % by vol. µl % by vol. µl % by vol.

0.10 0 .05 0.10 0 .05 0.50 0 .25 0.20 0 .10

0.20 0 .10 0.20 0 .10 1.00 0 .50 0.40 0 .20

0.40 0 .20 0.40 0 .20 2.00 0 .10 0.80 0 .40

0.80 0 .40 0.80 0 .40 3.00 1 .50 1.60 0 .80

Figure 3.3e summarises the experimental controls employed. The RNA only control ensures that

the Relative Fluorescence Units (RFU) value measured was respective of intracellular transfected

cyan-5 ftRNA, without being skewed by non-transfected ftRNA on the outer cell membrane.

Of the reagents tested, only Nanocin RNA auto-fluoresces, resulting in a 11.2 % false positive

transfection rate. Although the MFI of the Nanocin RNA only control was 2.6 fold higher
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(e) Control Conditions

Figure 3.3: Titration of DharmaFECT�2, DharmaFECT�4, MISSION®siRNA and
Nanocin RNA transfection reagent volumes.
Transfections were performed at a total volume of 200 µl in static 96-well plates with a final seeding
density of 0.5× 106 cells.ml−1. The concentration of cyan-5 ftRNA was 30 nm for all conditions excluding
the negative and reagent only controls. Cultures were incubated for 24 hours prior to assessment by flow
cytometry. Results depicted are the mean and Standard Deviation (StD) from n = 3 replicates.
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than the negative control cells, this is 100 fold lower than the MFI of ftRNA transfections

(Figure 3.3d).

The results from DharmaFECT� 2 and DharmaFECT� 4 titration’s are displayed in Fig-

ures 3.3a and 3.3b respectively. Both reagents maintained a high cell viability across the tested

concentration ranges, and the MFI and transfection efficiency was positively correlated with

transfection reagent concentration. The highest MFI and transfection efficiency was observed

with 0.8 µl of reagent for both DharmaFECT� reagents, despite this being 4 fold greater than the

manufacturer’s recommendations. Overall DharmaFECT� 2 performed better with a maximum

MFI of 7.21× 104 RFU, 3.3 fold greater than DharmaFECT� 4. The maximal DharmaFECT�

2 transfection efficiency was 84.4 %, 13.2 % greater then DharmaFECT� 4. Overall results sug-

gest higher reagent volumes may improve both MFI and transfection efficiency, despite already

greatly exceeding the manufacturer’s recommendations.

When assessing the performance of MISSION®siRNA (Figure 3.3c), viability drops significantly

as transfection reagent volume increases to a minimum of 16.2 %. MFI and transfection efficiency

are high for the first 3 conditions, with the manufacturer’s recommendation of 1.0 µl yielding an

MFI of 1.16× 106 RFU. When compared to the best condition using DharmaFECT�2 the MFI

is 16 fold greater, and the transfection efficiency is 97.51 %; a 13.1 % improvement.

When tested at 0.2 µl and 0.4 µl volumes, Nanocin RNA (Figure 3.3d) had transfection efficiencies

of 99.64 % and 99.75 % respectively. This came at the cost of greater cell stress, as seen through

the reduced cell viabilities of 83.7 % and 69.0 %. The highest MFI observed was 1.76× 105 RFU;

6.6 fold lower than MISSION®siRNA.

MISSION®siRNA and Nanocin RNA demonstrate significant cytotoxicity at higher concentra-

tions, which has been shown to be a common problem with lipofection (Elshereef et al. 2019;

J. Li and Z. Liu 2015; Rahimi et al. 2018). Additionally, the control conditions demonstrate

this is primarily due to the reagent toxicity, although the literature suggests that nucleic acid

complexing with cationic liposomes exacerbates reagent mediated cytotoxicity (Nguyen et al.

2007).

3.2.3.2 Optimising ftRNA concentration

The relationships between of cyan-5 ftRNA concentration with MFI, transfection efficiency and

viability were evaluated to assess siRNA concentrations for optimal transfection dynamics. Fig-

ures 3.4a to 3.4c show the respective MFI, transfection efficiency and estimated viability of

cyan-5 ftRNA transfections ranging from 0 nm to 60 nm. With the exception of Nanocin RNA,

increasing ftRNA concentration had negligible impact on MFI. This suggests the maximum

amount of RNA uptake had been achieved, and to effectively control target gene knock-down

lower doses of ftRNA are required. Similarly, a minor increase in transfection efficiency was

observed when increasing ftRNA dose from 10 nm to 60 nm. Both DharmaFECT� 2 and Dhar-

maFECT�4 had maximum transfection efficiencies of 66.4 % and 50.5 % respectively. The low

gradient observed suggests that increasing ftRNA concentration will not further improve the

positive transfection rate.
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Figure 3.4: Titration of ftRNA concentration with fixed DharmaFECT�2, Dharma-

FECT�4, MISSION®siRNA and Nanocin RNA reagent concentrations.
All transfections were performed at a total volume of 200 µl in static 96-well plates, with a seeding den-
sity of 0.5× 106 cells.ml−1. Transfection reagent concentration was fixed at 0.4 µl, 0.4 µl, 2.0 µl, 0.8 µl for

DharmaFECT�2, DharmaFECT�4, MISSION®siRNA and Nanocin RNA respectively, corresponding
with row 3 of Table 3.2. Cultures grown for 24 hours prior to assessment by flow cytometry. Results
depicted are the means and StDs from n = 3 replicates.

The transfection efficiency of MISSION®siRNA and Nanocin RNA was over 80 % across all con-

centrations demonstrating consistent ftRNA delivery throughout the cell populations. Lastly,

ftRNA concentration had minimal impact on cell viability, which although low for MISSION®siRNA

and Nanocin RNA, is a result of reagent mediated cytotoxicity as discussed in Figure 3.3.

Overall, MISSION®siRNA outperformed the other reagents in both MFI and transfection effi-

ciency metrics. Nanocin RNA produced the highest transfection efficiency, however the result

was unreliable due to an increased rate of false positive events in the reagent only control.

DharmaFECT� 2 ranked 2nd and has the potential to perform better with increased reagent

concentrations. In Table 3.1, MISSION®siRNA was highlighted as being the most cost effective

method and performed optimally at the manufacturer’s recommended concentration. Having

already been tested at 4 fold the manufacturer’s recommendation, increases in DharmaFECT�2

volume would further increase the cost efficiency gap.

Upon review of the overall performance of the reagents tested, MISSION®siRNA was taken
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forward as the primary candidate for method optimisation and integration into the proposed

screening platform.

3.2.3.3 Assessing the effect of MISSION®siRNA transfection on culture perfor-

mance

In order to perform knock-downs in a format comparable to industry mAb production condi-

tions, cultures must undergo exponential cell division before plateauing into a stationary phase.

CHOT2 cells were transfected with custom designed endoribonuclease prepared small interfering

siRNAs (esiRNAs) targeting SEC22B,BIP, GRP94, and PDIA5 and a final MISSION®siRNA

concentration of 0.50 %(v/v). Cells were seeded into Deep Well Plates (DWPs) and after 5 days

growth and viability were assessed. The results are displayed in Figure 3.5.

In comparison to the negative control, all transfections exhibited a 4.5 fold to 12.5 fold reduction

in Viable Cell Density (VCD) 5 days post transfection. There was no change observed in culture

growth in the RNA only control, indicating no negative effects occur from the presence of RNA

in the culture medium. When comparing the negative control to the MISSION®siRNA only

control, a 3.6 fold reduction in VCD was observed. This indicated that the presence of the

MISSION®siRNA reagent was strongly inhibiting cell proliferation, and in some conditions

complete growth arrest was seen. The presence of the transfection reagent alone had a lower

impact than the esiRNA transfections, confirming RNA-reagent complexing exhibits a greater

effect than the reagent alone. Further reduction in growth at higher esiRNA concentrations

evidenced a dependency on RNA concentration.
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Figure 3.5: Effect of MISSION®siRNA on cell growth.
A panel of esiRNAs were transfected into cells at multiple concentrations and seeded in 96-DWPs at
0.5× 106 cells.ml−1, and after 5 days cell growth and viability was assessed. Results depicted are the
means and StDs from n = 3 replicates. Measured cell viability was above >97.0 % in all conditions.

Measured cell viability was >97.0 % in all conditions indicating that although MISSION®siRNA

prevents cell growth, it is not cytotoxic at the concentrations tested.
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Figure 3.6: Example of the 2-dimensional gating strategy used for cyan-5 ftRNA and eGFP
co-transfection with HTP electroporation platform.
Cultures were transfected with 0 nm (a, b), 6.50 nm (c), 21.6 nm (d), 72.0 nm (e), 240 nm (f), 800 nm
(g), 2600 nm (h) of cyan-5 ftRNA alongside 500 ng empty (a) or eGFP (b-h) vectors. Post transfection
800 nm ftRNA was added to the RNA wash control (b). Transfected cells were incubated under static
conditions and analysed by flow cytometry after 24 hours. Gating limits are the same as described in
Figure 3.2.

3.2.4 Evaluating High-Throughput Electroporation as an RNA Delivery Method

Due to the hurdles encountered in lipofection based transfection methods, the Lonza HTP elec-

troporation platform was evaluated for comparison. The electroporation platform for plasmid

DNA delivery was already established and validated. As a linear relationship between plasmid

DNA load and eGFP fluorescence had been demonstrated, optimisation proceeded with RNA

and DNA co-transfection (Cartwright et al. 2020). The manufacturer’s recommended RNA con-

centration range for optimisation was 2 nm to 2000 nm, dependent on cell type and concentration.
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Electroporation had a much greater optimisation range than previously tested methods due to

a greater range of transfection densities. In the previously optimised CHO plasmid DNA elec-

troporation platform cells were transfected at a density of 100× 106 cells.ml−1 in 20 µl followed

by serial dilution to the desired seeding density. Resultantly the total mass of esiRNA per cell

was comparable to lipofection techniques.
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Figure 3.7: Assessing HTP electroporation as a co-transfection platform.
Cyan-5 ftRNA was titrated from 0 nm to 2600 nm while being co-transfected with 500 ng eGFP vector.
Transfected cells were incubated under static conditions and analysed by flow cytometry after 24 hours.
Results depicted are the means and StDs from n = 6 replicates.

Figure 3.6 shows example heat-scatter plots of cyan-5 and eGFP fluorescence for each condi-

tion and Figure 3.7 displays the mean MFI, transfection efficiency and estimated cell viability.

Minimal shift in the number of ftRNA positive transfectants was observed between the negative

control (Figure 3.6a) and wash control (Figure 3.6b) panels. An average positive transfection

rate of 0.66 % was observed for the wash control, an increase of 0.21 % over the mock-transfected

control, confirming the RNA effectiveness of the wash procedure.

Through panels (c) to (h) of Figure 3.6, the 2-dimensional shape of the population was main-

tained and the RL1-A fluorescence signal increased with ftRNA concentration. In the RL1-

A channel there was minimal population lag observed as the ftRNA concentration increases,

demonstrating consistent RNA delivery across the population resulting in ubiquitous knock-

down. Some population lag was observed in the BL1-A channel indicating greater variation

within the population. Transfection efficiency remained constant at (97.60± 0.75) % in all eGFP

positive conditions (Figure 3.7b).
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Figure 3.7a showed a linear increase in MFI when cyan-5 ftRNA concentration was increased

from 21.6 nm to 800 nm, defining our working dynamic range. The observed eGFP MFI is

unaffected by ftRNA concentration up to 800 nm and a minor reduction was observed at 2600 nm

ftRNA.

The transfection efficiency (Figure 3.7b) has been plotted on a log axis to visualise the minor

increases in positive transfectants at 21.6 nm and 72.0 nm concentrations. A maximum transfec-

tion efficiency of 99.88 % was seen at 2600 nm ftRNA, and all conditions between 240 nm and

800 nm both had greater than 95.0 % transfection efficiency.

Increasing the concentration of cyan-5 ftRNA had no impact on estimated cell viability (Fig-

ure 3.7c), with all observed viabilities ranging from 72.0 % to 80.0 %.

3.2.4.1 Assessing extended culture performance of electroporated cells

To assess culture performance post-RNA transfection, CHOT2 cells were transfected with 21.6 nm

to 800 nm of siRNA or esiRNA targeting SEC22B, BIP, GRP94 or a non-targeting control and

cultured in shaking conditions for 5 days. Co-transfection of empty vector standardised DNA

load to 300 ng.well−1.

Unlike the lipofection techniques previously tested, transfection of esiRNAs via electroporation

allowed reasonable cell growth over a 5 day period (Figure 3.8). When comparing the non- and

mock-transfected controls, the electroporation process reduced the final VCD by 50.6 %.
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Figure 3.8: Culture growth post-electroporation.
A panel of esiRNAs were transfected into CHOT2 cells at multiple concentrations. Cultures were seeded
at 0.5× 106 cells/ml in 96-DWPs and incubated for 5 days. Results depicted are the means and StDs
from n = 3 replicates. Measured cell viability was above >95.0 % in all conditions.

No change in cell growth was observed when increasing the esiRNA concentration with any of

the target genes. As a non-producing cell line, CHOT2 is predicted to be less sensitive to changes

in Endoplasmic Reticulum (ER) chaperone and secretary pathway protein levels. To ensure the

knock-downs were been successful, quantification of intra-cellular levels of target proteins was
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required. Importantly no change in VCD was observed between the mock-transfected control

and the scrambled esiRNA transfections, suggesting no positive or negative effects were exerted

on the cell population by the delivery of non-targeting esiRNA.

FCV CD =
V CDp

V CD0
(3.3)

Cell growth can be expressed as a fold change in VCD measurements between two time-points

(FCV CD) and can be calculated as per eq. (3.3) where, V CD0 and V CDp are initial and peak

VCD measurements respectively. The average FCV CD of the mock-transfected control was cal-

culated to be 4.6 fold. This was significantly lower than the 10.2 fold increase of non-transfected

cells, and is a significant improvement over the 3.2 fold increase observed from the previous

MISSION®siRNA mock transfection. However, the results demonstrate the growth limitations

found with most DNA and RNA delivery methods.

3.2.5 Quantification of RNAi Knock-Down Dynamics

It was important to demonstrate that successful delivery of RNA into cells translated to a

reduction in intracellular concentration of the target protein. An siRNA targetting SEC22B

was used as a positive control due to its previous validation in CHO cells (Dickens et al. 2016).

In addition, this allowed a comparison of the reliability, potency and consistency of esiRNAs in

relation to siRNAs.

Western blots were selected to provide accurate relative quantification of the target intracellular

HCP abundance. Each western blot was multiplexed with the protein of interest and β-actin,

a constitutively expressed housekeeping control, being measured simultaneously in different flu-

orescent channels. For each sample the fluorescence intensity of the Protein of Interest (POI)

was normalised against the β-actin control to calculate the relative HCP abundance in relation

to the mock-transfected control. Example western blots for SEC22B siRNA, SEC22B esiRNA

can be seen in Appendix A Figures A.1a and A.1b respectively.

Figures 3.9a and 3.9b show the relative change in intracellular SEC22B protein in response

to knock-down by the positive control siRNA and designed esiRNA. The esiRNA produced a

stronger knock-down across all concentrations and time points. At the lowest concentration

tested (21.6 nm) the SEC22B esiRNA had an average HCP abundance of 31.4 % across the

3 time points. Comparatively, the siRNA had an average abundance of 72.2 %, suggesting

increased potency from the esiRNA. When reviewing the effect of increasing the SEC22B esiRNA

concentration, only marginal improvements are seen. Conversely, the 72 nm siRNA knock-down

of SEC22B reduced the HCP abundance to 38.6 % 2 days post transfection.

Evaluation of the variation between replicates for each condition revealed an average Standard

Error of the Mean (SEM) of 7.41 % for the SEC22B esiRNA, whereas the SEC22B siRNA average

SEM was 2-fold greater at 15.50 %. Overall the SEC22B esiRNA produced a stronger and more

consistent knock-down, with the strongest knock-down of 88.7 % being recorded 2 days post-

transfection with 800 nm esiRNA. Similar observations of variation for BIP and GRP94 esiRNA
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knock-downs in Figures 3.9c and 3.9d, where 12.97 % and 10.91 % variation in protein abundance

was measured respectively, further demonstrating the superior consistency of esiRNAs.
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Figure 3.9: Quantification of RNAi knock-down efficiency by western blot.
Figure shows the calculated intracellular target protein abundance below for SEC22B siRNA (a), and
SEC22B (b), BIP (c) and GRP94 (d) esiRNAs. CHOT2 cells were electroporated with 0 nm to 800 nm
of RNA and seeded at 0.5× 106 cells.ml−1 in 96-DWPs. Samples were taken 2, 3, and 4 days post-
transfection and triplicates pooled for western blot analysis. Protein abundance was normalised against
the β-actin house keeping control. Figure A.1 shows example western blots for SEC22B siRNA (a) and
SEC22B esiRNA (b). Graphs display the mean and SEM of n = 3 biological replicates normalised to the
mock-transfected control.

Unlike SEC22B, both BIP (Figure 3.9c) and GRP94 (Figure 3.9d) knock-downs demonstrated

a strong correlation between esiRNA concentration and HCP abundance. BIP was the least

effective esiRNA tested, with a maximum of 60.9 % reduction in HCP observed 2 days post-

transfection with 800 nm esiRNA. BIP was the only target where every increase in esiRNA

concentration notably increased the knock-down amplitude. When knocking down GRP94, the

intracellular protein concentration on day 2 reduces with every increase in esiRNA concentration.

Lastly when observing the change in concentration over time the levels of HCP began to rise

by day 4 post-transfection for most SEC22B and BIP knock-down conditions. When knocking

down GRP94 the strongest knock-down is observed 4 days post transfection.

3.2.6 Improving High Throughput Culture Performance

During the course of optimising transfection conditions, it was noticed that cells were not growing

as effectively as expected over 5 days in the 96-DWP culture platform, highlighted by low

cell densities and high cell doubling times for non-transfected cells. This is especially evident

when observing non-transfected CHOETE and CHOT2 cells growing optimally as in Figure 3.10

reaching a PCD of 1.2× 107 cells.ml−1 and 9.3× 106 cells.ml−1 respectively on day 6 of culture.
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It was hypothesised that inefficient cell mixing during shaking incubation at 320 rpm resulted

in cells settling in the plate, limiting the growth rate. In order to best align performance with

bioreactor conditions good cell growth is essential.
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Figure 3.10: CHOETE and CHOT2 culture growth in Erlenmeyer flasks.
CHOETE (black) and CHOT2 (red) cells were seeded at 1.0× 106 cells.ml−1 in 125 ml Erlenmeyer fed-
batch cultures and VCD (solid line) and viability (dashed line) was measured on days 3, 4, 6 and 10 of
culture. Error bars represent the standard deviation of n = 8 and n = 5 replicates for CHOETE and
CHOT2 respectively.

Volume sensitivity was another known limitation of the 96-DWP culture format. During previous

set-up and parameter optimisation by colleges a working range of 465 µl to 485 µl was established

between which cell growth, viability and productivity are consistent. This poses an additional

challenge as mid-culture sampling was required to quantify the target HCP abundance.

Due to these limitations, a 24-Shallow Well Plate (SWP) culture platform was tested and opti-

mised aiming to provide improved growth characteristics and a reduced volume sensitivity. For

simplicity the same Duetz system of Sandwich Cover plate lids and clamps made by EnzyScreen

were used. Enzyscreen offered 3 different lid types compatible with Nunc 24-SWPs, each with

varying properties as described in Table 3.3. The CR1524 model was immediately eliminated

as an evaporation rate of 30 µl/day would result in a significant loss of culture volume.

Table 3.3: Specifications of plate lids for Nunc 24-SWPs from EnzyScreen.
Stated evaporation rates are correct for 30 °C and 50 % humidity.

Lid Type Hole Diameter Gas Exchange Rate Evaporation Rate

(mm) (ml.min−1) (µl.day−1)

CR1324a 1.20 0.70 16.0

CR1524 1.00 1.10 30.0

CR1524a 0.20 0.25 6.0
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CR1324a and CR1524a plate lids were assessed with electroporated CHOETE and CHOT2 cells

and the results are displayed in Figure 3.11. CHOETE and CHOT2 were transiently transfected

with empty vector or mAbETE and cuvettes were pooled before seeding between the different

plate formats. Plate performance was assessed in batch and fed-batch culture modes with cells

seeded in 24-SWPs at 0.5× 106 cells.ml−1 and cultured for 13 days.

Overall the CR1324a plate lid (Figure 3.11a) had a more consistent and reproducible growth

profile than the CR1524a (Figure 3.11b), and demonstrated increased consistency between repli-

cates. Both lids permitted good cell growth with PCDs being recorded on day 7 in batch

and fed-batch modes. Cell viability was also more consistent with the CR1324a plate lid (Fig-

ure 3.11c) when compared to the CR1524a model (Figure 3.11d), with reduced variability across

all cultures.

Upon closer inspection, the CR1524a sandwich cover did not sit on the plate as tightly as the

CR1324a model, posing a contamination risk. Additionally, it was hypothesised that the smaller

diameter holes provided insufficient gas exchange, explaining the inconsistent growth observed.

Resultantly only the CR1324a sandwich cover was taken forward for further assessment.
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Figure 3.11: Batch and fed-batch culture performance in 24-SWP with CR1324a and
CR1524a plate lids.
Both lid formats were assessed with a stable cell line (CHOETE) and CHOT2 cells electroporated with
500 ng.well−1 of empty vector or mAbETE plasmid respectively. Here the growth (a,b) and cell viability
(c,d) results are shown for the CR1324a and CR1524a lids respectively. A stably expressing (black) and
transiently transfected (red) cell lines were grown in both batch (dashed line) and fed-batch (solid line)
modes. Results are the means and StDs of n = 6 replicates.

3.2.6.1 Identifying 24-SWP working range and evaporation

After several rounds of optimisation a working volume range of the 24-SWP culture format was

established. When seeded at volumes ranging from 650 µl to 750 µl there was no impact on cell

growth (Figure 3.12a) or viability (Figure 3.12b) observed. This provided the working range

required to allow culture feeding and sampling with no negative effect on culture performance.

In order to run longer fed-batch experiments it was important to assess the evaporation rate of

the CR1324a plate lid. CHOETE cells and CD-CHO was seeded into 24-SWPs and after 7 days

incubation without intervention and the volume in each well was measured by reverse pipetting.

The mean evaporation rate of the CR1324a plate was 1.26 µl.day−1 and 1.04 µl.day−1 when

incubated with CHOETE and CD-CHO media respectively (Figure 3.12c), resulting in negligible

changes to culture volume over the duration of batch or fed-batch studies. The difference in

evaporation rate between the CHOT2 culture and CD-CHO media was not statistically significant

(Welches t-test: P = 0.06), and was attributed to the build up of cell sediment around the walls

of plate wells.
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Figure 3.12: Assessing the working parameters of 24-SWPs.
CHOETE cells were seeded at 650 µl, 700µl or 750µl in 24-SWPs and incubated for 5 days. On days 1, 3
and 5 VCD (a) and viability (b) was measured on a Norma-HT with points and error bars representing
the mean and StD of n = 8 replicates. Panel (c) depicts an independent assessment of the evaporation
rate from 24-SWPs. CHOETE cells or CD-CHO was incubated for 7 days with no intervention. Error
bars represent the mean and StD of n = 24 replicates.

3.2.6.2 Comparison of the 24-SWP and 96-DWP culture platforms

Following parameter optimisation, the growth rate of transfected cells in the 24-SWPs was

directly compared to the existing 96-DWP culture format. CHOETE growth rate increased by

1.51 fold over in the 24-SWPs and the average culture viability was 4.0 % higher after 5 days

(Figure 3.13a). Similarly the CHOT2 growth rate increased by 1.48 fold and culture viability

increased by 3.9 % (Figure 3.13b). Near identical improvements in both cell lines support the

hypothesis that 96-DWPs provide sub-optimal conditions and limit cell growth.
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Figure 3.13: Comparison of culture performance in 24-SWP and 96-DWP formats.
Figure depicts culture performance of CHOETE (a) and CHOT2 (b) transfected with empty vector and
mAbete vector respectively. Transfected populations were pooled and cultured in 24-SWPs (orange) and
96-DWPs (black) for 5 days. On days 1, 3 and 5 VCD and viability was measured on a Norma-HT,
represented by the solid and dashed lines respectively. Points and bars are the means and StDs of n = 12
replicates.
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The calculated 5 day FCV CD of CHOETE and CHOT2 cells in 96-DWPs was 5.9 fold and 5.1

fold respectively, consistent with previous experiments in section 3.2.4.1. Cell growth rate was

significantly improved in the 24-SWPs with respective 5 day FCV CD of 8.6 fold and 8.3 fold for

CHOETE and CHOT2 cells.

The data demonstrated that 24-SWPs are a significant improvement over the existing cell culture

platform, offering improved growth characteristics for transfected cells and negligible rates of

evaporation. However, implementation of the 24-SWP format reduced incubator throughput by

25 % as three 24-SWPs could be stacked in place of a single 96-DWP.

3.2.7 Assessing the Technical Reproducibility of the Opentrons OT-2 Liquid

Handler

3.2.7.1 Identifying the high throughput transfection platform constraints

HTP nucleofection is a complex laboratory process with many repetitive mixing and low volume

transfer steps required. Occasional user errors when handling a large number of culture plates

had led to unexpected results requiring repeat experiments. Additionally, inaccuracies in culture

seeding densities were often seen. It was hypothesised that rapid cell settling was the primary

cause, resulting in a cell density gradient between wells emerging during the electroporation

process. Extensive mixing of cells had helped alleviate this, however the subjectiveness of

mixing regimes between wells, experiments and users was evident.

Outlined below are some key issues encountered when completing the HTP transfection protocol

by hand, and why it was hypothesised a liquid handling robot could alleviate these:

� Inefficient and inconsistent mixing of cell suspensions - During the set-up of a nucleo-

fection plate, cells are re-suspended at a density of 200× 106 cells.ml−1 then diluted to

100× 106 cells.ml−1 for electroporation. At both the resuspension and electroporation

densities, cell settling was visible within 20 seconds. Manually mixing by pipetting is a

subjective process, often with the number, speed and location of mixes within each well

varying. A liquid handler will treat every well identically and can eliminate this inconsis-

tency.

� Interface between mixing and transfers - Unfortunately low volume electronic pipettes were

not available, and when using a manual pipette (single or multichannel) you are limited to

a single volume. When transferring the transfection mix (cells + DNA/RNA + buffer) into

the Lonza nucleofection plate, 20 µl is transferred 3 times from a 90 µl stock. The OT-2

could be programmed to mix a larger volume and subsequently transfer 20 µl without any

delay in changing pipette settings. Additionally, the mixing volume can be reduced for

each subsequent transfer to match the volume available.

� Air bubbles in the nucleofection plate - Air bubbles cause an arc discharge errors during

the electroporation process. Removal requires bursting with a sterile hypodermic needle,

significantly increasing the time cells are kept at a high cell density in suboptimal buffer

conditions. These are difficult to avoid with a manual pipette, however a liquid handler can
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aspirate excess cell suspension and only dispense the required volume without introducing

any air into the system.

� Pipetting reliability and consistency - When performing many repetitive plate based pipet-

ting actions by hand there is an increased probability of human error, which may go un-

noticed impacting experimental results. Unnoticed errors will be eliminated with a liquid

handler, as any mistakes would be easily traceable.

3.2.7.2 Benchmarking the Opentrons OT-2 against a human operator

Before assessing the performance of the OT-2 with the high-throughput transfection platform,

it was important to ensure the robot could perform standard laboratory assays with the same

or greater accuracy than a human operator. The Opentrons OT2’s reproducibility was assessed

when running the Valita®TITER and Valita®TITER Plus IgG quantification assays. The

performance was then compared directly against an experienced human operator, defined as a

scientist that has completed the assay at least 20 times.

This work was completed in collaboration with Valitacell and Opentrons, and has been pub-

lished as an AppNote on the respective companies web pages (Opentrons 2020; Valitacell 2020).

The article titled ’Automated, Rapid & Reproducible Measurement of Immunoglobulin G using

Opentrons OT-2 liquid handling robot and Valita®TITER and Valita®TITER Plus’ has been

reproduced in Appendix D with the permission of all contributors. The lab work in this article

was completed solely be myself. Hannah Byrne, Head of Science at Valitacell provided input

into the planning, data analysis and writing of the article. Laurie Vazquez, Content marketing

Manager at Opentrons was brought in once a draft was available to ensure proper representation

of the OT-2 and to obtain company approval.

3.2.7.3 Assessing the consistency of the Opentrons OT-2 liquid handler with the

HTP electroporation platform

After confirming that the OT-2 could match or outperform a human operator with the straight

forward laboratory assays, the protocols required to automate the electroporation platform were

developed. Below is a simplified version of the HTP electroporation protocols identifying the

steps completed by the OT-2 or the user:

1. User: Prepares DNA/RNA mix in master plates.

2. OT-2: Fills 24SWPs with media.

3. OT-2: Transfers electroporation buffer and DNA/RNA mix to set-up plate.

4. User: Re-suspends cells to 200× 106 cells.ml−1 and add to robot trough.

5. OT-2: Mixes and transfers cells to each column of set-up plate to complete the transfection

mix.

6. OT-2: Transfers transfection mix into electroporation plate in triplicates.
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7. User: Removes electroporation plate, performs the electroporation then returns it to the

OT-2.

8. OT-2: Adds 80 µl of media to each well of electroporation plate.

9. OT-2: Mixes each well thoroughly and seeds cells into 24-SWPs.

In order to evaluate the OT-2 a small scale electroporation experiment was performed manually

and by the OT-2, with 24 replicates and biological duplicates for a total of n=48 transfections

by each method. CHOETE cells were transfected with 300 ng.well−1 of empty vector, seeded

into 24SWPs and evaluated immediately. Figure 3.14 shows the results with each biological

repetition plotted independently.

When calculated, the theoretical seeding density would 1.60× 106 cells.ml−1 under the as-

sumptions of: perfect cell homogeneity throughout the protocol, optimal cell pelleting and re-

suspension and 100 % cell viability post electroporation. Manual and automated electroporation

had equal impact on cell viability with calculated means of 90.58 % and 91.31 % respectively.

Assuming a 91.00 % viability the theoretical target seeding density was 1.46× 106 cells.ml−1.

The difference between theoretical and observed seeding densities was a result of the following

variabilities:

� Over-dilution resulting from imperfect media removal from pelleted cells.

� Variability from cell pelleting and re-suspension at very high densities of 200× 106 cells.ml−1.

� Cell settling resulting from inefficient mixing before cell transfer steps.
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Figure 3.14: Evaluation of the consistancy of the HTP electroporation platform completed
manually and by the Opentrons OT-2.
Identical independent nucleofection experiments were conducted manually and with OT-2. Cells were
transfected with various esiRNAs and seeded in 24-SWPs. VCD measurements were taken immediately
after seeding. Experiments 1 and 2 are independent experiments. The mean and StD of each population
are displayed.

Cell pelleting, media removal and re-suspension would be a contributing factor to the difference

between theoretical and observed seeding densities. However, as it was performed manually
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in both methodologies it did not contribute to the difference between manual and automated

electroporation platforms. This variation would also be a major contributing factor to the

difference in mean seeding density between biological replicates. It was hypothesised that the

dominant factor affecting the difference in seeding density between the manual and automated

electroporation methods was the efficiency of mixing procedures.

A 25.4 % increase in average seeding density by the OT-2 was observed, highlighting the severity

of cell loss due to inefficient mixing and cell settling during manual completion of the protocol.

Table 3.4 shows a summary of the statistical analysis of Figure 3.14. When assessing the

whole populations, robotic operation had a lower StD and Coefficient of Variation (CV) in both

replicates. When compared to manual completion, the OT-2 average seeding density StD was

28.6 % lower. This translated to a 42.8 % reduction in CV demonstrating the improvements in

consistency offered by the OT-2’s.

Table 3.4: Statistical summary of Figure 3.14.
.

Experiment Mean (cells.ml−1) StD (cells.ml−1) CV (%

Manual 1 1.01× 106 8.27× 104 8.21

Manual 2 0.96× 106 8.50× 104 8.83

OT-2 1 1.20× 106 6.35× 104 5.31

OT-2 2 1.27× 106 5.62× 104 4.44

The variation in average seeding densities seen between biological replicates for both manual and

automated experiments was 5.1 % and 5.6 % respectively. The cell pelleting and re-suspension

of cells to 200× 106 cells.ml−1 prior to electroporation is a major source of variation in the

protocol. Small variations when removing excess media from the pellet are unavoidable during

both manual and automated variations of the procedure. As a result comparisons made between

electroporation plates should be normalised through internal plate controls.
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3.3 Discussion

This chapter describes the individual methods designed, optimised and validated to form a SOSC

gene screening platform for CHO cell engineering. The aim of this work was to develop an RNAi

platform capable of plasmid DNA co-transfection at cell densities high enough to reach PCD

within 5 days.

The first step was identification of the design requirements and key characteristics to ensure the

platform met the project needs. Key requirements were outlined based on the available literature

on RNAi in CHO cells and more generically, with a focus on applicability to both academic and

industrial research work flows. The following list of characteristics were identified: robust,

accurate and consistent; simple and reproducible RNA and DNA co-transfection; alignment to

industrial mAb production; chemically defined and protein free; cost-efficient and scalable.

Next the best method(s) of delivering RNA and DNA into the target cells needed to be identified.

Examples of RNAi screening in the literature are generally in adherent cultures and focus on

phenotypic screening. A wide range of RNA delivery methods were selected for testing to find

the optimal method to meet the design requirements. The identified RNA delivery methods were

ranked based on individual properties and alignment with the proposed platform characteristics.

The Lonza SG Cell Line 96 Nucleofector�Kit remained as a reserve option as the complexity

and high cost would limit scale and scope of future RNAi screening.

Accurate evaluation of RNA and DNA delivery required a quantitative assessment of transfection

potency and efficiency. Flow cytometry would allow accurate quantification on a cell-by-cell

basis, with the benefit of multiple fluorophores allowing simultaneous measurement of RNA and

DNA delivery. Cyan-5 ftRNA was selected as a reporter to characterise RNA delivery based on

its emission spectra relative to that of eGFP, a common reporter for plasmid DNA delivery.

From initial experiments with a range of lipofection and nano-particle based delivery systems,

MISSION®siRNA transfection reagent was identified as the best candidate. It offered superior

transfection efficiency, potency and had minimal effect on cell viability when used at the manu-

facturer’s recommended concentration. DharmaFECT� 2 outperformed DharmaFECT� 4, and

increasing the concentration beyond 0.4 %(v/v) could produce transfection potencies and effi-

ciencies comparable to MISSION®siRNA. However, as MISSION®siRNA Transfection Reagent

had the baseline best cost efficiency, DharmaFECT� 2 concentration was not increased beyond

4 fold the manufacturer’s recommendations. MISSION®siRNA was taken forward for further

method optimisation.

The performance of MISSION®siRNA transfection reagent over a longer culture duration was

investigated. Results demonstrated a significant reduction in cell proliferation after addition

of the reagent. Control conditions confirmed near complete growth arrest was caused by the

MISSION®siRNA reagent, with a minor amplification upon RNA-reagent complexing. This

documented effect is commonly overcome by the addition of FBS, FCS or other growth factors

to the culture medium to stimulate cell growth (Ovcharenko et al. 2005; Rahimi et al. 2018).

Achieving PCD within the 5 day time frame of RNAi knock-down, would require increasing
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transfection densities and improving the cell growth rate in the presence of MISSION®siRNA.

Published literature demonstrated that electroporation as a DNA delivery method avoids the

inhibition of cell growth seen with lipofection (Maurisse et al. 2010; Tabar et al. 2015). Although

initially stressful on the cells, electroporation is a very fast transfection process, with the full

DNA or RNA load being delivered into the cells immediately. In comparison, internalisation of

cationic lipid-DNA complexes take 1-2 hours (Elouahabi and Ruysschaert 2005).

Upon reviewing the limitations of the available transfection methods against the platform criteria

and available literature, the reliability of the Lonza SG Cell Line 96 Nucleofector� Kit was as-

sessed as an RNA delivery method. As this transfection methodology was utilised in Cartwright

et al. 2020 for plasmid DNA delivery over a prolonged culture period, identical conditions were

employed as a starting point for development RNA delivery parameter optimisation.

The concentrations of RNA tested at the point of transfection were from 6.50 nm to 2600 nm;

significantly higher than with the lipofection and nano-particle methods. The cell density at

the point of electroporation is 100× 106 cells.ml−1; more than 100 times greater than lipofection

techniques. Resultantly the RNA per cell is comparable between electroporation and lipofection

delivery methods.

Co-transfection results demonstrated that electroporation was a good method of ftRNA deliv-

ery in CHO cells, with >97.0 % transfection efficiency when more than 240 nm cyan-5 ftRNA

is transfected. The maximum observed MFI of 4.8× 104 RFU was significantly lower than

MISSION®siRNA transfections, however the consistency between replicates was improved. In-

terestingly the concentration of ftRNA had no measurable impact on eGFP expression within

the working range of 21.6 nm to 800 nm, demonstrating the co-transfection robustness of this

method.

Quantification demonstrated successful knock-down of SEC22B, BIP and GRP94 to varying

extents. When directly compared, the SEC22B esiRNA produced a stronger knock-down than

the equivalent siRNA, and demonstrated higher reliability. Furthermore, all esiRNAs displayed

lower variability between replicates than the model siRNA.

When ranking the maximal knock-down achieved for each target, SEC22B was strongest followed

by GRP94 and BIP with 81.2 %, 67.5 % and 60.9 % reductions in intracellular target protein

respectively. It is evident from the data described that the degree of knock-down is target

specific. The working hypothesis was that messenger RNA (mRNA) abundance is a key factor

impacting knock-down strength. As no mRNA data was available for the CHOT2 cell line used,

RNA Sequencing (RNAseq) data from the MEDI-CHO parental host was reviewed (Geoghegan

et al. 2018). The mean Fragments per Kilo-base of Transcript per Million mapped readss

(FPKMs) of SEC22B, BIP, and GRP94 were 44.5, 855.2 and 524.6 respectively, supporting the

above hypothesis. Results also suggested higher esiRNA concentrations are required to achieve

a similar knock-down of more abundant mRNA transcripts.

Lastly results demonstrated that the rate and duration of RNAi knock-down was target spe-

cific. As a result the optimal point to measure the knock-down strength differs for each target.

From the data presented and the available literature, day 3 post-transfection was selected to
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assess target HCP abundance in future screening experiments (Bartlett and M. E. Davis 2006;

Distefano 2019; W. Wu 2004).

When put together, the Lonza SG Cell Line 96 Nucleofector� Kit is a robust and accurate

method for high-throughput, high-density co-transfection of RNA and DNA for parallel RNAi

and over-expression screening. Although the high cost initially ranked the method poorly, al-

ternative methods severely inhibited cell growth or encountered unforeseen cost amplifications.

Though there was a large improvement over lipofection methods, the growth rate of was still

compromised when culturing electroporated cells in 96-DWPs. As the observed doubling time of

47 hours to 49 hours was significantly higher than the expected rate 22 hours to 28 hours during

exponential growth, further optimisation of the HTP platform was required (Baik and Kelvin H.

Lee 2018; Takagi et al. 2017).

It was hypothesised that the sub-optimal cell growth in the 96-DWP platform was a result of

inefficient cell mixing within the wells. Additionally, the narrow 20 µl working range left little

room for mid-culture sampling. After reviewing the available options and observing the high-

throughput culture platform utilised by AstraZeneca, several 24-SWP formats were evaluated.

After initial assessments, the CR1324a sandwich cover lid performed best with transfected

CHOT2 cells reaching a PCD of 7.61× 106 cells.ml−1 in fed-batch cultures. Upon further charac-

terisation, a working range from 650 µl to 750 µl was demonstrated to have no impact on culture

growth or cell viability without the culture making contact with the plate lid when shaking.

Lastly the measured evaporation rate through the lids was under 1.5 µl.day−1, and would have

negligible impact on culture performance over applicable longer culture durations. A direct per-

formance comparison demonstrated 24-SWPs reduced cell doubling times of transfected CHOT2

and CHOETE cells by 18.8 % and 19.2 % respectively.

The scale of the planned gene-screening experiments in addition to the high complexity of the

HTP nucleofection platform and associated sampling led the procurement of an automated

liquid handler. It was hypothesised that through automation of high-throughput cell culture

screening, the well-to-well variability could be reduced leading to increased reliability. This was

a particular concern with the Lonza electroporation platform as transfection occurred at very

high cell densities, therefore maintaining a homogeneous cell suspension for pipetting steps was

an ongoing challenge.

It was important to benchmark the Opentrons OT-2 liquid handler’s accuracy and reproducibil-

ity before designing and testing the complex electroporation platform protocols. As the most

common IgG titre assay utilised by the research group, the Valita®TITER assay was the logical

choice to assess the liquid handler’s performance.

The sample-to-sample variability when generating a full plate standard curve with the Valita®TITER

and Valita®TITER Plus IgG quantification assays was assessed when performed by the liquid

handler and a human operator. In total 24 independent standard curves were generated for each

assay by the robot and the human operator. The data demonstrated the OT-2 performed the

Valita®TITER assay with the same consistency and precision as the human operator. Addi-
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tionally, the OT-2 outperformed the human operator when performing the Valita®TITER Plus

assay with reduced StD and CV values for 80 % data points along the standard curve.

Lastly the Opentrons OT-2 was shown to perform the liquid handling steps with greater preci-

sion than a human, with a average reduction in Percentage Coefficient of Variation (%CV) in

seeding density of 42.8 %. As a positive correlation between inefficient mixing and cell settling

is expected, the reduced seeding density variation supports attributing the difference in seeding

density between methods to inefficient mixing. Furthermore, flexibility of the robotic pipettes to

mix, aspirate and dispense variable volumes reduced the protocol duration by ≈30 %, increasing

the potential throughput of the gene-screening platform.

Following the successful validation of the OT-2 with the Lonza HTP electroporation protocol, the

remaining plate-based protocols and assays within RNAi screening platform were automated. In

addition to transfection, this included sampling from 24-SWPs, feeding cultures, loading samples

onto the Iprasense HTP cell counter and running Valita®TITER assays at variable dilutions.

The Python scripts for the protocols used here, and designed for use in chapter 4 are available

in Appendix E.



Chapter 4

Evaluating the Sensitivity of ER

Folding and Assembly Machinery

Through Simultaneous

Overexpression and Silencing

Co-transfection (SOSC) Effector

Gene Titration

The results described in this chapter aim to demonstrate the applicability of the SOSC gene

screening platform developed and validated in Chapter 3, as a tool to rapidly identify Chinese

Hamster Ovary (CHO) host and cell line specific genetic engineering targets. Furthermore, the

use of paired host and producer transcriptomics data was investigated as a method for identifying

effector genes for High Throughput (HTP) screening experiments.

Effector genes were selected by leveraging Gene Ontology (GO) annotations, and RNA Sequenc-

ing (RNAseq) transcriptomics data in the host producer. A list of 46 genes which were differen-

tially expressed and associated with Endoplasmic Reticulum (ER) folding and assembly processes

was identified. A subset of this list was experimentally assessed using the SOSC gene screening

platform to transiently overexpress and knock-down effector genes in two cell lines expressing an

Easy to Express (ETE) and Difficult to Express (DTE) Monoclonal Antibody (mAb) respectively.

From six engineering targets found to improve productivity in the DTE model, only overexpres-

sion of ERDJ5 also improved productivity in the ETE model system, suggesting generic appli-

cability to the CHO host genetic background. Despite derivation from a common host, in the

ETE mAb model Integral Viable Cell Density (IVCD) varied most in response to gene titration,

whereas titre variation was prevalent in the DTE model, highlighting product specific changes to

cell factory characteristics.

73
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4.1 Introduction

In a mAb production context, transient overexpression studies have identified a range of ap-

proaches and targets for the engineering of host CHO cell lines. It has become a key tool,

as complex therapeutics push the limits of biological factories. A well known trait of genetic

engineering solutions is the highly context specific nature of cellular responses limiting their

applicability to individual therapeutic protein products and host cell backgrounds.

Given the complexity of mAb folding and assembly, and the vast number of genes whose expres-

sion could be modulated to improve production, a significant number of engineering approaches

have focused on transcription factors as diverse regulators of gene expression (Gulis et al. 2014).

XBP1s is a transcription factor activated upon ER stress, and is one of the most prominent CHO

engineering targets with demonstrated applicability to mAb production (K. Cain et al. 2013;

Cartwright et al. 2020; Gulis et al. 2014; Tigges and Fussenegger 2006) and other therapeutic

proteins (Hansen, Nilsson, et al. 2015; Johari et al. 2015; Ku et al. 2008; Tigges and Fussenegger

2006), however contradictory results have also been demonstrated (Ku et al. 2008; Rahimpour

et al. 2013).

A further exemplification of this is seen when reviewing published studies on the effect of ectopic

P4HB expression on therapeutic protein productivity in CHO cells (Borth et al. 2005; Cartwright

et al. 2020; R. Davis et al. 2000; Hansen, Nilsson, et al. 2015; Hayes et al. 2010; Johari et al.

2015; Mohan et al. 2007; Nishimiya et al. 2013; Pybus et al. 2014). The ER resident enzyme

P4HB confers disulphide isomerase activity. It plays a key role in oxidation and reduction of

disulphide bonds in nascent polypeptides, and functions as a chaperone inhibiting the aggre-

gation of folding intermediates (Appenzeller-Herzog and Ellgaard 2008; Hatahet and Ruddock

2009). The reported effects of P4HB overexpression on titre and Specific Productivity (qP) vary

from a 50 % decrease, through negligible effects, and up to a 40 % increase. This inconsistency

can, to some extent, be explained by product specificity, as several different recombinant pro-

teins have been used as models in examples such as Pybus et al. 2014. However, many context

specific cellular and experimental factors are at play when examining how an effector gene effects

productivity, thus the inconsistency in P4HBs on therapeutic protein production is likely more

complex than product specificity alone.

The majority of published examples addressing product specificity focus on transient mAb pro-

duction systems, which apply the associated ER and Unfolded Protein Response (UPR) stress

in an acute manner (Becker et al. 2008; K. Cain et al. 2013; Hansen, Pristovšek, et al. 2017;

Johari et al. 2015; Pybus et al. 2014). The cells UPR pathways to chronic and acute stresses

differ, with long term stress inducing wider reaching transcriptome regulation and chromatin

remodelling (DuRose et al. 2006; Merquiol et al. 2011; K. T. Smith and Workman 2012). This

limits the transferability of findings from transient mAb to stable production cell lines, hence

screening of effector genes on stable producers is more appropriate to inform industry processes.

The use of RNA Interference (RNAi) screening has also become common when studying the

pathology of disease, allowing for rapid screening of genome scale libraries in cell models. How-

ever, due to limitations raised and addressed in chapter 3, RNAi previously had limited appli-
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cability to the optimisation of biopharmaceutical production pipelines. Incorporation of knock-

down methods help facilitate the evaluation of cell line sensitivity to effector gene knock-down

and could help identify genetic redundancy in mAb folding and assembly pathways. This chap-

ter is a case study aiming to demonstrate the application of the SOSC gene screening platform

designed in chapter 3 as an engineering tool to identify targets for CHO cell engineering.

By exploring the response of two cell lines of the same host linage, expressing ETE and DTE

model mAbs, the aim was to gain an insight into the product and context specificity of com-

monly employed genetic engineering approaches. Any differential responses observed between

these cell lines may improve our understanding of production bottlenecks introduced by com-

plex biotherapeutics. Genes able to improve the stable production of different mAbs would be

examples of engineering targets that are not product specific, with wider applicability in the

CHO host.

Cell line and host specific transcriptomics data were utilised to identify effector genes which

undergo a change in expression during the cells adaption to stable mAb production. A similar

approach was employed by Berger et al. 2020, who experimentally identified five engineering

targets from a library of 32 genes which were bioinformatically predicted to improve production

of ETE therapeutics. One of these genes (FOXA1) was found to also improve the production

of a DTE mAbs. This study aims to further assess whether the use of host and cell line specific

transcriptomics data can increase the likelihood of successfully identifying genetic engineering

targets.
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4.2 Results

4.2.1 Bioinformatic Identification of Effector Genes

Target genes were selected by data and hypothesis driven approaches, leveraging published

literature, bioinformatic analysis and CHOETE specific RNAseq data. This was used to identify

a subset of target genes associated with mAb folding and assembly, in which CHOETE is predicted

to be sensitive to up- or down-regulation.

4.2.1.1 Identification of genes associated with key mAb folding and assembly pro-

cesses

By reviewing the current understanding of mAb folding and assembly mechanisms in the ER

(section 1.4) a set of four GO terms associated with key mAb folding and assembly processes

were selected. The GO terms cover aspects of; peptide targeting and recognition, protein folding,

quaternary structure assembly, quality control mechanisms, UPR components and regulators.

These are described below according to Madeira et al. 2019:

� GO: ER-UPR (0030968) - A series of proteins differentially transcribed or translated in

response to an increase in unfolded proteins in the ER or increased ER stress.

� GO: Unfolded Protein Binding (0051082) - A collection of proteins, commonly named

chaperones, which selectively and non-covalently interact with unfolded proteins.

� GO: PDI-activity (0003756) - A group of proteins that catalyse the creation and rear-

rangement of disulfide bonds in proteins.

� GO: Protein-targeting-to-ER (0045047) - The process of directing proteins to the ER

using self-contained signals; commonly a 16-30 amino acid signal sequence on the protein

N-terminus.

Using Ensembl’s BioMart tool (Yates et al. 2020) a comprehensive list of genes associated with

each GO term was extracted from the Cricetulus griseus CHOK1GSHDV1 genome yielding 332

unique results.

4.2.1.2 Gene list mapping to a CHOETE transcriptomics dataset

The extracted gene list was mapped to an RNAseq dataset from (Geoghegan et al. 2018) to

identify and interrogate genes showing differential regulation between host and daughter cell

lines at different culture stages. The dataset, generated by Geoghegan et al. 2018, contained data

from duplicate CHOETE (producer) or MEDI-CHOGSKO (GSKO control) cultures in early (day

4) and late (day 8) culture phases. Transcript abundance is given in Fragments per Kilo-base of

Transcript per Million mapped reads (FPKM), accounting for sequence depth and gene length.

Previous mapping of the dataset identified 20,020 of 25,072 annotated genes, covering 79.8 %

of the predicted Cricetulus griseus CHO-K1 genome. Following alignment with the CHOETE

RNAseq data the gene list was reduced to 219 genes, of which 212 were unique. Table 4.1
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displays the number of genes associated with each GO term mapped to the CHOETE RNAseq

dataset, and the number remaining at each subsequent stage of analysis.

Genes with a mean transcript abundance ≤5 FPKM in the producer or control cell lines were

removed, eliminating 28.7 % of the identified genes. This maintained the validity of differen-

tial expression analysis, eliminating artefacts and ensuring sufficient transcript abundance for

effective RNAi knock-down. To evaluate the limitations of this step, the 61 eliminated genes

were manually interrogated to identify any genes commonly associated with mAb folding and

assembly. Two genes were identified; firstly PDIA2 with an abundance of 0.000 FPKM and

0.001 FPKM for the producer and GSKO cells respectively, and secondly HSPA1 with an abun-

dance of 0.650 FPKM and 1.245 FPKM.

Table 4.1: Bioinformatic overview of effector gene library identification.
The selected GO terms and identifiers are displayed with the number of genes associated in the Crice-
tulus griseus CHOK1GSHDV1 genome identified through Ensembl’s BioMart tool (Yates et al. 2020).
Subsequent columns show the number of genes remaining after each of the following bioinformatic steps:
mapping to CHOETE RNAseq dataset (Geoghegan et al. 2018), mean transcript abundance ≤5 FPKM,
and differentially expressed relative to the control dataset.

GO Term (Identifier) CHOK1GS Mapped to Expression Differentially

Total RNAseq ≤ 5 FPKM expressed

ER UPR (GO:0030968) 64 52 42 12

Unfolded protein binding (GO:0051082) 220 137 91 33

PDI activity (GO:0003756) 13 11 9 6

Protein targeting to the ER (GO:0045047) 32 19 16 3

Total GO term appearances 329 219 158 51

Unique genes 322 212 151 46

4.2.1.3 Identification of differentially expressed genes

The conditions for differential expression were defined as a positive or negative fold change≥1.66,

equated to a 66.66 % increase or 40.00 % decrease in the producer cells when compared to the

GSKO control. Equations (4.1) to (4.3) define the three fold-change (FC) statistics utilised, as

described below:

� Fold change in the mean transcript abundance in early stage culture.

� Fold change in the mean transcript abundance in late stage culture.

� Change in up- or down-regulation between early and late stage culture.

FCEarly =
ProducerDay4

ControlDay4
(4.1)

FCLate =
ProducerDay8

ControlDay8
(4.2)

FCRegulation =
ProducerDay8

ProducerDay4
÷
ControlDay8

ControlDay4
(4.3)
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From the described analysis, 46 unique genes were identified as potential screening targets,

having met at least one of the differential expression conditions (Appendix A Table A.1). A

hypothesis driven methodology was employed to identify a screening library of 15 genes. To

inform effector gene selection previous CHO engineering studies (Carlage et al. 2012; Cartwright

et al. 2020; Harreither et al. 2015; Yee, Gerdtzen, et al. 2009) and literature surrounding the ER

localised DNA-J homologue (ERDJ) family of co-chaperones which were relatively understudied

in a mAb production context (Cunnea et al. 2003; Plate and Wiseman 2017; Shen et al. 2002).

Two genes, ERO1A and ERDJ4, were not found in the bioinformatically identified list of differen-

tially regulated genes. ERO1A was included as a constitutively expressed functional homologue

of ERO1B, which exhibits tissue and cell type specific expression levels and more rapidly in-

duced in response to UPR activation (Dias-Gunasekara et al. 2005; Tavender and Bulleid 2010).

ERDJ4 is a co-chaperone for BIP, and is thought to play a key role in IRE1 mediated UPR

induction upon ER stress signal cascade activation(Shen et al. 2002). Furthermore, Kampinga

and Craig 2010 discovered that ERDJ3 is responsible for delivering misfolded substrates to BIP

stimulating the chaperones activity, and Genereux et al. 2015 identified that ERDJ3 is secreted

in response to UPR stress, promoting extracellular proteostasis.

XBP1 and SRP14 were added to the final effector gene selection as pseudo-positive controls

creating a library of 17 genes. XBP1 overexpression has been demonstrated to improve mAb

production in CHO cells in multiple publications (K. Cain et al. 2013; Cartwright et al. 2020;

Ku et al. 2008; Tigges and Fussenegger 2006). SRP14 was one of the most successful genes for

improving mAb production in stable pools generated from a MEDI-CHO host background in

Cartwright et al. 2020. The mean transcript abundance and metrics of differential regulation

identified from transcriptomics data and calculated from genetic titration for the final library of

17 genes can be found in Appendix A Table A.2.

4.2.2 Setting Experimental Screening Parameters

CHOETE and CHOBIS-A were selected to evaluate the differential responses and sensitivities

to molecular titration, as the former is a standard ETE IgG1 and the latter a complex DTE

bi-specific. Transfected cells were cultured for five days with a 10 % feed on day 3. Growth and

viability measurements were taken on day three and at harvest using the Iprasense NormaHT.

Product titre was evaluated using the ValitaTITER assay at harvest with independent standard

curves created for each mAb.

When compiling and analysing the data, all metrics were normalised to the empty-vector-only

controls within each 24-Shallow Well Plate (SWP) and expressed as a fold change. In order

to minimise the chance of confounding variables, all the screening conditions for each Gene of

Interest (GOI) were represented in triplicate in a single 24-SWP. Importantly, this layout allowed

the response in IVCD, titre and qP of each condition to be expressed as a fold-change relative to

the controls within each 24-SWP. Including the empty vector control, this allowed for 8 genetic

titration points per target. Due to the large variability in efficacious endoribonuclease prepared
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small interfering siRNA (esiRNA) concentrations between target genes, four knock-down and

three overexpression conditions were screened.

Based on the characterisation of knock-down dynamics in section 3.2.5 a maximum esiRNA

concentration of 600 nm was selected. After evaluation of the stable and transient gene screening

results in Cartwright et al. 2020 a maximal plasmid Deoxyribonucleic Acid (DNA) load of

200 ng.well−1 was also selected. A 2.5 fold decrease was used between each titration point and

all conditions were made up to 200 ng.well−1 with empty vector to normalise for the effects

of DNA toxicity resulting in the screening parameters described in Table 4.2. As discussed in

chapter 3, the effect of increasing esiRNA concentration was negligible, and did not require

normalisation.

Table 4.2: Over-expression and RNAi conditions for the titration of ER chaperones.
Each target gene was screened at each of the conditions described below with all wells were made up to
200 ng.well−1 of plasmid DNA load with empty vector.

Titration Point RNA Target DNA Empty DNA

(nm) (ng.well−1) (ng.well−1)

3 0.0 200.0 0.0

2 0.0 80.0 120.0

1 0.0 32.0 168.0

0 0.0 0.0 200.0

−1 38.4 0.0 200.0

−2 96.0 0.0 200.0

−3 240.0 0.0 200.0

−4 600.0 0.0 200.0

4.2.3 Normalisation of the cell response to RNAi

Upon evaluation, it was evident that esiRNA transfection resulted in a small but measurable

increase in growth rate and titre in both CHOETE and CHOBIS-A. This can be seen in Figure 4.1

depicting the titration of the scrambled-esiRNA control for CHOETE (a) and CHOBIS-A (b).

In CHOETE the increase in IVCD was significant at two titration points, whereas only one was

significant in CHOBIS-A. The increase in titre in response to RNAi was significant to P < 0.01

at all titration points in both CHOETE and CHOBIS-A. A reduction in response to RNAi at

titration points -3 and -4 in qP was observed in CHOETE, whereas in CHOBIS-A a qP increase

was seen. However, no changes in qP were statistically significant in either cell line.

It was evident from the scrambled esiRNA results that the empty-vector control (titration point

0 in Table 4.2) was not the appropriate negative control for the RNAi conditions. Normalisation

of the RNAi conditions against the scrambled control was required to directly compare the

effect of knock-down and over-expression of the effector genes. Theoretically normalisation of

each knock-down titration point against the correlating scrambled control condition would be

the most appropriate method.
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Figure 4.1: RNAi data normalisation: Scrambled esiRNA control performance evaluation.
The results from the scrambled esiRNA control targetting eGFP are shown for CHOETE (a) and
CHOBIS-A (b), expressed as a relative fold change of the empty-vector control (dotted line). Error
bars are SEMs of n = 6 replicates comprised of technical triplicates of biological duplicates. Significance,
represented by *(P < 0.05), **(P < 0.01), or ***(P < 0.001) was calculated by unpaired t-test.

When considering the variation seen this would have placed a high weighting on each titration

point of the scrambled control. The scrambled esiRNA was not evaluated at the -1 titration

point due to practical restrictions in the experimental design. Subsequently, a more conservative

approach was taken by performing a linear regression on the scrambled control results, as de-

picted in Figure 4.2. This captured the overall trend in response to RNAi and was extrapolated

to objectively normalise titration point -1. The linear regression formulae for IVCD, titre and

qP are shown below by eqs. (4.4) to (4.6) and eqs. (4.7) to (4.9) for CHOETE and CHOBIS-A

respectively:

CHOETE :

IV CD : y = −6.616× 10−3x+ 115.3 (4.4)

Titre : y = −1.415× 10−2x+ 112.5 (4.5)

qP : y = −8.695× 10−3x+ 986.1 (4.6)

CHOBIS−A :

IV CD : y = 9.268× 10−3x+ 104.8 (4.7)

Titre : y = 2.902× 10−3x+ 109.2 (4.8)

qP : y = −5.743× 10−5x+ 106.8 (4.9)
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(d) CHOBIS-A: IVCD
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0 200 400 600
80

100

120

140

Concentration (nM)

R
e

la
ti

v
e

to
C

o
n

tr
o

l
(%

)

(f) CHOBIS-A: qP

Figure 4.2: RNAi data normalisation: Scrambled esiRNA control linear regressions.
The figures show the liner regressions (dashed lines) of the scrambled esiRNA RNAi control relative to
the empty-vector control (dotted lines at y = 1) with the mean of each titration point CHOETE (a-c)
and CHOBIS-A (d-f) respectively for IVCD, titre and qP overlaid. The equations for each regression in
(a) to (e) are displayed in eqs. (4.4) to (4.9).

4.2.4 Response of CHOETE and CHOBIS-A to Molecular Titration of ER Fold-

ing and Assembly Machinery

The response to genetic titration of the effector gene library was plotted for CHOETE and

CHOBIS-A in Figures 4.3 and 4.4 respectively with graphs (a), (b) and (c) displaying the change

in IVCD, titre and qP. Data is displayed as a percentage relative to the empty vector control

(red, titration point 0).

The knock-down of most effector genes negatively or negligibly impacted CHOETE IVCD (Fig-

ure 4.3a). ERDJ3, ERDJ4 and ERDJ5 produced a significant IVCD reduction at ≥75 % of

titration points with little correlation between fold-decrease and RNAi concentration. The ex-

ception was ERO1B, for which knock-down and over-expression increased IVCD, resulting in a

U-shaped trend with titration point -1 at the base. Ten conditions produced a significant IVCD

increase in CHOETE with overexpression of CALR and HYOU1 having the greatest magnitude.

Other than SRP14, the over-expression of the effector genes did not negatively impact IVCD,

although increases are modest.

CHOBIS-A IVCD (Figure 4.4a) was less sensitive than CHOETE to knock-down and overexpres-

sion of effector genes with seven conditions identified as a significant change from the control per-

formance. Gene titration positively correlated with IVCD for a number of genes, most evidently

the titration of CANX and ERDJ3, whereas in CHOETE this was less abundant. Again ERO1B

was the only knock-down which increased IVCD, although to a lesser extent than in CHOETE.

PDIa6 demonstrated the most consistent growth increase from effector gene over-expression in

CHOBIS-A with CALR, CANX, ERO1B and HYOU1 displaying moderate benefits.
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Figure 4.3: Titration of ER folding and assembly effector genes in CHOETE cells.
A total of 17 genes were transiently knocked-down or over-expressed in CHOETE creating an 8-point
titration as shown in Table 4.2 with total DNA mass normalised to 200 ng.well−1 with empty-vector.
Culture IVCD (a), titre (b) and qP (c) were calculated after 5 days. Results are depicted as a percentage
fold change relative to the empty vector control (titration point 0) with knock-down conditions further
normalised against a scrambled RNAi control as described in section 4.2.3. The data displayed is the
mean and Standard Error of the Mean (SEM) of n = 6 replicates comprised of technical triplicates of
biological duplicates. Significance, represented by *(P < 0.05), **(P < 0.01), or ***(P < 0.001), was
calculated by t-test followed by a Benjamini Hochberg adjustment to allow for multiple comparisons.
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Figure 4.4: Titration of ER folding and assembly effector genes in CHOBIS-A cells.
A total of 17 genes were transiently knocked-down or over-expressed in CHOBIS-A creating an 8-point
titration as shown in Table 4.2 with total DNA mass normalised to 200 ng.well−1 with empty-vector.
Culture IVCD (a), titre (b) and qP (c) were calculated after 5 days. Results are depicted as a percentage
relative to the empty vector control (titration point 0) with knock-down conditions further normalised
against a scrambled RNAi control as described in section 4.2.3. The data displayed is the mean and SEM
of n = 6 replicates comprised of technical triplicates of biological duplicates. Significance, represented by
*(P < 0.05), **(P < 0.01), or ***(P < 0.001), was calculated by t-test followed by a Benjamini Hochberg
adjustment to allow for multiple comparisons.
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When observing CHOETE titre responses (Figure 4.3b), overexpression of ERDJ5 resulted in

a 29 % titre increase at titration point 3, however knock-down also improved mAbETE titre

resulting in a U-shaped correlation. Although the results are non-significant, all ERO1B and

P4HB knock-down conditions improved mAb-ETE titre while over-expression had minimal ef-

fect. Lastly mAbETE titre was very sensitive to SRP14 and XBP1s knock-down with no benefit

to overexpression.

Overall mAbBIS-A (Figure 4.4b) titre was more responsive to over-expression than mAbETE. A

≥20 % increase in titre was observed from the overexpression of six genes, of which ERDJ3,

ERDJ5, ERO1B and XBP1s were identified as statistically significant. When compared to

CHOETE, CHOBIS-A titre was on average less sensitive to the knock-down of effector genes

with sensitivity observed from PPIB, ERO1B and PDIa6. Four of the effector genes screened

improved mAbBIS-A titre when overexpressed and knocked-down.

The qP trends observed in CHOETE (Figure 4.3c) and CHOBIS-A (Figure 4.4c) in response to

effector gene titration are less apparent than IVCD and titre with highly differing responses

between adjacent titration points. Most qP increases in CHO-ETE were in response to ef-

fector gene knock-down, and effector gene overexpression generally reduced production rate

in mAbETE. The qP of mAbBIS-A was increased by the overexpression or knock-down of BIP,

ERDJ3, ERDJ5, SRP14 and XBP1s, although none of these results were statistically significant.

4.2.5 Evaluating the sensitivity of CHOETE and CHOBIS-A

4.2.5.1 Elimination of numerical bias through a log2 data transformation

When mathematically comparing the magnitude of increases and decreases relative to a control

value, data expression as a percentage- or fold-change is numerically biased. As shown in

Figure 4.5a fold-change is biased towards fold-increases leading to a discrepancy in the magnitude

of results for equivalent fold-increases and fold-decreases.
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Figure 4.5: Graphical representation of relative fold-change data.
Relative data can be plotted as a fold change (a) representing the absolute changes seen. Making a
log2 transformation of relative fold-change data (b) normalises the magnitude of fold-increases and fold-
decreases and has the units ’loget’ (Pacholewska 2017). Data in this figure is artificially constructed for
for representative purposes.
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This can be corrected by making a log2 data transformation, equalizing the magnitude of fold-

increases and fold-decreases to allow for non-biased data evaluation and aid interpretation of

graphically displayed results (Figure 4.5b). The term ’loget’ was defined by Pacholewska 2017

to simplify the description of a ’log2 fold change’ in prose.

The raw data was transformed to loget as per equation eq. (4.10) below:

loget = log2(
test value

refereance value
) (4.10)

4.2.5.2 Deriving a measurement of sensitivity to effector gene titration

This sensitivity score was designed to compare the responsiveness of CHOETE and CHOBIS-A to

changes in the abundance of each effector gene, inclusive of overexpression and knock-down. To

achieve this the population variance (σ2) for IVCD, titre and qP were calculated from the mean

of the loget values at each titration point, disregarding the variability in experimental replicates.

Equation (4.11) shows the equation for variance (σ2) where N is the population size, the xi are

data points and u is the mean of population x:

σ2 =
1

N

N∑
i=1

(xi − ux)2 (4.11)

When applied to the effector gene titration data to calculate the variance in IVCD, titre or qP,

each variable in eq. (4.11) is as follows:

� N is the number of titration points (8).

� i is the titration point with the range −4 to 3.

� x is the mean loget of experimental replicates at titration point i; x is substituted for the

calculation of σ2IV CD, σ2T itre or σ2qP .

� u is the mean of x−4 to x3.

Specific productivity was excluded from the calculation of the sensitivity score as it is not

primary metric due to the nature of its derivation. The sensitivity score for each gene in each

cell line is then calculated as shown in eq. (4.12):

Sensitivity score = σ2IV CD + σ2T itre (4.12)

4.2.5.3 Comparing the of CHOETE and CHOBIS-A sensitivity to each effector gene

Figure 4.6 shows the calculated sensitivity score for each effector gene in CHOETE and CHOBIS-A

with numerical data points listed in Appendix A Table A.2.

The mean sensitivity score across the effector gene library from CHOETE was 0.0237, compared to

0.0189 with CHOBIS-A suggesting increased responsiveness to effector gene titration. Exceptions

to this are ERDJ4, GRP94, P4HB and PPIB, where CHOBIS-A demonstrated greater sensitivity
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to genetic titration than CHOETE. The greatest difference was seen in response to the titration

of GRP94 where the sensitivity score was more than two times greater.
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Figure 4.6: Sensitivity of CHOETE and CHOBIS-A to effector gene titration.
The sensitivity of each effector gene in CHOETE (black) and CHOBIS-A (grey) is described by the ’sensi-
tivity score’, derived from the sum of σ2

IV CD and σ2
Titre in response to effector gene titration.

CHOETE was most sensitive to the titration of ERDJ5 and ERO1A, however this was not true

for CHOBIS-A, with a sensitivity score >2 fold lower in response to these effector genes. A similar

difference in sensitivity was also observed in response to titration of ERO1As paralog, ERO1B

although the sensitivity score of both was low.
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The six genes demonstrating the highest sensitivity in CHOETE (CALR, ERDJ4, ERDJ5,

SRP14, XBP1s) all had a mean transcript abundance ≤110 FPKM in the RNAseq dataset

from Geoghegan et al. 2018. A linear regression was performed on Figure 4.7, showing the mean

transcript abundance and sensitivity score for each effector gene in CHOETE. An R2 of 0.217

indicated a very weak correlation in the total dataset. Comparison of the relationship between

mean transcript abundance and σ2IV CD or σ2T itre (the two components of the sensitivity score)

returned respective R2’s of 0.032 and 0.263 Appendix A Figure A.2. Lastly evaluation of the

relationships between metrics of differential expression (as calculated from Geoghegan et al.

2018 in section 4.2.1.3) and the CHOETE sensitivity score for each effector gene resulted in an

R2 ≤0.02 in all cases (Appendix A Figure A.3).
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Figure 4.7: Scatter plot of mean transcript abundance against sensitivity score in CHOETE.
The scatter plot shows the relationship between mean transcript abundance (calculated from Geoghegan
et al. 2018) and the calculated sensitivity score in CHOETE for each effector gene. A linear regression
was performed (black line) returning an R2 of 0.217.

4.2.5.4 Differential sensitivity between CHOETE and CHOBIS-A

Differential sensitivity was calculated by subtracting the respective σ2IV CD’s, σ2T itre’s and σ2qP ’s

in CHOETE from CHOBIS-A independently for each effector gene. Differential sensitivity was

plotted in Figure 4.8 for IVCD (a), titre (b) and qP (c) with negative values (left protruding bars)

indicating higher sensitivity in CHOETE, and positive values (right protruding bars) indicating

higher sensitivity in CHOBIS-A.

CHOETE demonstrated higher IVCD sensitivity than CHOBIS-A in response to 14 of 17 effector

genes titrated suggesting a higher susceptibility to changes in growth rate. The magnitude of the

differential sensitivity was low (<0.04) in the 3 genes (P4HB, PPIB and XBP1s) demonstrating

higher growth sensitivity in CHOBIS-A relative to genes exhibiting greater sensitivity in CHOETE.

Of the five genes showing the greatest difference in titre sensitivity between cell lines, four are

more sensitive in CHOBIS-A than CHOETE. Overall CHOBIS-A titre is more sensitive to effector

gene titration, evidenced by a mean differential sensitivity of all 17 genes of 0.0018. Compet-



88 Chapter 4

(a) IVCD (b) Titre (c) qP

-0.02 0.00 0.02

XBP1s

SRP14

PRDX4

PPIB/CYP-B

PDIa6/P5

PDIa4

PDI/P4HB

HYOU1

GRP94/HSP90b1

ERO1b/ERO1lb

ERO1a/ERO1la

DNAJC10/ERdj5

DNAJB9/ERdj4/MDG1

DNAJB11/ERdj3

CANX

CALR

BIP/HSPa5

CHO-ETE CHO-BIS-A

-0.02 0.00 0.02

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

CHO-ETE CHO-BIS-A

-0.02 0.00 0.02

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

CHO-ETE CHO-BIS-A

Figure 4.8: Assessing the differential sensitivity breakdown between CHOETE and
CHOBIS-A in response to effector gene titration.
Figure shows the difference in sensitivity to effector gene titration between CHOETE and CHOBIS-A for
IVCD (a), titre (b) and qP (c). Differential sensitivity was calculated by subtracting Standard Deviation
(StD) of the mean log2 fold changes at each titration point in CHOETE from CHOBIS-A.

itively the mean differential sensitivity measured by IVCD was −0.0066 indicating CHOETE

growth is more varied in response to effector gene titration.

When evaluating qP the mean difference in sensitivity was −0.0034, suggesting greater variation

in mAbETE production rate in response to effector gene titration. Most effector genes (11 of 17)

demonstrated greater qP variance in CHOETE, and a substantial skew towards CHOBIS-A was

only seen in response to the titration of HYOU1 and SRP14.
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4.3 Discussion

In a mAb production context, transient overexpression studies have identified a range of ap-

proaches and targets for the engineering of host CHO cell lines. It has become a key tool, as

complex therapeutics push the limits of biological factories. The use of RNAi screening has also

become common when studying the pathology of disease, allowing for rapid screening of genome

scale libraries in cell models. However, due to restrictions discussed in chapter 3 RNAi previ-

ously had limited applicability to the optimisation of biopharmaceutical production pipelines.

Therefore, this chapter is a case study exploring the applicability of the transient SOSC gene

screening platform developed in chapter 3 as a tool to identify targets for host cell engineering.

The screening platform was applied to two clonal cell lines derived form the MEDI-CHO host,

both producing mAbs of a differing modalities and production difficulties. The selection of

CHOETE and CHOBIS-A were ideal candidates, predicted to experience different production

bottlenecks and require differing engineering solutions. The DTE nature of mAbBIS-A aggre-

gation had been characterised in Cao et al. 2018, providing a valuable resource to explain the

effects of gene titration on CHOBIS-A.

By screening two clonal production cell lines derived from a common host, an evaluation of

the differential responses aimed to identify product specific reactions that could improve under-

standing of host cell adaption to different levels of chronic UPR stress. Shared responses and

trends are likely the result of underlying characteristics and limitations in the common parental

host. This chapter examines the shared and differential responses of CHOETE and CHOBIS-A to

effector gene titration in order to identify generic host cell and mAb specific engineering targets

in the MEDI-CHO genetic background.

4.3.1 Bioinformatic Effector Gene Library Identification

Step one in this study was to identify a library of effector genes for screening. Although numerous

CHO overexpression studies with positive outcomes were available to compile a screening library,

relevant CHO RNAi studies were sparse. However, with genetic engineering solutions being

highly mAb and host cell specific, selecting successful effector genes from literature was unlikely

to be fruitful.

An alternative approach was to bioinformatically select a library of effector genes. Although

vast CHO bioinformatic resources are available with multiple genomes and expression datasets

published, the high level of context specificity in CHO engineering solutions was still a concern.

Fortunately an RNAseq transcriptomics dataset of cell lines derived from the MEDI-CHO back-

ground was generated by Geoghegan et al. 2018. Specifically the transcriptomes of CHOETE and

MEDI-CHO GS-NULL cell lines were quantified during early (exponential) and late (stationary)

phases of culture. By selecting effector genes based on the transcriptome changes observed in

the MEDI-CHO host when challenged with stable mAb production, effector genes specific to

the MEDI-CHO genetic background could be identified. Target identification from a context

specific dataset allowed the results to be related back to the original transcriptome adaptations
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during the cell selection process. This method still had limitations however, as when mapped,

the RNAseq dataset only identified ∼80 % of the annotated CHOK1-GSKO genome leaving a

reasonable chance that potent effector genes are absent.

The effector gene library scale was limited as the nature of genetic titration required many

experimental conditions per gene, further exacerbated by the inclusion of two cell production

models in the study. To maximize the probability that CHOETE and CHOBIS-A were responsive

to each effector gene, a hypothesis driven approach was employed to identify a subset of the

CHOK1GS genome closely associated with mAb production. A set of GO terms incorporating

biological processes and molecular functions necessary for mAb production was selected in order

to extract a list of genes associated with each term. These genes were aligned with the CHO-

ETE RNAseq datset, resulting in identification of a subset of genes with a high probability of

effecting mAb production when up- or down-regulated, which were known to be expressed in

CHO-ETE.

The genome subset was then further reduced by identifying genes which were up- or down-

regulated in the host cell line when presented with the challenge of stable mAbETE production.

It was hypothesised that during the cell selection process genes were naturally up-regulated

to overcome bottlenecks in production, therefore synthetic overexpression may increase mAb

production capacity. Additionally, sensitivity to the knock-down of naturally up-regulated genes

was predicted in response to the reimposition of such bottlenecks. Logically this hypothesis

may hold true in reverse, with the knock-down of naturally down-regulated genes beneficially

impacting production, with overexpression having detrimental effects.

Evaluation of the transcriptomics data revealed differential gene regulation between the producer

and GS knockout control over time as culture conditions became detrimental. This suggests that

the mAb producing cells have adapted their response to stresses that occur in late stage culture

such as nutrient depletion, hypoxia and acidosis. Such genes that are also associated with mAb

folding and assembly processes are also promising engineering targets.

The described hypotheses were translated into objective bioinformatic statements to extract

genes from the genome subset. Prior to this, genes with low transcript abundances were re-

moved. Low abundance genes risked skewing the data as small changes in transcript abundance

translated to large fold-changes, especially as values approached zero. Manual evaluation iden-

tified two eliminated genes (PDIA2 and HSPA1), which were commonly associated with mAb

folding and assembly processes, further highlighting the limitations of a using a single context

specific transcriptomics dataset.

4.3.2 Response of mAb Producing CHO Cells to RNAi

The data in this chapter suggested a generic IVCD increase in response to RNAi in both cell

lines screened. In CHOETE, titre increased to a lesser extent resulting in a qP reduction, however

in CHOBIS-A the qP was also higher.

These observations contradict the findings in Daga et al. 2018 which analysed the effect of small
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interfering RNA (siRNA) transfection in whole-genome RNAi screens, who determined that

the growth restricting effects observed were the result of off-target binding and hybridization-

independent competition. The described findings from Daga et al. 2018 were limited to results

from Hela cells, and no other studies to date have investigated the generic effect of RNAi on

cell proliferation in more relevant cell models. The lack of literature suggests that the effects of

RNAi on cell proliferation may be cell model specific, varying in effect and magnitude.

Competition between transfected siRNA and endogenous Micro RNAs (miRNAs) for RNAi

machinery was also suggested by an examination of genome-wide transcript levels from 150

published experiments, finding that siRNA transfection led to increased expression of common

miRNA targets (Khan et al. 2009). Exportin-5, responsible for nuclear-to-cytoplasmic trans-

port of Double Stranded Ribonucleic Acid (dsRNA), has been identified by several studies as the

probable competitive bottleneck post-siRNA transfection, causing inhibition of miRNA activity

(Hutvágner et al. 2004; Yi et al. 2005). Additionally, the co-transfection of multiple siRNAs

reduced the efficiencies of individual sequences, suggesting competition for RNAi silencing ma-

chinery (Castanotto et al. 2007).

All studied eukaryotic cells utilise miRNAs to regulate basic cellular functions including pro-

liferation, differentiation, and apoptosis (H. W. Hwang and Mendell 2006). More than half

of miRNAs are located at genomic sites frequently amplified, deleted, or rearranged in cancer,

suggesting that miRNA abnormalities play a broad role in proliferation control and cancer patho-

genesis (Calin et al. 2004). Therefore, it is likely that a generic reduction in miRNA activity

will lead to altered proliferation rates, with effects specific to the cells genetic background.

Although reduced miRNA activity is hypothesised to be the dominant factor increasing CHOETE

and CHOBIS-A growth rate after esiRNA transfection, this may not be exclusive. Introduction

of dsRNA can lead to RNAi induced intracellular innate immune response impacting the cell

transcriptome (Meng and Lu 2017). Additionally, it is possible that induction of RNAi machin-

ery could be buffering the effects plasmid DNA induced toxicity associated with electroporation

(Lesueur et al. 2016). As the non-sequence specific effects of DNA and dsRNA co-transfection

have not been documented the probability or significance of such an effect occurring is unknown.

4.3.3 Generic Responses for Host Cell Engineering

A key objective for this work was to provide a case study to demonstrate the applicability of

the HTP gene screening platform as a tool to identify generic engineering targets to increase cell

growth and product yield in the MEDI-CHO host genetic background. Indeed, targets such as

CALR, CANX, ERO1B, HYOU1 and PDIa6 improved the IVCD in both production cell lines.

The extent and significance of this was more evident in CHOETE due generically higher growth

sensitivity. ERDJ5 significantly increased mAb titre in both cell models, representing a novel

CHO engineering target with no previous evidence supporting improved mAb production.

Uniquely from other CHO engineering studies, the incorporation of knock-down conditions

provides information on the sensitivity of mAb production models to a reduction in effector

gene expression. A common reduction in IVCD was most evident in response to ERDJ3 and
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ERDJ5 knock-down, and ERDJ4 was the only effector gene to reduce titre in both CHOETE and

CHOBIS-A in response to knock-down. This highlights the importance of the ERDJ family of

proteins in generic mAb folding and assembly mechanisms, identifying them as very promising

novel host cell engineering targets.

Despite data normalisation to account for the beneficial cell response to activation of RNAi

pathways, performance improvements in both cell models were seen in response to overexpression

and knock-down of ERO1B (IVCD) and ERDJ5 (titre and qP). These are most probably esiRNA

sequence specific effects on the RNAi response in the MEDI-CHO genetic background, which

by definition is difficult to account for. These findings are supported by Daga et al. 2018 which

identified and modelled nucleotide composition dependent RNAi responses in mammalian cells.

These were found to be independent of siRNA specific off target effects, and were unique to each

cell model. Despite the use of esiRNAs reducing off-target silencing by an order of magnitude

(Theis and Buchholz 2011) , the abundance of each nucleotide in the esiRNA cocktail is a

function of the target messenger RNA (mRNA) sequence and will vary for each gene.

4.3.4 Product Specific Responses

Despite the common host background, the cell response to overexpression of some effector genes

was very different, and in some cases even divergent. An abundance of effector genes were

identified which, when overexpressed improved product titre and qP in CHOBIS-A and had

negligible (ERDJ3, SRP14, XBP1s) or detrimental (GRP94) responses in CHOETE demonstrates

increased engineerability in the DTE model system. This is further supported by the lack

of positive effects on mAbETE production in response to overexpression. That is not to say

transient effector gene overexpression is ineffective, in-fact ERO1A and P4HB improve IVCD

only in CHOETE.

Detrimental CHOETE specific growth responses to knock-down were observed after the transfec-

tion of 6 effector genes (CANX, ERDJ4, ERO1A, GRP94, PDIa6 and SRP14), with no cell line

specific decreases in IVCD seen in CHOBIS-A. The absence of any effector gene manipulations

having the greater a effect on CHOBIS-A IVCD provides further evidence of susceptibility to

growth rate variation in the ETE model, and titre variability in the ETE model.

Titre reductions specific to mAbETE was seen in response to the knock-down of SRP14 and

XBP1s. It was interesting that neither of these are directly involved with protein folding and

assembly, and instead play roles in mRNA targeting and UPR regulation. It is unsurprising

that the two genes in which mAbETE production was specifically more sensitive to knock-down

(P4HB and ERO1B) both play key roles in disulphide bond formation, after Cao et al. 2018

identified size variants and antibody dimers forming as a result of incorrect cellular processing

of the engineered disulfide bond.
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4.3.5 Differential Sensitivity Between CHOETE and CHOBIS-A

The relative magnitude of the responsiveness to manipulation of each effector gene (inclusive

of overexpression and knock-down) in CHOETE and CHOBIS-A was determined through the

calculation of sensitivity scores, to simplify comparisons. In general CHOETE tended to display

greater growth rate fluctuations in response to the manipulation of effector genes, whereas

CHOBIS-A growth was comparatively stable, and instead large variations in product titre were

observed.

The higher mean sensitivity score in CHOETE appears to be the result of its high growth sen-

sitivity exceeding the magnitude of the higher titre sensitivity displayed by CHOBIS-A. When

the differential sensitivity was broken down, the degree to which CHOETE is more sensitive to

growth relative to CHOBIS-A’s higher titre sensitivity became evident. Infact, titration of only

50 % of genes caused a higher σtitre in CHOBIS-A and the mean σtitre can be attributed to high

variation seen in response to ERDJ4, GRP94, HYOU1. In comparison, 82.3 % of genes resulted

in a greater σIV CD in CHOETE suggesting the growth sensitivity bias was more generic.

As both CHOETE and CHOBIS-A are derived from a common host, it is probable that differential

responses and sensitivities seen are the effect of mAb specific traits such as sequence composition,

folding and assembly pathways and the extent of UPR induction invoked. When considering

the ETE nature of mAbETE, it is unsurprising that fewer ER engineering targets are able to

improve titre or qP. Cellular bottlenecks are more likely to occur in gene transcription and sub-

sequent mRNA processing than translation and protein folding. The susceptibility of mAbBIS-A

production to such engineering targets is similarly unsurprising, with its DTE and aggregative

nature arising from disulphide scrambling being a specific folding and assembly challenge.

Furthermore, the chronic ER, UPR and oxidative stresses associated with production of such

a mAb may also explain the difference in magnitude of the growth responses. In order to

survive and thrive under these conditions, CHOBIS-A most likely has dysregulated its stress

response system to allow rapid cell proliferation in the presence of challenging ER conditions

and an abundance protein aggregates in the secretory and ER-Associated Protein Degradation

(ERAD) pathways. Therefore, any changes in growth rate arising from effector gene manipu-

lation on level of ER, UPR or oxidative stress are likely to be buffered by the dysregulation of

stress response pathways, reducing the magnitude of changes. Although dysregulation of stress

response pathways is also likely in CHOETE relative to the MEDI-CHO host, the extent will be

reflective of the significantly lower burden of an ETE mAb.

4.3.6 Identification of Engineering Targets from Host and Producer Tran-

scriptomics Data

Transient gene overexpression or suppression is a common tool with broad applications in scien-

tific and engineering contexts, and has been utilised to reveal mechanisms of biological processes,

improve our understanding of disease pathology and solve a range of cell engineering challenges.

From the varying approaches available to identify engineering targets for transient expression

studies, a focus was placed on bioinformatic analysis of existing cell-line specific transcriptomics
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data for this work. Although in the results described a significant number of generic and mAb

specific engineering targets have been identified, it was not possible to identify a correlation

between the experiential results and the bioinformatic analysis employed for effector gene selec-

tion.

The lack of a substantial correlation between CHOETE transcript abundance and the responsive-

ness to genetic manipulation of effector genes was unexpected. For genes known to be important

in ER folding and assembly processes, it was hypothesised that genes of low abundance would be

more responsive to overexpression due to larger fractional increases in transcript number rela-

tive to highly abundant targets. Similarly, the knock-down of low abundance transcripts should

produce more efficient gene silencing and probability of the natural abundance being superfluous

would be reduced. The absence of data supporting this hypothesis is not sufficient evidence to

conclude that selecting genetic engineering targets based on differential regulation between cell

hosts and daughter producers is ineffective, due to the scale and complexity of transcriptome

changes during host cell adaption to stable mAb production.

4.3.7 Summary

The abundance of engineering targets identified relative to the modest effector gene library size

demonstrates the success of a host-specific bioinformatic basis for effector gene selection, de-

spite the lack of a statistical correlation back to the transcriptomics data. The described results

demonstrate the added value and applicability of transient SOSC gene screening for CHO host

and production cell line engineering. The additional dimension of information added through

inclusion of effector gene knock-down identified positive responses to a reduction in transcript

abundance, and revealed the sensitivity of CHO model systems to a reduced effector gene ex-

pression levels. However, several added complexities were encountered when employing RNAi

alongside traditional overexpression methods, which would benefit from further characterisation.
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Investigating Proteostasis Regulators

as Cell Culture Enhancers

This chapter explores the use of proteostasis regulators, identified from Plate, Cooley, et al.

2016, as Chinese Hamster Ovary (CHO) cell culture enhancers in Easy to Express (ETE) and

aggregate prone Difficult to Express (DTE) Monoclonal Antibody (mAb) models. The chapter

aims to evaluate the use of protein disaggregases in proteopathic disease models as CHO cell

engineering tools. Evidence is provided for a broader evaluation of the hypothesis, justifying the

incorporation of compounds associated with a diverse range of human diseases.

Initial evaluations in an ETE mAb model identified strong pharmacological responses when sup-

plemented with two compounds, and demonstrated non-toxic growth arrest across the compound

library. Further assessment in aggregate prone models found one compound was responsive with

context specific growth and productivity enhancements identified. The second model was unre-

sponsive to the supplementation of proteostasis regulators. Additionally, results suggested reduced

effectiveness upon delayed supplementation, hypothesised to be a result of active compound in-

ternalisation. This was confirmed through further evaluation in the ETE producing CHO model

system, where titre and productivity were increased by 1.2 fold and 1.6 fold respectively.

The data presented supports the use of proteostasis regulators as cell culture enhancers during

the stationary phase of culture, and provides strong justification for the further exploration of

proteopathic disaggregases as CHO engineering tools.

95
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5.1 Introduction

Steadily improving CHO cell factories for the production of therapeutic proteins remains a key

challenge to meet increasing demands for the biopharmaceutical sector (Barnes and Dickson

2006; Butler and Meneses-Acosta 2012).

Therefore, development and implementation of novel engineering tools are required to enable

cost-effective and efficient generation of high-yielding CHO cell factories. Methods employed to

increase bio-therapeutics production and counteract the limitations of mammalian cell factorie

include; engineering the host cell (Budge et al. 2020; Fischer and Otte 2019; N. Lin et al. 2015)

or expression vector (Bayat et al. 2018; Brown and James 2016; Jazayeri et al. 2018; Patel 2018;

Wang and X. Guo 2020), optimization of culture medium and feeding strategies (C. Altamirano

et al. 2004; Gifford et al. 2005; Ritacco et al. 2018), culturing the cells at low temperature (C.

Altamirano et al. 2004; Gifford et al. 2005; Kumar et al. 2008; Ritacco et al. 2018; J. Xu et al.

2019), and the addition of Small Molecule Enhancers (SMEs) (Camire et al. 2017; Chang et al.

2020; Kalsi 2018; Mortazavi et al. 2019).

From the engineering approaches described, genetic engineering and SMEs are the most appli-

cable to improving the production of problematic biotherapheutics. In comparison to genetic

engineering approaches, the screening of compound libraries to identify SMEs is faster, cheaper

and more practical to scale-out to additional CHO host and producer cell lines. Additionally,

SMEs can be supplemented at any point in the cell culture process, allowing indirect regulation

of cell culture characteristics. Although inducible transgene expression systems such as Tet-On

(Das et al. 2016), lentiviral-induction (Shuen et al. 2015) and a cumate gene-switch (Mullick

et al. 2006) have been developed for mammalian cells, none have been used in the production

of biologics approved for use in humans (Kallunki et al. 2019; Weber and Fussenegger 2004).

Examples of SMEs improving the production of therapheutic proteins in CHO cells include

S. J. Hwang et al. 2011; Johari et al. 2015; Mortazavi et al. 2019; Rahimpour 2017, yet studies

focusing on aggregate prone molecules are limited. Chemical biologic strategies have recently

been utilised to identify compounds which can independently activate the IRE1, XBP1s or

ATF6 branches of the Unfolded Protein Response (UPR) to physiologic levels in cell models of

proteopathic disease (Grandjean et al. 2020; Plate, Cooley, et al. 2016). Termed proteostasis

regulators, these compounds have revealed unique contributions of IRE1, XBP1s and ATF6

activation to remodelling of the Endoplasmic Reticulum (ER) environment.

Emerging information is demonstrating the anti-aggregative properties of proteostasis regulators

in branch-dependent UPR regulation in disease models (Plate and Wiseman 2017). It may be

possible that some of these effects are equally beneficial in production of complex mAbs, where

unnatural products cause elevated levels of intracellular stresses. It was hypothesised that sim-

ilar mechanisms underpin the management of prion mediated aggregates, and the intracellular

aggregation of engineered mAbs.

In this chapter a group of compounds identified in Plate, Cooley, et al. 2016 are assessed in ETE

and DTE mAb producing CHO cell lines to investigate their efficacy as cell culture enhancers.
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5.2 Results

5.2.1 Proof of Concept Assessment of Proteostasis Regulators Effect on ETE

mAb production

The compounds shown in Table 5.1 are seven of the top eight proteostasis regulators identified by

Plate, Cooley, et al. 2016 which were selected for screening in mAb producing CHO cells. This

Proof of Concept (POC) study aimed to justify the time and resources required for evaluation in

aggregative DTE CHO production sytstems, whose use was restricted to AstraZeneca facilities

at the time.

Table 5.1: Compounds selected from Plate, Cooley, et al. 2016 for use as CHO cell culture
enhancers.
Compound indexes displayed have been assigned for this work alongside the IUPAC name of each pro-
teostasis regulator. The ERSE-FLuc reporter assay measures activation of the ATF6 arm of the UPR,
and XBP1-RLuc general UPR induction, both expressed as %relative to UPR stress induced by 6.8µm
Thapsigargin. Further information on the source, CAS-NO and molecular weight of each compound can
be found in Appendix C.

Index IUPAC Name %ERSE-FLuc* %XBP1-RLuc*

C1 4-bromo-N’-butylbenzohydrazide 60.9± 6.0 9.1± 0.7

C2
1-(4-fluorophenyl)-3-[(2-hydroxy-5-
methylphenyl)amino]-2-propen-1-one

140.1± 17.4 10.3± 7.9

C3
N-(2-hydroxy-5-methylphenyl)-5-
propylisoxazole-3-carboxamide

83.4± 6.3 24.5± 4.7

C4
N-(2-hydroxy-5-methylphenyl)-3-
phenylpropanamide

63.2± 0.6 17.5± 1.9

C5
N-(2-hydroxy-5-methylphenyl)-2-((5-methyl-
4-nitro-1H-pyrazol-3-yl)thio)acetamide

52.5± 14.3 16.6± 2.4

C6
3-(3-chlorophenyl)-5-(4-
hydroxybenzylidene)-2,4-imidazolidinedione

68.2± 5.7 61.1± 1.5

C7
2-hydroxybenzaldehyde-(4-
nitrophenyl)hydrazone

20.7± 2.3 2.4± 1.0

The POC screen was performed in an ETE mAb model to determine the active concentrations

of each compound and evaluate their effects in an optimised and well characterised production

system. This aimed to ensure that the tested chemicals did not induce excess cytotoxicity or

negatively impact the production of mAbETE. It was hypothesised that proteostasis regulators

which can alleviate antibody aggregation would have minimal impact on expression of ETE

mAbs. These lack any of the protein folding and assembly bottlenecks associated with DTE

mAbs, and do not suffer from chronic UPR stress induced by protein aggregates.

The effects of the proteostasis regulators on cell growth and mAbETE titre were evaluated ex-

perimentally by performing a 6 or 7 point titration at concentrations ranging from 0.63µm to

40µm. Cells were seeded at a density of 0.4× 106 cells.ml−1, and chemical supplements were

added immediately. Cultures were incubated for 5 days in shaken 96-Deep Well Plates (DWPs)

with a total culture volume of 475 µl. The resultant growth was measured by PrestoBlue assay
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and mAbETE titre was assessed using the ValitaTITER assay with results shown in (Figure 5.1).

The cell viability of specific conditions of interest were measured on day 5 by ViCell to assess

the cytotoxicity of the compounds.

Dimethyl Sulfoxide (DMSO) was the solvent used for compound storage, therefore DMSO control

conditions were set up to evaluate the excipient effects on culture performance. These included

0.2 %(v/v) DMSO, equivalent to the maximum volume added when screening at 40µm, and

0.68 %(v/v) DMSO replicating the control concentration employed by Plate, Cooley, et al. 2016.

These can be seen to the left of each graph in Figure 5.1. The negative DMSO control results are

included in each panel (a-g) for subjective comparison to the experimental conditions. Due to

practical limitations at the time of this work, a full 7 point DMSO titration was not completed,

limiting the statistical evaluations possible. The minimal changes to growth and titre between

the 0.0 % (negative) and 0.2 % (equivalent to 40µm) DMSO controls were negligible relative

to the response to proteostasis regulator supplementation. Therefore, it was not necessary to

account for the impact of DMSO on culture performance when interpreting the proteostasis

regulator titrations.

Increasing concentrations of C1 (Figure 5.1a) in CHOETE resulted in dis-linkage between the

relative cell growth and mAbETE titre, most likely resulting in an increased Specific Productivity

(qP). This was most evident at concentrations ranging from 5.00µm to 20µm. The mean cell

viability measured on day 5 was 96.4 % in 10µm and 71.4 % in 40µm C1 supplemented cultures,

indicating that cytotoxicity was minimal despite the reduced growth rate.

Titration of C2 demonstrated a sharp decline in growth and titre between 5.00µm and 10.00µm.

Cell growth relative to titre was unchanged throughout the titration, suggesting that C2 does

not impact qP. The mean day 5 cell viability of cultures supplemented with 10µm C2 was

83.2 % suggesting a non-toxic inhibition of cell growth, whereas 40µm C2 supplemented culture

cell viability was 24.0 % indicating a high level of cytotoxicity. In comparison to C2, C5 shows

a linear reduction in both cell growth and titre at comparable rates, although at concentrations

≥5.00µm titre is slightly reduced relative to growth, and the mean day 5 cell viability of 40.00µm

C5 supplemented cultures was 96.9 %.

C6 and C7 notably reduced CHOETE growth and titre as compound concentrations were in-

creased. Despite cell growth or mAbETE production from cultures supplemented with 40µm C6,

cell viability remained high at 91.8 %. Comparatively, viability was reduced to 28.9 % in 40µm

C7 cultures. Lastly no notable trends were observed in response to titration of C3 or C4 and

cell viability remained ≥90.0 % at the highest concentration tested.
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Figure 5.1: Preliminary assessment of pro-
teostasis regulators in CHOETE.
Cells were incubated for 5 days with 0.625µm to
40µm of the proteostasis regulators C1 to C7 (a
to g) identified from Plate, Cooley, et al. 2016 to
evaluate their effect on growth (black) and mAb
titre (grey) in an ETE production model. Fur-
ther details on the compounds are highlighted in
Table 5.1. The 0.2 %(v/v) DMSO control, of equal
volume to 40.00µm compound supplementation,
is included depicting the maximal effect of the
solvent relative to the compounds. A 0.68 %(v/v)

DMSO control was used in Plate, Cooley, et al.
2016 and has been included for reference. Data
shows the mean and Standard Deviation (StD) of
n = 3 technical replicates.
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At the concentrations in which proteostasis regulators C1 and C2 greatly reduced cell growth

rate, viability was uncompromised. Additionally, cell viability was unaffected at the highest

concentrations of C5, C6 and C7 tested where growth was greatly inhibited. From these results

it was hypothesised that the proteostasis regulators would be better utilised if supplemented

later in the culture period, during the late-exponential or stationary phases of culture. Delayed

supplementation could increase the rate of mAb production directly, or indirectly by arresting

cell growth before the stationary phase is naturally reached, redirecting cellular resources.

The results described in Figure 5.1 demonstrated a complex pharmacological response in CHOETE

upon titration of C1 and C2. Furthermore, titration C5, C6 and C7 resulted in a visible dose

response curve. Together these provided sufficient evidence to justify further time and resource

allocation, for evaluation of the seven proteostasis regulators in DTE cell models with aggrega-

tive characteristics.

5.2.2 Evaluating the Effect of Proteostasis Regulators on Bi-specific mAb

Production

5.2.2.1 Identification of experimental parameters

Following the successful POC screen in CHOETE, which evaluated proteostasis regulators iden-

tified by Plate, Cooley, et al. 2016, a further evaluation was conducted in two DTE mAb pro-

ducing cell lines known to suffer from product aggregation. From previous results described in

section 5.2.1, three tailored screening concentrations were selected for each proteostasis regulator

so the ’middle’ concentration resulted in ≥50 % cell growth relative to the control in CHOETE.

The reduced number of compound concentrations allowed for three compound supplementa-

tion time-points to be evaluated simultaneously, to investigate the concluding hypotheses from

section 5.2.1.

The proteostasis regulators were evaluated experimentally on CHOBIS-A and CHOBIS-B in 13

day fed-batch overgrows in shaken 24-Shallow Well Plates (SWPs) on-site at AstraZeneca. Cells

were seeded at 0.7× 106 cells.ml−1 and feed was added every other day starting on day three.

Proteostasis regulators were supplemented on days 0, 5 or 9 post seed, and the concentrations are

described in Table 5.2. The Viable Cell Density (VCD) and viability of cultures were assessed

by trypan staining measured on the Cellavista. Samples were sent for titre analysis by Octet on

day seven and at culture harvest.
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Table 5.2: Screening concentrations of compounds in 5.1 in bispecific cell lines.
Concentrations have been selected based on data presented in 5.1 to give optimal responses.

Index High (µm) Med (µm) Low (µm)

C1 10.00 5.00 1.5

C2 10.00 5.00 2.50

C3 40.00 10.00 5.00

C4 40.00 10.00 2.50

C5 10.00 5.00 1.25

C6 2.50 1.00 0.50

C7 2.50 1.00 0.50

DMSO 0.20%(v/v) 0.05%(v/v) 0.00%(v/v)

5.2.2.2 Investigating and control for the effects of DMSO as a solvent for pro-

teostasis regulators

Results described in section 5.2.1 demonstrated that 0.20 %(v/v) DMSO had minimal impact on

CHOETE growth or mAbETE titre. It was important to ensure that this was true in CHOBIS-A

and CHOBIS-B, and employ the correct data normalisation if required. This was most relevant

for compounds C1, C2 and C5 where 40.00µm concentrations were to be evaluated, equating to

0.20 %(v/v) DMSO in the cultures.

As highlighted in Table 5.2, three control conditions were selected with DMSO concentrations

ranging from 0.0 %(v/v) to 0.20 %(v/v), and were replicated for each time-point of proteostasis

regulator supplementation. The effects of DMSO on CHOBIS-A and CHOBIS-B Integral Viable

Cell Density (IVCD), titre and qP are shown in Figure 5.2.

A Dunnett’s corrected multiple comparisons test was performed comparing the effect of 0.05 %(v/v)

and 0.20 %(v/v) DMSO to the 0.00 %(v/v) negative control. This was run independently for IVCD,

titre and qP, at each supplementation time point. The described analysis did not identify any

statistically significant effects of 0.05 %(v/v) and 0.20 %(v/v) DMSO on the performance of either

CHOBIS-A or CHOBIS-A. Differences observed in the negative control performance from day 0, 5

and 9 which were treated identically are the result of plate-to-plate variability, highlighting the

limitations of High Throughput (HTP) culture platforms.
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Figure 5.2: Effect of DMSO on CHOBIS-A and CHOBIS-B growth and productivity.
Cultures were supplemented with DMSO 0, 5 or 9 days post seeding. Culture IVCD (a+b), titre (c+d)
and qP (e+f) were calculated after 13 days for CHOBIS-A and CHOBIS-A. The highest DMSO concen-
tration (0.2 %v/v) is equal in volume to the maximum supplemented compound concentration (40µm).
A Dunnett’s test was performed on the DMSO controls relative to the negative control at each addition
point. No statistically significant effects on IVCD, titre or qP were identified in either CHOBIS-A or
CHOBIS-A.
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5.2.2.3 Performance of proteostasis regulators as enhancers of DTE mAb produc-

tion

The results from proteostasis regulator screening are displayed in Figures 5.3 and 5.4 for CHOBIS-A

and CHOBIS-B respectively. It was not possible for triplicates of all the experimental (3 con-

centrations, 3 addition points) and negative control conditions to be compared on the same

24-SWP. Therefore, the results are plotted as absolute IVCD (Figure 5.3a + Figure 5.4a), titre

(Figure 5.3b + Figure 5.4b) and qP (Figure 5.3c + Figure 5.4c). No effects as a result of the

DMSO solvent were identified in section 5.2.2.2, therefore the negative and DMSO controls were

analysed as a single population, represented by the dashed and dotted lines which are the mean

and StD of 54 cultures.

A statistically significant improvement in CHOBIS-A IVCD was observed upon supplementation

of proteostasis regulators C2, C6 and C7, with the former two being the most substantial.

None of these conditions increased titre above the control mean resulting in a net reduction

in qP for these conditions. No significant increases in CHOBIS-A titre were identified from the

addition of any proteostasis regulators at any of the three supplementation time-points tested.

Two conditions significantly improved CHOBIS-A qP relative to the controls; these were 5.00µm

C1 and 40.00µm C4 when supplemented on day 0 of culture. Both of these are a result of

significantly reduced IVCD with the change in titre being negligible or of lower magnitude.

Based on the data described, the proteostasis regulators were ineffective CHOBIS-A engineering

tools, and the only net positive effects identified were improved IVCD in response to highly

specific C2, C6 or C7 supplementation. In comparison, CHOBIS-B was more responsive to

supplementation of proteostasis regulators, and a greater number of performance improvements

and impairments were observed.

CHOBIS-B IVCD was significantly increased by supplementation of C1, C2, C4, C5 and C6 at

one or more concentrations or time-points. Although 4 of 12 conditions identified significantly

reduced qP, no significant titre reductions were seen relative to the control population. The only

condition which significantly increased CHOBIS-B titre was supplementation of 40.00µm C3 on

day 5. This did not reduce IVCD resulting in a 1.6 fold increase in qP. Although non-significant,

10.00µm of C3 produced the second largest titre increase, increasing qP to a similar extent.

It was evident from both CHOBIS-A and CHOBIS-B datasets that the compound effect was re-

duced when added later in culture, with results trending towards to the control population

mean. This occurred for both increases or decreases in IVCD, titre and qP. It was hypothesised

that cultures were responding based on the compound ’dose-per-cell’, rather than the absolute

concentration in the culture. This suggested that the compounds were being actively trans-

ported into the cells, as passive diffusion across the cell membrane would be largely unaffected

by changes in cell number. Therefore, screening compounds at a higher concentration when

supplementation is delayed may be more efficacious.
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Figure 5.3: Effect of proteostasis regulators on CHOBIS-A growth and productivity.
The seven proteostasis regulators were evaluated in CHOBIS-A at three concentrations when supplemented
at three different time points. Compounds were supplemented either 0, 5 or 9 days post seeding and
culture IVCD (a), titre (b) and qP (c) were calculated after 13 days. The concentrations screened
for each compound were informed by the previous results in an ETE mAb model and can be found in
Table 5.2. The dashed and dotted lines represent the mean and StD of n = 54 control cultures. The data
displayed is the mean and StD of n = 3 technical triplicates. Significance, represented by *(P < 0.05),
**(P < 0.01), or ***(P < 0.001), was calculated by t-test followed by a Holm-Sidak adjustment to allow
for multiple comparisons.
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Figure 5.4: Effect of proteostasis regulators on CHOBIS-B growth and productivity.
The seven proteostasis regulators were evaluated in CHOBIS-V at three concentrations when supplemented
at three different time points. Compounds were supplemented either 0, 5 or 9 days post seeding and
culture IVCD (a), titre (b) and qP (c) were calculated after 13 days. The concentrations screened
for each compound were informed by the previous results in an ETE mAb model and can be found in
Table 5.2. The dashed and dotted lines represent the mean and StD of n = 54 control cultures. The data
displayed is the mean and StD of n = 3 technical triplicates. Significance, represented by *(P < 0.05),
**(P < 0.01), or ***(P < 0.001), was calculated by t-test followed by a Holm-Sidak adjustment to allow
for multiple comparisons.
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Select CHOBIS-A supernatant samples were sent for aggregate analysis by AstraZeneca’s Bio-

Process Analytics team, to evaluate any changes to the rate of mAb aggregation. CHOBIS-B

samples could not be assessed due to the minimum titre requirements not being met at the

time. Figure 5.5 shows the mAbBIS-A monomer abundance for the control and experimental

populations. No measurable or statistically significant change in aggregation rate was observed

upon titration of any proteostasis regulators.
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Figure 5.5: Overview of the proteostasis regulators effect on CHOBIS-A aggregation.
Monomer abundance, expressed as a percentage of total mAb, is shown for control (green) and experimen-
tal conditions (black) inclusive of all supplementation time points. Controls include both negative and
DMSO conditions. The experimental group includes representative samples from all seven proteostasis
regulators. Error bars show the population mean and StD.

5.2.3 Increasing Compound Concentration in a ’Dose Per Cell’ Dependent

Manner

CHOETE was selected to evaluate whether delaying supplementation required higher compound

concentrations, due to a ’dose-per-cell’ effect. If this hypothesis was correct, the data from

Figure 5.1a suggested that delayed addition of C1 at a suitable concentration would increase

titre and qP. By allowing the cells to reach late exponential phase before supplementation the

growth limiting effects of C1 would be negated.

Delayed addition of C1 in CHOETE was scaled up to 125 ml Erlenmeyer flasks offering better cell

culture conditions than the HTP screening platform at the time, which was in 96-DWPs. Cells

were seeded at 1.0× 106 cells.ml−1 at a volume of 30 ml and were fed every third day starting

from day 3. Concentrations ranging from 20µm to 160µm of the proteostasis regulator C1 were

supplemented on day 5 of culture. VCD and cell viability was measured daily from the point of

chemical supplementation, and mAbETE titre was assessed by ValitaTITER assay at harvest on

day 10. A mock experiment was completed in parallel supplementing only 0.1 %(v/v) to 0.8 %(v/v)



5.2 Results 107

DMSO. Figure 5.6 depicts the results with IVCD, titre and qP expressed as a fold-change of the

paired DMSO controls.
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Figure 5.6: Scaled up evaluation of the proteostasis regulator C1 mid-culture in CHOETE.
The proteostasis regulator C1 was supplemented at concentrations ranging from 20µm to 160µm on day
5 of 10-day fed-batch CHOETE cultures in Erlenmeyer flasks. Culture IVCD (a), titre (b) and qP (c)
are expressed as a fold-change of 0.1 %(v/v) to 0.8 %(v/v) DMSO controls run in triplicate. Cell viabilities
(d) are plotted as absolute values for comparison against the negative control. The data displayed is the
mean and Standard Error of the Mean (SEM) of n = 6 replicates, comprising of technical triplicates of
biological duplicates. Significance, represented by *(P < 0.05), **(P < 0.01), or ***(P < 0.001), was
calculated by unpaired students t-test between the matched experimental and DMSO control conditions.

The proteostasis regulator C1 significantly reduced the IVCD of CHOETE relative to the matched

DMSO control at the four concentrations evaluated (Figure 5.6a). The mean IVCD was con-

sistently reduced to between 0.68 fold and 0.70 fold of the DMSO controls when C1 was supple-

mented at 40µm to 160µm concentrations.

A decrease in mAbETE titre was observed upon supplemetation of 20µm C1, whereas supple-

mentation of 160µm C1 increased mAbETE titre (Figure 5.6b). This resulted in no significant

change in qP when C1 was supplemented at 20µm and increases from 1.3 fold to 1.6 fold at

concentrations ≥40µm (Figure 5.6c).

The results in Figure 5.6 demonstrate that when the C1 is supplemented late in culture, higher

concentrations are required to achieve pharmacological activity. This is most likely due to active

internalisation of C1 by CHO cells, resulting in a lower dose-per-cell when C1 is added late in
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culture relative to early culture.
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5.3 Discussion

This chapter describes an investigation into the use of disaggregases in models of proteopathic

disease as CHO cell culture enhancers. It was hypothesised that the mechanisms underlying

aggregation in human neurological disease are similar to those seen in engineered mAbs. A group

of compounds identified by Plate, Cooley, et al. 2016 were evaluated as a POC investigation,

aiming to test the hypothesis and justify evaluation in a broader context. The seven proteostasis

regulators had been shown to selectively activate the ATF6 arm of the UPR in Human Embryonic

Kidney 293 (HEK293) calls, and reduce TTR and light-chain aggregates in cell models of disease.

5.3.1 Initial evaluation in an ETE mAb model

The first step was to evaluate the proteostasis regulators in an ETE mAb producing cell model,

in order to identify their pharmacologically active range and assess their impact on growth and

titre. Initial screening in CHOETE identified a 50 % reduction in cell growth upon supplementa-

tion between 2.5µm and 40µm for six of the seven compounds. Minimal changes were observed

between the negative and 0.2 % DMSO controls, demonstrating the excipient had minimal ef-

fects on culture performance at the proteostasis regulator concentrations supplemented, and

subsequent data normalisation was not required.

As cell growth was not measured throughout culture, IVCD calculated from only day 0 and

day 5 measurements would be unreliable estimations of a CHO cell culture sigmoid growth

curve. It is more accurate to describe the reduction of PrestoBlue as a measure of cumulated

cell metabolic activity. The PrestoBlue assay is an indirect measurement of viable cell number

under the assumption that cellular metabolic rate is constant across experimental conditions.

By definition, proteostasis regulators alter the turnover and composition of the ER proteostasis

network, and are likely to change the cellular metabolic rate (T. W. Mu et al. 2008). For these

reasons cell growth was expressed in Relative Fluorescence Units (RFU) taken directly from the

PrestoBlue assay, and qP was not calculated. Resultantly, the rate of mAbETE production can

only be inferred for the initial proteostasis regulator evaluations.

The dis-linking of titre and growth in response to C1 titration suggested a direct impact on

the rate of mAbETE production, however neither growth nor titre increased above the control,

highlighting the growth limiting effects of the compound. Defined pharmacological dose response

curves were also observed upon titration of C2, in which a strong activation threshold reduced

growth and titre by >3 fold between adjacent titration points. Although a negative correlation

between compound concentration and growth was observed upon titration of C5, C6 and C7,

no other unique pharmacologic effects were observed.

A strong inhibition of cell growth without a reduction in cell viability was observed throughout

the dataset. Despite efforts to increase CHO growth rate and qP through media optimisation

and nutrient supplementation (Claudia Altamirano et al. 2006; Graham et al. 2019; Pan et

al. 2017; Pérez-Rodriguez et al. 2020), additional biomass generation can have negative conse-

quences. This can complicate downstream product purification steps and increase lactate levels,
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negatively impacting mAb quality (Freund and Croughan 2018; L. Zhang et al. 2019). There-

fore, a balance between biomass generation and mAb production is needed to maximise overall

yield in a resource limited system such as a bioreactor (Pérez-Rodriguez et al. 2020). It was

hypothesised that the compounds would be better utilised when supplementation was delayed

until the late exponential phase of culture, facilitating an early resource allocation shift towards

mAb production, improving overall product yield.

5.3.2 Variable time of addition in DTE mAb models

It was initially hypothesised that disaggregases in human disease models would be efficacious

in alleviating the aggregation in CHO cells producing DTE mAbs. Therefore, a more detailed

experimental evaluation of the proteostasis regulators identified from Plate, Cooley, et al. 2016

was conducted in CHOBIS-A and CHOBIS-B. Both bi-specific models suffer from significant

product aggregation, and CHOBIS-B aggregates have been attributed to disulfide cross-bridge

formation between engineered cysteine residues, leading to stable head-to-tail dimerisation (Cao

et al. 2018).

The proteostasis regulators performed poorly as CHOBIS-A culture performance enhancers, with

few significant improvements to IVCD or titre observed. C1 and C3 were found to significantly

increase qP under specific conditions, however this was a consequence of growth limitation ex-

ceeding the magnitude of titre reductions in both cases. This is particularly prominent upon sup-

plementation of C1, where the same dis-linkage between growth and titre observed in CHOETE

was replicated. Several significant IVCD increases were seen, however titre did not increase

relative to the controls reducing overall productivity.

In CHOBIS-B, the library of proteostasis regulators was more fruitful, and most compounds sig-

nificantly increased IVCD under the correct conditions. Delayed C3 supplementation increased

titre by 1.4 fold relative to the control at two concentrations, with no negative effect of culture

IVCD resulting in similar qP improvements.

Subsequent aggregate analysis of selected supernatant samples revealed that CHOBIS-A aggre-

gation was unaffected by the supplementation of proteostasis regulators. When considered with

the growth and titre data presented, it is evident that the library of proteostasis regulators are

ineffective modulators of mAbBIS-A production. A minimum titre of 500 mg.l−1 was required for

the AstraZeneca Bioprocess Analytics team to measure mAb aggregation at the time this work

was completed. Unfortunately, the CHOBIS-B control population did not meet this threshold,

therefore it was not possible to evaluate the effect on aggregation in this model. In particular

the effects of C3 on mAbBIS-B aggregation would be especially insightful.

Based on findings from the initial characterisation, compound supplementation was evaluated

at three time-points post culture seeding. When reviewing results from each compound added

on day five or nine of culture, it is evident the effects are reduced relative to supplementation

at seed. The most prominent examples are seen in CHOBIS-A’s response to C1 and C3 sup-

plementation (Figure 5.3) where the IVCD and titre seen on day zero is reduced or negligible

when supplementation is delayed. From these results it was hypothesised that cultures were
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responding in a ’dose-per-cell’ dependent manner, most likely a result of active internalisation

or break down the proteostasis regulators by the cells.

5.3.3 Delayed C1 Supplementation in Scaled-Up CHOETE Cultures

Following mixed results in DTE mAb models, a final assessment of C1 in CHOETE was con-

ducted. To account for a ’dose-per-cell’ response, delayed supplementation with higher com-

pound concentrations was hypothesised to translate the dis-linkage between growth and titre

(observed in the initial evaluation) into titre and qP improvements in extended duration fed-

batch conditions. The culture format was also scaled up into 125 ml Erlenmeyer flasks as a more

applicable model to industry processes.

As increasing compound concentrations simultaneously increased the concentration of DMSO in

the culture, each experimental condition was normalised against a matched DMSO control, with

data expressed as a fold-change. Initially the experiment was performed in triplicate, however

upon data evaluation a subsequent biological replication was performed resulting in n = 6 total

replicates. When supplemented at the mid-point of a 10-day fed-batch process, C1 consistently

reduced CHOETE IVCD with a significance of p ≥ 0.001 at all concentrations. However, titre was

reduced at low, and increased at high, C1 concentrations relative the matched DMSO controls.

These results confirm that C1 is non-toxic at high concentrations, and its supplementation

increases CHOETE productivity. Although all four concentrations reduced cell viability relative

to the negative control cultures, this was least prominent at the highest concentration tested.

This result was unexpected and therefore was the primary reason for the completion of additional

replicates, which further supported the observation. There is currently no preferred working

hypothesis, however feasible explanations include effects on cellular metabolic rate or lactate

buffering.

5.3.4 Summary

The data presented in this chapter demonstrates a pharmacological response in CHO cells when

supplemented with proteostasis regulators, however the library had no impact on mAb aggrega-

tion in CHOBIS-A. Furthermore, C3 was identified as a cell culture enhancer for CHOBIS-B, but

not CHOBIS-A, and delayed C1 supplementation was found to significantly increase CHOETE

titre and qP.

These findings provided strong evidence to support the use of disaggregases in proteopathic

disease models as CHO cell productivity enhancers in a context specific manner. Unfortu-

nately, it was not possible to evaluate product aggregation in CHOBIS-B, and analysis of select

CHOBIS-A samples did not identify any effect on product aggregation. Therefore, these pro-

teostasis regulators were not evaluated any further. Instead, the lessons learnt surrounding

scaling up concentrations upon delayed supplementation were taken forward to evaluate a more

diverse population of proteopathic disaggregases.





Chapter 6

Identification of Preclinical

Neurological Compounds as CHO

Engineering Tools

This chapter explores the use of compounds found to prevent or disperse aggregates in cell models

of neurological proteopathy as cell culture enhancers to improve the titre and quality of Difficult to

Express (DTE) Monoclonal Antibodys (mAbs). It was hypothesised that the intracellular aggre-

gation of DTE mAbs in Chinese Hamster Ovary (CHO) cells may share a common mechanism

with proteopathic disease pathology.

Preliminary evaluation narrowed down a compound library identified through the AstraZeneca

Open Innovation Initiative to a subset of hit compounds, representing 27.6 % of the compound

library. A more detailed assessemnt conducted in the secondary screen identified 11 compounds

which increased mAbBIS-A titre by at least 50 % while also reducing the rate of product aggre-

gation. Almost a third of compounds in the secondary screen doubled mAb titre, with the most

prevalent compounds associated with mTOR activation or the rescue of toxic TDP43 or FUS

phenotypes. Compounds rescuing FUS toxicity in cell models were also the most promising com-

pounds for reducing mAbBIS-A aggregation, alongside compounds shown to inhibit aggregation

in models of Amyotrophic Lateral Sclerosis (ALS) and Huntington’s disease. As cell viability

was compromised in the preliminary and secondary screening rounds, further evaluation of hit

compounds was necessary. Although, initial results demonstrate a revision of the cell media

and feed composition overcame the cell culture limitations, in-person working restrictions led to

postponement of product quality analyses.

The data presented suggests a common mechanism of aggregation in proteopathic disease and

CHO cell factories. It provides strong justification for evaluation of similar preclinical compound

libraries, and identifies a number of engineering solutions for the CHOBIS-A model system.

113
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6.1 Introduction

Recent developments in non-standard antibody modalities have introduced a range of new chal-

lenges for the upstream development of biotherapeutics. Product aggregation poses a significant

hurdle in the production of un-natural antibody formats and can impact therapeutic properties

causing immunogenic reactions (Vázquez-Rey and Lang 2011). Furthermore, aggregation can

greatly increase the cost and complexity of downstream processing, resulting in pharmacologi-

cally effective molecules failing to progress to market.

Aggregation can occur intra- or extra-cellularly, and can be classified as: covalent/non-covalent,

soluble/insoluble, reversible/non-reversible and native/denatured (Cromwell et al. 2006). Aggre-

gates can exist as small dimers or fragments and can catalyse the formation of larger structures,

such as sub-visible or visible particles (Kiese et al. 2008). Covalent aggregation is the chemical

binding or linking between more than two monomers or partially unfolded molecules, and is

most commonly a result of disulphide bond formation between previously unpaired free thiols

(Andya et al. 2003). Non-covalent aggregation arises through exposed hydrophobic regions of

molecules sticking together.

Previous studies have attempted to screen vast compound libraries for molecules that reprogram

ER proteostasis environments through directed activation of ATF6 (Plate, Cooley, et al. 2016),

and HSF1 (Calamini et al. 2012) in proteopathic disease models. Screening of compounds iden-

tified from Plate, Cooley, et al. 2016 in stable CHO producers in Chapter 5 has shown beneficial

effects on titre and specific productivity in standard monoclonal antibodies and aggregate prone

molecules in a product specific manner.

A subsequent review by Lars Plate into the regulation of secretory proteostasis describes the

importance of Unfolded Protein Response (UPR) signalling regulating Endoplasmic Reticulum

(ER) protein folding load and quality control capacity (Plate and Wiseman 2017). Stress-

independent activation of preferential UPR pathways can have distinct effects on disease associ-

ated aggregates. This was demonstrated by Plate, Cooley, et al. 2016 where stress-independent

activation of ATF6, but not XBP1s, selectively reduced secretion of aggregation prone TTR

variants in TTR amyloidosis.

In neurodegenerative pathologies the effects of targeted stress-independent UPR activation are

disease specific, requiring induction of different UPR branches. In contrast to TTR, the ER pro-

teostasis of destabilised APP variants can be improved through IRE1-induced UPR remodelling,

reducing aggregate associated mitochondrial toxicity in cell models of Alzheimer’s and Parkin-

son’s diseases (Grandjean et al. 2020). Context specificity in respect to MEDI-CHO genetic

engineering solutions was discussed in Chapter 4, and it is expected that chemical engineering

approaches will encounter similar challenges.

It was hypothesised that re-purposing pre-clinical compounds able to prevent or disperse aggre-

gates in cell models of neurological proteopathy would be efficacious in reducing the aggregation

of problematic mAbs. Medicinal compounds may exhibit positive results during in-vitro screen-

ing, and fail to progress through animal studies or clinical trials. It was further hypothesised that



6.1 Introduction 115

directed screening of such compounds, with evidence supporting positive effects on aggregative

pathologies, would exhibit higher incidences of positive hits than randomised High Throughput

(HTP) screening of compound libraries.

This chapter explores the application of a compound library, identified collaboratively with the

AstraZeneca Open Innovation Initiative, as cell culture enhancers for improving the production

of aggregating DTE mAbs. The identification of individual compounds will provide novel CHO

engineering tools for cell line development processes. Moreover, the identification of groups of

efficacious compounds effecting aggregative proteopathies by a similar mechanism would suggest

mechanistic commonality between disease proteopathies and engineered antibodies, opening new

lines of research in both fields.
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6.2 Results

6.2.1 Compound Library Identification

A research proposal was written to the AstraZeneca Open Innovation to interrogate their

database of 250,000 compounds. Based on the research proposal and further input from Emma

Kelsall, a library of 192 compounds was identified by Dean Brown, project leader of the neuro-

science portfolio for the AstraZeneca Open Innovation programme. The basis for selection was

through a combination of published literature and in-house data suggesting the compounds fell

into at least one of the following categories:

a) Reduce or fully disperse protein aggregates in cell models of neurological disease.

b) Inhibit or slow the formation of protein aggregates in cell models of neurological disease.

c) Directly interact with protein aggregates in cell models of neurological disease.

d) Activate, inhibit or modulate molecular chaperones or regulators of molecular chaperones

which are therapeutic targets for alleviating aggregation in neurological diseases.

e) Rescue aggregative toxicities in models of neurological disease.

f) Analogues of compounds that meet the identified criteria.

Due to intellectual property restrictions surrounding the use of the AstraZeneca compound

database, the compound information in this thesis has been limited to prevent identification.

In order to logically interrogate the identified library, compounds were sorted into 14 categories

with a common mechanism of action or binding target. The information supporting the inclusion

of 103 compounds was the result of phenotypic assays previously completed by AstraZeneca,

of which the details were initially restricted. Upon completion of preliminary screening exper-

iments, further details on successful candidates were released. Table 6.1 lists the categories

of compounds and highlights their links to human neurological disease and the mechanism by

which protein aggregation is alleviated.

The distribution of the 192 compound library was divided into the 14 categories is depicted

in Figure 6.1. The limited information described is evidenced by the presence of 53.6 % of

the library in the ’phenotypic hit’ category. These compounds have been shown to rescue

one or more specific aggregative toxicities in cell models, with specific toxicity models made

available for compounds identified as hits in the preliminary screening allowing subdivision of

the ’phenotypic hit’ category in section 6.2.3. From the remaining 13 categories ’β-amyloid

binders’ and ’disaggregases of stress granules’ are the most populous. β-amyloid is a misfolded

peptide of a transmembrane protein called APP, and readily interacts with a wide range of other

proteins and chemicals (G. F. Chen et al. 2017). Stress granules are composed of a heterogeneous

mix of messenger RNAs (mRNAs) stalled in translation and associated mRNA binding proteins,

as a result they have the ability to bind a wide range of intracellular epitopes.
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Table 6.1: Categorisation of compounds identified from the AstraZeneca Open Innovation
compound library.
The table lists the compound categories defined by interactions with key components of neurological
proteopathic pathologies, or modulation of linked regulatory pathways. For each category the commonly
associated diseases, therapeutic background and disaggregation mechanisms have been highlighted.

Group Disease Links Background / Mechanism of Action

β-amyloid binders Alzheimer’s, CJD,
Huntington’s and
Parkinson’s

β-amyloid is the main component of amyloid plaques
containing a diverse set of proteins, and is found in
Alzheimer’s and other disease pathologies (Young et al.
2017). Several natural compounds such as tetracyclines
and polyphenols are effective anti-amyloid agents. These
are generally non-specific and can interfere with the ag-
gregation of multiple unrelated proteins (Giorgetti et al.
2018).

Curcumin Alzheimer’s and
Parkinson’s disease

Curcumin is historically used in traditional medicine for
the prevention of neurological diseases. The therapeutic
benefits appear to be multi-factorial, through the regu-
lation of NFκB activity. Curcumin has been shown to
alleviate αSynuclein-induced toxicity, reduce ROS levels,
protect cells against apoptosis and prevent the formation
of higher molecular weight aggregates in disease models
(W.-H. Lee et al. 2013).

Cyclophilin in-
hibitors

Alzheimer’s β-amyloid has been shown to interact with Cyclophilin D,
potentiating neuronal stress in Alzheimer’s disease pathol-
ogy. Inhibition of Cyclophilin D can reduce ROS and it’s
absence can prevent β-amyloid and oxidative stress in-
duced apoptosis (Du, L. Guo, et al. 2008; Du and Yan
2010).

Disaggregases of
stress granules

ALS, Alzheimer’s,
FTD and Hunting-
ton’s

Stress granules are dense protein aggregations in the cy-
tosol which can accelerate neuro-degeneration and share
many components with neuronal granules (L. Chen and B.
Liu 2017; Mahboubi and Stochaj 2017). Persistent stress
granules as a result of chronic stress act as a catalyst for ag-
gregation of disease related proteins (Wolozin and Ivanov
2019).

FKBP12 inhibitors Alzheimer’s,
Parkinson’s

Linked to immunosuppressant activity, FKBP12 and other
PPIases regulate Tau biology impacting pathogenesis
(Blair et al. 2015). FKBP12 inhibition has been linked
to reduced aggregation of α-synuclein and Parkinson’s like
pathologies (Caraveo et al. 2017).

HSF1 activators ALS, Alzheimer’s,
Huntington’s and
Parkinson’s

As a regulator of molecular chaperone expression, phar-
macological activation of HSF1 delays neuro-degenerative
disease progression in cell models (Neef et al. 2012).

HSP90 modulators ALS, Alzheimer’s
and Parkinson’s

Molecular chaperones are among the most potent sup-
pressors of neuro-degeneration known for animal models
of human disease (Muchowski and Wacker 2005). Mod-
ulating HSP90 function has great potential to become a
new molecular-targeted therapy against a wide range of
neuro-degenerative diseases (Waza et al. 2006).

p38 MAPK in-
hibitors

Alzheimer’s,
Parkinson’s

A possible therapeutic target for autoimmune disorders
(Cuenda and Rousseau 2007). Phosphorylates Parkin in
Parkinson’s disease models leading to cell death (J. Chen
et al. 2018). Inhibition considered a promising treatment
strategy for Alzheimer’s disease (J. K. Lee and N. J. Kim
2017).
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Group Disease Links Background / Mechanism of Action

Rapamycin
(& analogue)

Alzheimer’s, Hunt-
ington’s and
Parkinson’s

As an inhibitor of mTOR, Rapamycin has been shown to
attenuate nigrostriatal degeneration in Parkinson’s models
and protect against neuro-degeneration caused by mutant
Htt aggregates. Rapamycin has been shown to restore
mTOR activity in Alzheimer’s and Huntington’s disease
models (Bové et al. 2011; Sarkar et al. 2008), and has been
linked to improved production of therapeutic proteins in
CHO cells (Dadehbeigi and Dickson 2015; Lalonde and
Durocher 2017; Y. Li et al. 2019).

RIPK1 modulators Alzheimer’s and
ALS

Evidence has linked the dysregulation of RIPK1 to the
pathogenesis of ALS as well as other inflammatory and
neuro-degenerative diseases.

Adapalene & O-
des methyl

Alzheimer’s, CJD,
Huntington’s and
Parkinson’s

Compounds are described in Young et al. 2017, and
demonstrate repress amyloid formation and inhibit the ac-
cumulation of misfolded protein aggregates in cell models.

HTT. aggregation
inhibitors

Huntington’s A group of compounds identified in Todd and J. Lim 2013
which have been found to alleviate poly-glutamate ag-
gregation in cell models of Huntington’s disease (Rinder-
spacher et al. 2009). Poly-glutamate aggregates arise from
the expansion of an unstable CAG triplet repeat leading
to aggregate induced toxicity (Todd and J. Lim 2013).

ALS aggregation
inhibitors

ALS A compound identified by Richard Silverman which re-
duces SOD1 aggregates in cell models of ALS (Y. Zhang
et al. 2012).

Phenotypic Hit n/a Compound has rescued at least one toxic aggregative phe-
notype linked in human neuro-degenerative disease. The
assays include the rescue of TDP43, FUS and C9ORF72-
PR50 toxicities.
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Figure 6.1: Distribution of compounds between mechanistic categories.
The library of n = 192 compounds have been placed into 14 categories based on interactions with, or
regulation of, key components of aggregative pathologies and their regulatory pathways.
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6.2.2 Preliminary Compound Screen: Library Refinement

6.2.2.1 Determining optimal screening parameters

The preliminary screen aimed to assess the compounds’ ability to increase the product quality,

measured as the percentage of IgG monomer produced relative to the total range of IgG species,

in a model system. Secondarily, any improvements to IgG titre, specific productivity or a

shift towards smaller sized aggregates would provide further evidence of performance benefits,

supporting the initial hypothesis.

CHOBIS-A was identified as a well characterised clonal cell line with a known, internal mechanism

of aggregation as described in Cao et al. 2018. Structural characterization identified a range of

slight size variants resulting from the engineered disulfide bond at Cys442 and Cys640. Instead

of forming an intra-chain disulphide bond, the engineered cystines were cysteinylated or glu-

tathionylated leading to monomer variants. Additionally, stable head to tail dimers formed as a

result of intra-molecular disulphide bonds between these residues (Cao et al. 2018). Additionally,

CHOBIS-A was previously utilised as a model system in chapter 5 for the screening of proteostasis

regulators for improvements in growth and titre characteristics, therefore performance should

be predicable.

During preliminary High Throughput Screening (HTP) experiments, selecting appropriate com-

pound concentrations was crucial to maximise the likelihood of experimental hits. The number

of concentrations evaluated, interval between them and the library size must be balanced to

achieve the maximal information from the available resources. It was initially recommended by

researchers from the AstraZeneca Open Initiative that compounds be tested at concentrations

ranging from 1µm to 10µm. Although specific evidence was not provided, literature examples

of compound screens in cell models of disease suggest concentrations ranging from 0.5µm to

100µm (Calamini et al. 2012; Hughes et al. 2011; Plate, Cooley, et al. 2016). In chapter 5 it was

demonstrated that absolute concentration is often not transferable between screening models,

particularly if compounds are internalised where the number of cells present plays an important

factor. Mechanistically the aggregation of BIS-A occurs in the ER, therefore it was predicted

that compounds successfully reducing the aggregation rate must be internalised. Furthermore,

screening methods in disease models occur at significantly lower cell densities than fed-batch

CHO cultures, therefore a higher concentration would be required to maximise the chances of

therapeutic efficacy in high density CHOBIS-A cultures.

By selecting a 10 fold interval between the two concentrations, the changes of either concentra-

tions falling within the effective pharmacological range of the compounds would be maximised.

It would be difficult to draw any conclusions from differential results between the concentrations

with this interval, therefore, the effects of each concentration would need to be analysed indepen-

dently. In order to characterise the full compound library at two screening concentrations with

the available time and resources, each condition was screened with n = 1 replicates. Resultantly

the preliminary screening concentrations of 5µm and 50µm were selected to balance efficacy

and toxicity. Compounds were supplemented on day five of culture after results discussed in

chapter 5 demonstrated that compounds improving productivity are likely to reduce growth
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rate.

The compound library was assessed on-site at AstraZeneca, utilising proprietary media and

feeds in an 11 day fed-batch overgrow in 24-Shallow Well Plates (SWPs). Cells were seeded at

0.710× 106 cells.ml−1 and feed was added every other day starting on day three. The Viable

Cell Density (VCD) and viability of cultures was assessed by trypan staining measured on the

Cellavista and samples taken for titre analysis by Octet on day seven and at culture harvest.

Supernatants were collected at culture harvest for protein-A purification and subsequent aggre-

gate analysis by High-Performance Liquid Size Exclusion Chromatography (HPL-SEC) on an

Agilent Technologies 1260 Infinity system with a Walters BEH200 column. As compounds were

suspended in Dimethyl Sulfoxide (DMSO), a range of DMSO control were included with up to

four times the maximal experimental DMSO concentration. Additionally, at least two negative

control wells were included on each 24-SWP.

6.2.2.2 Assessing culture performance

When performing HTP experiments to assess drug candidates in vitro, compatibility with cell

survival is the first consideration (Hughes et al. 2011). This is also true in a mAb produc-

tion context, where screen specific parameters such as product titre and quality are assessed

secondarily to cell survival.

Figure 6.2 shows the growth characteristics of the control cultures (green) laid over the exper-

imental cultures (black and red). The day 7 cell viability measurements, taken 48 hours after

the chemical supplementation, were deemed most relevant in highlighting compound induced

cytotoxic effects. A high degree of variation was observed for the control population with Coef-

ficient of Variations (CVs) for Integral Viable Cell Density (IVCD) and cell viability of 23.0 %

and 34.8 % respectively.
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Figure 6.2: Primary screen: Elimination of poor performing cultures.
The mean and Standard Deviation (StD) of negative control cultures (green) was plotted as a reference
point. The dotted lines described by eqs. (6.1) and (6.2) define the minimum accepted performance for
experimental cultures to progress. IVCD was calculated from VCD measurements on days 0, 7 and 11.
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The measured mean cell viability of control population was 49.2 % indicating the control cultures

were not growing optimally, resulting in a mean IVCD of 8.55× 107 cells.days.ml−1. However,

the mean VCD on day 7 or 11 was 15.2× 106 cells.ml−1, demonstrating that the majority of

cultures had large live populations despite variable viability, validating further data analysis.

In the context of identifying compounds that improve product quality, a high cell growth rate was

not a priority. However, a reduction in IVCD or cell viability relative to the control population

is an indication of drug induced cytotoxicity. Therefore, boundaries were created to eliminate

experimental conditions that failed to match or exceed the lowest performing control cultures.

These are defined by eqs. (6.1) and (6.2) and visualised by the plotted lines in Figure 6.2:

x = IV CDMin (6.1)

= 5.82× 107 cell.days.ml−1

y = V iabilityMin (6.2)

= 22.27 %

The minimum IVCD and viability requirements eliminated 52 conditions which were non-

compatible with cell growth and survival from further analysis, leaving 332 to be interrogated.

Although these conditions were detrimental, this did not rule out beneficial effects as the screened

concentrations may be greater than the pharmacological range. Where both compound condi-

tions were eliminated due to chemical induced cytotoxicity, further assessment at lower doses

was considered as this may yield positive results.

6.2.2.3 Quantification of mAbBIS-A titre

After eliminating conditions which negatively effected culture performance, the impact on prod-

uct titre and aggregation were assessed. Upon review, the product titre in the majority measured

by the Octet decreased between day 7 and culture harvest on day 11, highlighted by abundance

of cultures falling below the plotted line in Figure 6.3a. The assessment of health in Figure 6.2

demonstrated a mean control culture viability of 49.2 %, and an average experimental culture

viability of 51.9 % on day 7 post seeding, therefore it was highly unlikely that further IgG

production was negligible from this point.

To validate these findings, supernatant samples which were protein-A purified for aggregate

analysis were quantified by UV absorbance measurement on a Stunner. Simultaneous purifica-

tion of a NIP228 control of known concentration controlled for method consistency and was used

to calculate a purification yield of 82± 2 % (mean + StD of n = 8 samples), ensuring accuracy

in the alternative calculation of the mAb titre. When comparing the Stunner and Octet titre

measured on day 11 (Figure 6.3b), substantially more mAbBIS-A was detected by quantification

of the purified product.

Purification quality is a concern when quantifying mAb by UV-absorbance as the method non-

specifically measures the sample total protein content. HPL-SEC analysis of the day 11 con-

trol culture supernatants post Protein-A purification identified peaks for CHOBIS-A monomers,
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dimers and a small number of higher molecular weight aggregates as shown in Figure 6.4. This

confirmed the Protein-A purification method was highly specific and mAbBIS-A molecules were

still intact, ruling out titre elevation from the presence of cell culture debris or antibody frag-

ments. Species identification was validated by comparison to a NIP228 control and a Bio-Rad

Gel Filtration Standard, with example traces displayed in Appendix A Figure A.4. Therefore,

the low titre measured by the Octet is likely due to the low cell viability at culture harvest. Prod-

uct degradation or interference by supernatant debris could interfere with antibody binding to

the capture molecule, resulting in a low measurement.
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Figure 6.3: Preliminary Screen: Evaluating methods for measuring product titre.
(a) Titre on day 11 measured by the Octet in relation to the day 7 Octet titre measurement with the
plotted line at x = y represents an equal titre at the respective time points. (b) Comparison of the titre
on day 11 measured by Octet and Stunner with bars representing the mean of 480 purifications.

Figure 6.4: Preliminary screen: Representative HPL-SEC trace of protein-A purified
CHOBIS-A supernatant.
The representative trace showing the peaks identified from the Protein-A purified supernatant from neg-
ative control culture harvested on day 11. The peaks at 2.90 minutes and 2.56 minutes are mAbBIS-A

monomer and dimer respectively.
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6.2.2.4 Hit identification: Evaluating product quality and titre

In order to accurately and objectively identify efficacious conditions from the general popula-

tion, the desired outcomes were reviewed. The primary aim was to identify compounds that

reduced the frequency of aggregate production, therefore monomer abundance was the most

important metric measured. If the product titre is also increased this is an additional benefit,

and would indicate that reducing aggregate induced cellular stresses can increase production

capacity. Compounds that improve product titre with no observable impact on aggregation

would be useful as broad engineering tools.

From these criteria 3 groups were identified with the following attributes:

� Hit group 1: Improved aggregation profile, with no negative impact on product titre.

� Hit group 2: Increased product titre, irrespective of aggregation profile.

� Hit group 3: Improved aggregation and increased product titre.

To statistically define the boundaries of each group, multiples of the control population’s product

titre and monomer abundance StD were added or subtracted from the mean. Equation (6.3)

defined the minimum acceptable product quality for groups 1 and 3, equating to 2 StDs above the

control mean. This accounted for the expected variability resulting from a lack of experimental

replicates of each condition. The minimum titre for groups 2 and 3 was defined by eq. (6.4),

and was similarly set at 2 StDs above the mean. The lower titre boundary for group 1 was set

at 1 StD below the mean as defined by eq. (6.5), and the upper boundary was 2 StDs above the

control mean:

y = MonomerMean + 2 ·MonomerStD (6.3)

= 64.18 %

x = TitreMean + 2 · TitreStD (6.4)

= 1157.5 mg.ml−1

x = TitreMean − TitreStD (6.5)

= 743.3 mg.ml−1

Figure 6.5 shows the relationship between product titre and IgG monomer abundance of the re-

maining experimental conditions in relation to the control population. The selection boundaries

were plotted from the equations above relative to the control population, and coloured boxes

overlaid to identify group 1 (orange), group 2 (purple) and group 3 (blue). The population

distribution (green) and mean (dark green) of the controls demonstrates consistent titre and

product quality despite the large variation in culture performance. The control population CV

was 15.6 % and 2.22 % for titre and IgG monomer abundance respectively. This demonstrated
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a consistent overall titre and minimal change in product quality between replicates, despite the

variability observed in growth and viability.
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Figure 6.5: Preliminary screen: Evaluation of product titre and aggregation.
Graph shows the titre and IgG monomer abundance of the experimental conditions (black) tested in
relation to the controls (green). The boundaries of each group were calculated using multiples of the
control population StD as per eqs. (6.3) to (6.5).

Of the 322 conditions brought forward, 240 fell within one StD of the control population titre,

indicating that a large proportion had minimal impact. The majority of these fell within a

large cluster with a mean 1.12 % below the control population mean monomer abundance of

61.86 %, and contained 186 conditions. It was hypothesised that this population represented the

conditions that had no measurable impact on the production of BIS-A. It was unlikely that such

a large number of conditions had a minor negative pharmacological effect on the cells reducing

IgG monomer abundance without impacting titre. Therefore, it was reasonable to assume that

the presence of these compounds had a negative effect on IgG stability post secretion from the

cell which may need accounting for in later analysis.

Groups 1, 2 and 3 pulled out 43, 18 and 44 hits respectively, totalling 27.5 % of the original

382 conditions screened. When accounting for the 28 compounds which appear twice, 77 hit

compounds were identified equating to 40.1 % of the starting library. This represented an un-

usually high hit rate in comparison to random HTP screening experiments, strongly supporting
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the initial hypothesis that compounds linked to disaggregation in models of proteopathy would

be similarly efficacious in aggregate prone mAb systems.

6.2.2.5 Hit refinement: Evaluating specific productivity

Due to the high number of hit compounds identified, a further round of eliminations was required

to identify a manageable number of for further experimental assessment. Instead of increasing

the stringency of the existing selection criteria, the impact on Specific Productivity (qP) was

evaluated in relation to the product quality to eliminate the least effective compounds.

The qP was plotted against IgG monomer abundance to assess the relationship between the

rate and quality of the product produced (Figure A.5). The experimental conditions are cate-

gorised into their respective compound hit groups with the control and the eliminated population

displayed. When observing the previously eliminated conditions from this perspective, the iden-

tified cluster with a mean monomer abundance of 61.86 % had a 2.1 fold broader distribution

stretching 4.2 StDs. This indicated that the variance in IVCD of this population was significantly

greater than the variation in titre.

When the potential elimination criteria described by eqs. (6.3), (A.1) and (A.2) were plotted,

it was evident that the using a similar set of criteria would not be effective. The variation in

qP of the experimental conditions relative to the control population is much lower, therefore

the stringencies would have to be significantly reduced. Additionally, the overlapping triangular

distribution of groups 1 and 3 indicated that varying the qP boundary would have the same effect

as increasing the titre stringency, ultimately not adding any depth to the analysis. Therefore, an

alternative metric was required to identify the best compounds for further experimental analysis.

The process of producing a mAb is an energy intensive process for the cell, and for DTE mAbs

in particular, production exerts a significant amount of stress on the system. The measured

qP of a culture is defined by the rate of product production normalised for the cumulative cell

production time, and therefore will be proportional to the amount of stress exerted on the cells

within the culture to produce the DTE mAb. In summary, the qP is an indirect measurement of

the burden placed on the cells as a result of mAb production. At the simplest level, there are 2

ways for compound addition to increase qP beyond the control population capacity. Firstly the

cell burden associated with mAb production can be reduced by relieving an intracellular bottle

neck in production. Secondly, increasing the maximum burden the cell can tolerate would allow

a higher mAb production rate.

Theoretically the probability of a mAb being incorrectly assembled in the control population

is fixed, therefore the number of misfolded mAbs triggering a UPR will be highly consistent.

This is supported by the calculated CV of 2.03 % in IgG monomer abundance in the control

population. Therefore, any change in the ratio of monomer-aggregate species upon chemical

supplementation indicates a change in these probabilities, increasing the cell burden by one of

the following mechanisms:

� Increasing the number of misfolded species that are identified and corrected, representing

an increased UPR stress and requiring more cell resources.
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� Increasing the number of misfolded species sent for ER-Associated Protein Degradation

(ERAD), resulting in the associated burden of degradation and the loss of resources used

for initial synthesis.

� Decreasing the initial probability of incorrect folding would require a reduced folding and

assembly rate, increasing the assembly time of each molecule.

As both qP and IgG monomer abundance exhibit a positive correlation with cell burden, increas-

ing either metric requires either increasing the cells capacity or reducing the cost of production.

This allows the mathematical weighting of both qP and monomer abundance to create a non-

linear selection criteria to identify the best performing experimental conditions.

In Figure 6.6, qP was plotted against IgG monomer abundance with the control conditions in

green and the minimum accepted cell burden depicted by the black line. The line was modelled

by taking the arc running from 0° to 90° of the ellipse defined by eq. (6.6). The curve was

completed by extrapolating the arc to meet the graph axis. The ellipse centre point was offset

from the control population mean by 1 StD to give an increased weighting to product quality

over qP. Due to the difference in control population variance between monomer abundance and

qP, the monomer abundance weighting was increased by 2.25 fold as seen in the respective radii

Ry and Rx.

Equation of cellular burden ellipse :

x2

Rx
2 +

y2

Ry
2 = 1 (6.6)

with radii :

Rx = 2 · qPStD

= 2.352 pg.cell−1.day−1

Ry = 4.5 ·MonomerStD

= 5.98 %

from centre point :

(qPMean − qPStD, MonomerMean)

= (8.438, 61.80)

with MonomerMax and qPMax tangents :

y = MonomerMean + 4.5 ·MonomerStD (6.7)

= 67.52 %

x = qPMean + qPStD (6.8)

= 15.49 pg.cell−1.day−1
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Figure 6.6: Preliminary screen: Refinement of compounds by estimated cell burden.
Graph shows further refinement of the number of conditions in each group based on the estimated cellular
burden. The cellular burden is depicted by the dotted line and defined by extrapolating a 90° arc of the
ellipse described by eq. (6.6), resulting in maximal thresholds defined by eqs. (6.7) and (6.8) respectively.

In Figure 6.6 the experimental conditions are displayed in their respective hit groups identified

in section 6.2.2.4, with conditions not meeting the minimum cell burden requirement removed

(red). The creation of cell burden as a non-linear function has provided the flexibility to fairly

value conditions influencing both product quality and qP simultaneously.

The dashed grey lines represent the highest IgG monomer abundance and qP requirements along

the minimum cell burden curve, and were defined by eqs. (6.7) and (6.8). The area enclosed by

these lines and the 90° arc of the cell burden curve highlight the conditions that would be lost

by employing linear stringencies.

After the elimination of 46 conditions that did not meet the defined minimum cell burden, the

total number of hits was reduced to 25 in group 1, 6 in group 2 and 28 in group 3. This resulted

in an overall hit rate of 15.3 % of conditions.
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6.2.2.6 Review of Identified Hit Compounds

In the 59 identified hit conditions there were 6 instances where a compound appeared twice; once

in group 3, and again in group 1 or 2. As group 3 represented an improvement in both product

quality and quantity, replicate appearances in groups 1 and 2 were removed. After accounting

for the replicate appearances the final number of hit compounds identified in the preliminary

screen was 53, representing 27.6 % of the library. Figure 6.7 shows titre and product quality of

the final compound selection relative to the control population.
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Figure 6.7: Preliminary: Overview of the compounds selected for further investigation.
Where both concentrations tested appeared, only the best performing condition is shown. The boundaries
of each group are shown by the dotted lines and defined by eqs. (6.3) to (6.5).

Upon manual interrogation of the data there were instances where it was deemed the screening

conditions or analytical methods were not sufficient to accurately exclude a compound. An ad-

ditional group was created containing compounds that had been manually ’rescued’ for further

investigation if capacity was available in future experimental screens. The 11 candidate com-

pounds identified were overlaid in yellow (Figure 6.7) and were selected based on the following

criteria:

� Top left cluster (n = 5) - Both compound conditions were eliminated based on culture
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performance in section 6.2.2.2. This indicates that the concentrations screened were highly

toxic, however these compounds may be efficacious at lower doses.

� Control centred cluster (n = 2) - Both compound conditions fell within or very close to

the control population distribution for all metrics measured. This indicates the phar-

macologically active concentration was not achieved and a higher concentration may be

efficacious.

� Other (n = 4) With each of these compounds, one condition met the minimum product

quality and titre criteria with the other meeting the minimum cell burden criteria but

neither met both. In this scenario both concentrations demonstrated a degree of efficacy,

and the limitations in concentrations and replicates may have resulted in a false negative

result.

Upon evaluation of the compound groups for the identified hits in Figure 6.8, 52.8 % of positive

results fall into the ’phenotypic hit’ category, demonstrating a need for information to support

further analysis. Of the 3 ineffective categories, β-amyloid binders were of particular interest

initially due to the high number of compounds. One compound was identified leading to a

7.1 % hit rate, demonstrating that despite evidence suggesting they can act non-specifically

on unrelated aggregates they provide no benefit in this context. Furthermore, although the

measured product quality of 69.2 % monomer was a significant improvement on the control

population abundance of 61.9 %, there was no improvement in titre or qP.

Due to the limitations associated with an n = 1 experimental study it is difficult to draw

any concrete conclusions from the results observed. However the high abundance of positive

hits supports the hypothesis that mechanisms of proteopathies and antibody aggregation may

overlap, and provides strong evidence to further interrogate the identified hit compounds in

greater detail.
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Figure 6.8: Preliminary screen: Distribution of compound library mechanistic groups over-
laid with the number of successful compounds.
.

6.2.3 Secondary Screen: Interrogating ’Hit’ Compounds

6.2.3.1 Overview

Following the success of the preliminary screen, additional information on the interesting com-

pounds in the ’Phenotypic hit’ category from the AstraZeneca Open Innovation database has

been included. Each of these were able to rescue one or more of the following toxic proteopathies

in cell models:

� FUS - FUS is an Ribonucleic Acid (RNA) binding protein associated with ALS and FTD.

Toxicity is a result of a toxic gain of function of cytoplasmic FUS-containing aggregates,

and the resultant reduction of nuclear FUS (Scekic-Zahirovic et al. 2016).

� TDP43 - TDP43 form cytoplasmic aggregates with FUS and is considered a hallmark of

ALS pathology (Hergesheimer et al. 2019). Additionally TDP43 aggregates are able to

self propagate between cells in a prion like manner and induces toxicity by binding and

preventing endocytosis function (G. Liu et al. 2017).

� C9ORF72-PR50 - A key common mutation in C9ORF72 associated with ALS and FTD

leads to aggregate induced toxicity and death in neuronal cell models (Hergesheimer et al.

2019; Wen et al. 2014a). Expansion of the G4C2 hexanucleotide repeats in C9ORF72

leads to unconventional Repeat-Asociated Non-ATG initiated (RAN) translation generat-
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ing toxic dipeptide repeat proteins (Kyung Ha Lee et al. 2016). Proline-Argentine dipep-

tide repeat proteins form toxic nuclear aggregates leading to neuronal cell death (Wen et

al. 2014b). Although the mechanisms are unclear, the remodelling of folding and assembly

mechanisms leading to alleviation of PR50 aggregates may be generically applicable in

CHO cell engineering.

Despite the lack of interaction or mechanistic information on these compounds the ability to res-

cue a aggregate induced toxicity in proteopathic models indirectly fits the library identification

criteria outlined in section 6.2.1. The ’Phenotypic hit’ category of compounds was subdivided

based on the specific toxicities rescued resulting in a better distribution of compounds between

categories Figure 6.9. As the information on compounds eliminated in the preliminary screen

remains restricted it is not possible to compare the relative hit rate of the phenotypic hit sub-

divisions.
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Figure 6.9: Screen 2: Distribution of compound library between mechanistic groups.
The ’Phenotypic Hit’ group from the primary screen has been split into individual toxicity rescue assays.

The library scale and limited capacity of the preliminary screening required assessment of all

compounds as the same concentrations. The increased resource allocation after the success of the

preliminary study permitted the screening of each compound in the reduced library to be assessed

at 3 concentrations in an n = 3 study. This would improve reliability and provide validation for

additional analytical and scale-up experiments. Furthermore the information gained from the
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preliminary assessment allowed the screening concentrations to be adjusted based on previous

compound performance. Compounds were divided into high, medium and low groups based

on a subjective analysis of whether they would benefit from an increased (6.25µm to 100µm),

similar (3.13µm to 50µm) or decreased (0.38µm to 6.13µm) range of doses. Table C.2 lists

screening concentrations of each compound alongside an internal referencing index, category

and approximate molecular weight.

Minor adjustments were made to the experimental work flow from section 6.2.2 based on the

previous performance of the control population. Firstly the overall culture duration was reduced

from 11 days to 10 days as the mean control at harvest was 21.3 %. Secondly the point of

supplementation was brought forward to day 4 so the compounds were present for the same

duration as the preliminary screen.

6.2.3.2 Cell growth, viability and titre measurements

A similar data analysis pipeline as described in the preliminary screen was followed starting with

evaluation of the control population growth and viability. Figure 6.10a displays the distribution

of the control population when IVCD was plotted against the cell viability as measured on day

7. The mean viability was 14.2 % lower than seen in the preliminary screen (Section 6.2.2.2),

suggesting a change in the control culture characteristics.
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Figure 6.10: Secondary screen: Variation in the control population performance.
(a) Scatter plot of the control population 10 day IVCD against the day 7 viability. (b) Scatter plot of
the control population day 10 titre against 10 day IVCD. e performance of each compound category and
sub-category in the secondary screen. .

Additional Vi-CELL assessment of 24 control population wells on day 4 demonstrated consistent

exponential cell growth, with an average VCD of 12.54× 106 cells.ml−1 and CV of 7.24 % being

observed. Additionally, the average cell viability on day 4 was high, measured at 98.34 % and a

CV of 1.20 %. This demonstrated that between days 4 and 7 the conditions became unfavourable,

stagnating growth and reducing the control population ]viability. Furthermore, the reduced day

7 performance between the preliminary and secondary screening suggests an ongoing systemic

issue with increasing consequences. Surprisingly the variation in growth characteristics did

not translate to a similar variation in IgG titre as demonstrated in Figure 6.10b, suggesting a

systematic error in the measurement of cell growth and viability may be significant factor.
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The control population VCD and viability measured on the Cellavista was compared to inde-

pendent control cultures assessed using a Vi-CELL (Appendix A, Figure A.6). The Vi-CELL

measured the mean cell viability 10.6 % higher than the Cellavista, and the calculated mean

VCD on day 7 was 1.56 fold higher. Additionally, a reduction in CV of 21.0 % and 34.84 %

was observed for viability and VCD respectively, suggesting the Cellavista was under-counting

the viable and overall population. However, this confirmed that the control populations were

not performing well and did not explain the reduced performance between the preliminary and

secondary screens.

Further statistical evaluation of the control population summarised in Table 6.2 revealed little

variation in the Integral Total Cell Density (ITCD) or aggregate abundance. The mean ITCD

was 2.1 fold greater than the IVCD, yet the range and StD was lower, suggesting resource

depletion was limiting cell growth.

A review of the AZ-proprietary media composition between the CHOBIS-A fed-batch experiments

in chapter 5 and preliminary and secondary screens described here suggested the addition of a

proprietary supplement to the media composition had improved cell growth rates and allowed

higher density cultures. It was hypothesised this increased the culture glucose consumption,

resulting in depletion and subsequent cell apoptosis before the culture period concluded.

Table 6.2: Secondary screen: Statistical evaluation of the control population.
The mean, range, StD and CV is displayed for the control population metrics. All metrics are measured
at harvest with the exception of viability, which was measured on day 7.

Statistic Viability IVCD ITCD Titre Monomer HMWS

(%) (cell.days.ml−1) (cell.days.ml−1) (mg.l−1) (%) (%)

Mean 25.22 7.12× 107 1.53× 108 680.04 63.39 36.61

Range 57.65 6.61× 107 4.23× 107 440.11 9.79 9.79

StD 11.65 1.17× 107 9.12× 106 48.06 1.43 1.43

CV (%) 46.20 12.28 5.93 7.07 2.26 3.92

Due to the limitations identified the secondary screening would need repeating with an updated

media and feed composition containing sufficient glucose. However as the titre and aggregate

data demonstrated reduced variability, these could provide insights into the performance of

compounds relative to the preliminary screening round, and further refine the correct pharma-

cological concentrations.

A comparison of the titre measured by Octet and quantified post purification demonstrated the

same complications as discussed in section 6.2.2.4. Appendix A, Figure A.7a shows the titre

reduced during the last 3 days of culture for the majority of data points when measured by

Octet. Alternatively when the BIS-A was quantified post Protein A purification the titre had

increased from the day 7 octet measurement (Appendix A Figure A.7b), and similarly to the

preliminary screen, offered a more reliable measure of product titre.
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6.2.3.3 Global data trends

The overall dataset was analysed irrespective of compound, concentration or controls to identify

any underlying trends that may improve our understating of mAbBIS-A production. The rela-

tionship between titre and product quality shown in Figure 6.11a suggests that BIS-A aggregates

in a concentration dependent manner with an R2 of 0.30. A stronger negative correlation was

seen between specific productivity and product quality in Figure 6.11b where the R2 was 0.47,

indicating that a high production rate may contribute to increased aggregation. Increasing the

specific productivity requires an increase in the rate molecules pass through the ER resulting

in less time for incorrectly folded molecules to be identified. This supports the findings in Cao

et al. 2018 where intermolecular disulphide bonds between the engineered variable regions lead

to head-to-tail dimers forming.
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Figure 6.11: Secondary screen: Analysis of global dataset trends.
The global dataset, including controls and all experimental conditions, were plotted to identify underlying
trends as follows; titre – IgG monomer abundance (a), titre – specific productivity (b), titre – IVCD
(c) and specific productivity – IVCD (d). Graphs show a linear regression overlaid to look demonstrate
trends.

The positive correlation between titre and IVCD displayed in Figure 6.11c is as expected. How-

ever, the R2 indicates that only 44.4 % of the variation in product titre is a result IVCD,

demonstrating the supplemented compounds were having a large impact on production rate in

addition to quality. Lastly the R2 between specific productivity and IVCD was 0.01, suggesting

that the production rate was not affected by the number of cells in culture and therefore is

unrelated to cell growth.
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6.2.3.4 Compound performance relative to the preliminary screen

Due to the high variability in growth and reduction in viability observed by in control popu-

lation it was not possible to evaluate impact of the compound library using these metrics.As

the control population BIS-A monomer abundance and titre were very consistent, compound

performance was assessed using these metrics to provide further information on active pharma-

cological concentrations and evaluate the trends within each compounds category. Due to the

culture growth and viability limitations, the secondary screen needed repeating limitations on

cell growth and viability had been resolved to objectively and definitively assess the hits from

the preliminary screen and progress to scale-up and further analytical investigations.

Figure 6.12 demonstrates the experimental triplicates relative to the control population. The

impaired performance resulted in a 22.8 % reduction in control population titre mean in the

secondary screen. Additionally, the mean product quality increased by 1.53 % as a result of

the negative correlation between product quality and titre identified in section 6.2.3.3. The

resultant increase in the equivalent product quality criteria of 2.08 % shifted data points in the

secondary screen shifting data points from the upper to lower right quadrant. Only 3.1 % (n = 6)

conditions appear in the upper-right quadrant representing the group 3 criteria, however, 28.1 %

(n = 54) fall into the lower-right quadrant representing group 1.

Figure 6.13 illustrates the distribution of the best performing concentration of each compound,

categorised by the hit groups in section 6.2.2.4. The dotted lines highlight selection criteria

equivalent to the preliminary screen, calculated from the control population distribution as per

eqs. (6.3) to (6.5).

The increased mean IgG monomer abundance in the control population has significantly reduced

the number of compounds appearing in the upper right quadrant representing group 3 in the

preliminary screen. This resulted the 32 of 53 compounds falling into the lower right quadrant

representing an increase in titre without a significant increase to IgG monomer abundance.

In the preliminary screen, hit compounds were identified by four groups: Group 1 improved

product quality, group 2 improved product titre, group 3 improved both product quality and

titre while the final group contained rescued compounds. As highlighted in Table 6.3, a greater

proportion of compounds appear in group 2 with groups 1 and 3 reducing in relative population

in the secondary screen.

The ’Rescue’ group identified in the preliminary screen contained 11 compounds which were

selected for further analysis, despite not meeting the criteria. They were included as it was

predicted that the concentrations screened were not within the pharmacological range, so the

performance of the compounds were not effectively evaluated. In Figure 6.13 four of the rescued

compounds have greatly exceeded the equivalent preliminary screen criteria, although one is

borderline. This confirmed that the preliminary screen parameters were not able to effectively

assess the entire library, and an unknown number of false negatives will have been missed.
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Figure 6.12: Secondary screen: Distribution of experimental triplicates on a titre vs IgG
monomer abundance scatter plot.
Graph shows the titre and IgG monomer abundance of the experimental conditions tested relative to
the control population (green). Data points represent the mean of n = 3 replicates and error bars have
been excluded for clarity. Dotted lines at y = 66.26%, x = 776.1 mg.ml−1 and x = 631.9 mg.ml−1

demonstrate the criteria used to eliminate conditions in the preliminary screen, defined by eqs. (6.3)
to (6.5).

Table 6.3: Comparison of the group distribution between the primary and secondary screen.
The distribution of the 53 hit compounds identified in section 6.2.2.6 between the three hit groups in the
primary and secondary screens between the three hit groups defined in section 6.2.2.4. The 11 ’rescued’
compounds from the primary screen have been excluded from these values.

Hit Group Group Criteria Hit Compound Distribution

Preliminary Screen (%) Secondary Screen (%)

Group 1 Aggregation 37.8 11.3

Group 2 Titre 9.4 60.1

Group 3 Aggregation + Titre 52.8 13.2

None N/A N/A 15.4
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Figure 6.13: Secondary screen: Reviewing the performance of groups identified in the
preliminary screen.
The graph shows the titre and IgG monomer abundance of the best concentration of each compound
relative to the control population (green). Data points are colour coded into hit groups as identified in
section 6.2.2.4 and represent the mean of n = 3 replicates with error bars excluded for clarity. Dotted
lines at y = 66.26%, x = 776.1 mg.ml−1 and x = 631.9 mg.ml−1 demonstrate the criteria used to
eliminate conditions in the preliminary screen, defined by eqs. (6.3) to (6.5).
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6.2.3.5 Reviewing the performance of compound categories

The best condition for each compound from Figure 6.13 was labelled according to the category

and sub-category to evaluate their distribution relative to the control population. The category

of each compound in this section can be found in Appendix C Table C.2. In order improve

the clarity when adding the error bars and labels the compound library was separated into

’categories’ and the ’sub-categories of the phenotypic hit group’, described in sections 6.2.1

and 6.2.3.1, were separated into Figures 6.14a and 6.14b respectively.

Considering mAbBIS-A quality and titre together, M33 stands out as the best performing com-

pound increasing the monomer abundance by 6.9 % relative to the control population while

improving the titre by 1.7 fold. When excluding results where the mean titre is less than the

lower bound of the control population StD, M1 was the most beneficial to product quality

with a mean BIS-A abundance of 70.8 % and was the outlier of the C9ORF72-PR50 & FUS

sub-category. M37 in the TDP43 toxicity rescue sub-category increased the titre by 2.52 fold

over the control mean, the largest titre increase of any compound tested. However M37 was

also highly detrimental to detriment of product quality resulting in the lowest BIS-A monomer

abundance.

Table 6.4 shows a summary of the performance of each category and subcategory by highlighting

the compounds that improve titre, IgG monomer abundance or both. The minimum improve-

ments for inclusion in the table are outlined below with compounds reducing the titre below the

control mean minus StD removed:

� Titre increase of ≥ 1.8-fold.

� IgG monomer increase of ≥ 3%.

� Titre increase of ≥ 1.5-fold and IgG monomer increase of ≥ 2%.

Despite the large improvements to BIS-A titre and quality identified, systemic resource depletion

restricting the control population performance highlight the need for further validation of results.
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Figure 6.14: Secondary screen: Performance evaluation of mechanistic categories.
Depiction of the best performing concentration for each compound, identified by the mechanistic cate-
gories (a) or phenotypic hit subcategories (b), as defined in Table 6.1 relative to the control population.
Each compound is labelled with an ID with further information on each available in Appendix C, Ta-
ble C.2. Points and error bars represent the mean and StD of n = 3 replicates.



6
.2

R
esu

lts
141

Table 6.4: Secondary Screen: Performance summery of the compound categories and sub-categories.
Table provides and overview of of the compounds from each category and subcategory that improve titre, product quality or both. For each the compounds that
meet the criteria and percentage of the total number of compounds in the category is displayed.

Category or Subcategory Titre FC ≥ 2.0 Monomer increase ≥ 3% Titre FC ≥ 1.5 & monomer ≥ 2%

(Category Size) Compounds Freq. Compounds Freq. Compounds Freq.

β-amyloid binders (n = 1) - 0 % M42 100 % - 0 %

Cyclophilin inhibitors (n = 2) - 0 % M44 50 % - 0 %

DisAgg. stress granules (n = 5) M17, M18, M23 M33 80 % M33 20 % M33 20 %

FKBP12 inhibitors (n = 2) - 0 % - 0 % M32 50 %

HSF1 activators (n = 4) - 0 % - 0 % - 0 %

HSP90 modulators (n = 3) - 0 % - 0 % M12 33 %

p38 MAPK inhibitors (n = 4) M36 25 % M30 25 % M19 25 %

Rapamycin Analogue (n = 2) M5, M20 100 % - 0 % M20 50 %

RIPK1 modulators (n = 3) M24 33 % - 0 % - 0 %

HTT aggregation (BMCL) (n = 5) - 0 % M29, M41, M49 60 % M29 20 %

ALS aggregation inhib. (JMC) (n = 1) - 0 % M50 100 % - 0 %

FUS (n = 11) M35, M43, M48, M53 36 % M3, M34, M39 27 % - 0 %

TDP43 (n = 13) M9, M10, M26, M37 31 % - 0 % M4, M13, M46 23 %

TDP43 & FUS (n = 2) - 0 % - 0 % - 0 %

C9ORF72-PR50 & FUS (n = 4) M2, M52 50 % M1 50 % M2 25 %

TDP43 , C9ORF72-PR50 & FUS (n = 2) M22, M31 100 % - 0 % M31 50 %
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6.2.4 Tertiary Screen: Improving cell growth characteristics and investigat-

ing mAb specificity

6.2.4.1 In person working restrictions due to the COVID-19 pandemic

The tertiary screen was postponed on the 24th of March 2020 due to unforeseen in person working

restrictions as a result of the COVID-19 pandemic. Culture supernatants were placed in long

term storage ready for Protein-A purifications and subsequent aggregate analyses at a later date.

At the time of writing it was not yet possible for the project to be resumed. As the tertiary

screen is incomplete, the chapter discussion focuses heavily on the results of the secondary screen

despite the cell culture performance concerns described in sections 6.2.2.2 and 6.2.3.2. Despite

the aggregate analysis not being complete, initial results from the tertiary screen were included,

as the data obtained was deemed important to the chapter outcomes and thesis future works.

6.2.4.2 Overview

Negative control cultures exhibited substantial variability in IVCD and cell viability in the pre-

liminary section 6.2.2.2 and secondary screens section 6.2.3.2 limiting the conclusions which

could be drawn from the previous screening rounds. A review of the HTP 24-SWP culture plat-

form by the cell line development team at AstraZeneca identified glucose depletion was leading

to reduced cell growth and viability. This was alleviated by revision of glucose concentrations

in the proprietary media and feed regime.

The results from the secondary screen required replication using the revised protocol to confi-

dently state that compounds, or categories of compounds benefit mAbBIS-A production. The

results from the secondary screen were interrogated to further refine the compound concentra-

tions which are listed in Appendix C Table C.2.

Previous examples throughout this thesis have highlighted the specificity of genetic and chemical

engineering solutions in CHO cells. CHOBIS-B was selected as an additional cell line to provide

initial insights into the applicability of the hit compounds as broad CHO engineering tools.

The experimental workflow employed was identical to the secondary screen. CHOBIS-A and

CHOBIS-B cells were seeded at 0.710× 106 cells.ml−1 and feed was added every other day starting

on day three. Culture VCD and viability was assessed by trypan staining measured on the

Cellavista and samples were taken for titre analysis by Octet on day seven and at culture

harvest. Supernatants were collected at culture harvest and stored at −80 °C for protein-A

purification and subsequent aggregate analysis by HPL-SEC.

6.2.4.3 CHOBIS-A and CHOBIS-B culture performance and mAb titre

Figure 6.15a depicts the growth characteristics of experimental conditions in black, with the

negative control cultures overlaid in green. At culture harvest on day 10 the mean IVCD of the

CHOBIS-A negative control population was 1.53× 108 cell.days.ml−1, and the mean cell viability

was 60.5 %. This demonstrated a significant improvement in culture conditions as a result of

the updated media composition and feed regime.
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Figure 6.15: Tertiary Screen: Revised feed regime improved culture IVCD and viability.
Plots show the distribution of experimental and control cultures when IVCD is plotted against cell
viability on day 10 for CHOBIS-A (a) and CHOBIS-B (b). The mean and StD (dark green) of n = 72
negative control cultures was plotted for reference.

The mean cell viability of the CHOBIS-B control population at harvest on day 10 was 59.8 %,

and the mean IVCD was calculated to be 1.29× 108 cell.days.ml−1 as shown in Figure 6.15b.

This confirmed the additional cell line was also performing well with the revised media and feed

compositions.

Titre, measured on day 7 and day 10 by Octet, is displayed in Figures 6.16a and 6.16b for

CHOBIS-A and CHOBIS-B respectively. In contrast to previous experiments, the mAbBIS-A titre

was higher on day 10 than day 7 in all cultures. This was also true for the majority of CHOBIS-A

cultures. In CHOBIS-A, 24.3 % of 441 experimental cultures had a day 10 titre greater than the

negative control population mean plus StD. Similarly, 30.6 % of CHOBIS-A culture titres were

more than a StD above the negative control mean.
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Figure 6.16: Tertiary Screen: Revised feed regime improved Octet product quantification.
Scatter plots of CHOBIS-A (a) and CHOBIS-B (b) titre measured on day 7 and day 10 by Octet. The
plotted line at x = y represents an equal titre at the respective time points. The mean and StD (dark
green) of n = 72 negative control cultures was plotted for reference.

The initial results from the tertiary screen demonstrate the revised media and feed compositions

have overcome the culture performance hurdles encountered previously. This also alleviated the

apparent loss of mAb titre between day 7 and culture harvest when measured by Octet.
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6.3 Discussion

The discovery of new compounds to improve mAb production in CHO cells could help over-

come a multitude of hurdles in the cell line development process, offering increased flexibility

and reduced specificity than genetic engineering approaches. Furthermore, demonstrating a

mechanistic commonality to a well documented class of compounds in human pathology could

also improve our understanding and reveal a wide range of CHO cell engineering candidates.

This chapter identifies and evaluates a library of compounds, evidenced to alleviate or prevent

aggregation in models of proteopathic neurological disease as engineering tools.

Due to the vast amount of research into treating neurological disease, the first step was to identify

a practically sized and representative compound library which could achieve the following two

objectives:

1. Improve the production of a model problematic aggregate prone mAb as a case study.

2. Cover a wide range of mechanisms and disease models to evaluate the chemical diversity

of successful compounds.

This was achieved through collaborative interrogation of the AstraZeneca Open Innovation ini-

tiatives database of 250,000 compounds. This looked sought those with mechanisms which alle-

viate aggregation or rescue aggregative toxicities in cell models of human proteopathies. Despite

the limitations surrounding intellectual property protection, a diverse library of 192 compounds

was identified with 14 distinct categories based on the mechanism of action or literature source.

Over half of the compound library was placed in the phenotypic hit category. Compounds in

this category have been demonstrated to rescue aggregative toxicities in models of neurological

disease during drug discovery screens by AstraZeneca. As the full potential of these compounds

was unknown, further information of the specific toxicities rescued was restricted to compounds

of interest after the preliminary screen.

In order to evaluate the compound library, CHOBIS-A was selected as an optimal model system.

The aggregation of BIS-A has been characterised as covalent head-to-tail dimer formation by

Cao et al. 2018, making it an ideal candidate. Additionally, CHOBIS-A was previously utilised

in section 5.2.2, therefore cell growth characteristics and expected titre in a high throughput

fed-batch context was known.

6.3.1 Preliminary Screen: Proof of Concept and Library Refinement

The preliminary screening round aimed to rapidly assess the initial library of 192 compounds

identified by the AstraZeneca Open Innovation group. The results described in Chapter 5

provided initial evidence supporting the underlying hypothesis; compounds able to alleviate

aggregation in disease models present useful CHO engineering tools. Most compounds in the

pre-clinical library were relatively undocumented in comparison to the proteostasis regulators

from Plate, Cooley, et al. 2016 screened in Chapter 5. Despite further evidence presented by

Grandjean et al. 2020; Plate and Wiseman 2017 describing the mechanism by which proteostasis
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regulators confer ER reprogramming, it was possible that none of the identified compounds would

be efficacious. Therefore it was vital to evaluate the library efficiently, and narrow down the

number of compounds to a practical scale for further investigation.

In the preliminary screen ≥50 % of HSP90 modulators, p38 MAPK inhibitors and Htt aggre-

gation inhibitors were identified as hits. The success of modulating broad acting MAPK stress

response pathways and HSP90 chaperones points towards efficacy in general ER stress path-

way regulation as a successful engineering route. However, this success was matched by the

Htt aggregation inhibitors with a specific mechanism of alleviating aggregation (Rinderspacher

et al. 2009). Rapamycin, an analogue of rapamycin and the ALS aggregation inhibitor were all

identified as hits, and as these categories contained two or fewer compounds these groups had a

≥100 % ’hit rate’.

Three of five categories with a≥50 % ’hit rate’ in the preliminary screens had been identified from

published literature into models of prion diseases. These were the ALS aggregation inhibitor

(Y. Zhang et al. 2012), Htt aggregation inhibitors (Todd and J. Lim 2013) and rapamycin (+

analogue) (Bové et al. 2011; Sarkar et al. 2008). In addition to evidence suggesting mTOR

activation (by rapamycin or similar compounds) can reduce protein aggregates in Alzheimer’s

and Huntington’s disease models, several studies have reported that Rapamycin improved the

production of therapeutic proteins in CHO cells (Dadehbeigi and Dickson 2015; Lalonde and

Durocher 2017; Y. Li et al. 2019).

6.3.2 Secondary Screening of Hit Compounds

Promising preliminary results suggested a significant proportion of the compound library had a

positive effect on the quantity and quality of mAbBIS-A production, providing strong justification

for further evaluation. By limiting the secondary screen to a third of the initial compound

library, evaluation at three concentrations in triplicate. It was anticipated that results from the

secondary screen would be used to identify a smaller subset of compounds for scale-up, scale-out

and further analytics.

A meta-analysis was performed on the secondary screening results to search for any overarching

trends between culture IVCD, titre and productivity. The aim of this analysis was to identify any

characteristics or limitations of the CHOBIS-A cell factory, therefore all control and experimental

cultures were treated as a single population. the presence or concentrations of compound was

disregarded. A moderate negative correlation (R2 = 0.46) was observed when qP was plotted

against product quality and a similar analysis revealed a weak (R2 = 0.30) correlation between

mAbBIS-A titre and quality. This provided confirmation that compound selection based on

the ’estimated cell burden’ in the preliminary screen (section 6.2.2.5) was well-informed, and

suggests that improving the production quality of a DTE mAb comes at the expense of quantity.

Although the data described demonstrates a negative correlation between mAbBIS-A production

rate and quality, the hypothesised cause is not conclusive. The inverse correlation could be

an artefact of the experimental methods employed, threrfore there is a need to explore the
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possibility of concentration dependent mAbBIS-A aggregation in the culture media or during

sample purification.

In the secondary screen the three largest titre improvements were observed upon supplemen-

tation of rapamycin, a rapamycin analogue and a compound from the TDP43 toxicity rescue

subcategory. The >2 fold increase in response to supplementation of both rapamycin-like com-

pounds corroborates the effects seen in the preliminary screening results and CHO cell engineer-

ing literature (Dadehbeigi and Dickson 2015; Lalonde and Durocher 2017; Y. Li et al. 2019).

The distribution of Htt aggregation and p38 MAPK inhibitors was very similar, with the ma-

jority of compounds improving both titre and product quality. Htt aggregation inhibitors were

identified as having a high hit rate in the preliminary screen. In the secondary screen 60 %

of compounds evaluated in this category significantly improved product quality, and one of

these also increased mAbBIS-A titre. The results suggest mAb aggregation in CHOBIS-A and

Htt protein in Huntington’s disease may share a common mechanism. Further research from a

mechanistic biology perspective would therefore be greatly insightful. Upon evaluation 75 % of

the p38 MAPK inhibitors increased the titre or monomer abundance of mAbBIS-A. The single

ALS aggregation inhibitor increased the monomer abundance by 4.3 % in the secondary screen.

All of these compound categories were fruitful in both screening rounds, validating to the library

refinement methodology employed.

Additional information from the AstraZeneca Open Innovation programme facilitated division

of the 32 hit compounds in the phenotypic hit category during the preliminary screen into five

subcategories. The compounds were shown to rescue one or more toxic cell phenotypes as a

result of FUS, TDP43 or C9ORF72-PR50 aggregates. Overall, compounds that rescued TDP43

toxicity had a much greater effect on titre than aggregation rate, with 10 of 13 compounds

found to increase mAbBIS-A titre by >1.5 fold. Whilst 4 of these also increased the monomer

abundance in CHOBIS-A, none did so exclusively.

In ALS and Alzheimer’s diseases, TDP43 and FUS are found together in protein aggregates,

therefore a similar response to both compound groups would be expected. Instead, the effects

seen from compounds that rescued FUS toxicity were highly selective towards either mAb titre

or quality, with no compounds effecting both.

All five compounds that rescued C9ORF72-PR50 toxicity also rescued toxic FUS and/or TDP43

phenotypes. These are of particular interest as all 6 compounds were found to be beneficial in

CHOBIS-A. Although the majority had a greater impact on product titre than quality, M1

improved mAbBIS-A monomer abundance by 7 %. When excluding compounds that were detri-

mental to mAbBIS-A this was biggest improvement in product quality observed.

6.3.3 Overcomming Compromised Cell Viability and Titre Measurements in

the Tertiary Screen

In the preliminary screen the IVCD and viability of the control population was significantly

lower than expected. Seven days post seed the mean control population viability was 43.8 %
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lower than in previous work, and the IVCD was 2.3 fold lower.

A further reduction in the control population mean cell viability during the secondary screen

was a more significant concern, confirming a systemic problem in the cell culture platform with

increasing severity. Interestingly the mean control IVCD in the secondary screen was similar to

the preliminary screen, suggesting that the culture conditions were good initially and became

unfavourable over time. It was thought that the depletion of an essential nutrient was resulting

in cell death, and the presence of viable cells at harvest suggested this must be present in the

feed, but at insufficient levels.

Evaluating the composition of AstraZeneca’s production media and feed was difficult as both

were proprietary with regularly updated recipes. Fortunately, retrospective analysis of these

changes identified that a proprietary nutrient, supplement X, which was added to the media

composition between the work conducted in Chapter 5 and this study. The addition of supple-

ment X helped to control lactate levels in the culture, improving culture performance in Erlen-

meyer flasks and Amber bioreactors. However, it had not been evaluated in the HTP screening

platform. In both Erlenmeyer and AMBR systems, cultures are monitored more precisely and

data generated by the Cell Line Development team indicated that glucose consumption had

increased as a result of supplement X. It was hypothesised that the low cell viability seen in

the preliminary and secondary screens was most likely the result of glucose depletion. This

was confirmed when the supplementation of extra glucose to the media and feed alleviated the

systemic low culture viability in the tertiary screen.

In the preliminary and secondary screens the titre measured by Octet at harvest was lower

than the titre measured from samples taken on day seven of culture. Sample purification and

quantification demonstrated that the Octet was not effectively measuring mAbBIS-A titre at

the point of culture harvest. In the preliminary screen, the total protein content of purified

samples was greater than the mAb titre measured by the Octet. This discrepancy was amplified

when taking product loss during purification into account. HPL-SEC analysis confirmed the

sample purity, eliminating the possibility of inefficient purification falsely elevating mAbBIS-A

when quantified by this method.

The initial results from the tertiary screen showed that the Octet measured mAbBIS-A titre was

as expected when cell viability is not compromised, and increased between day seven and ten

of culture. It is hypothesised that the low cell viability led to degradation or modification of

mAbBIS-A such that the Octet assay measurement was disrupted, without effecting protein-A

binding. Alternatively cell debris would be prevalent in cultures with a very low cell viability.

The binding of these debris to mAbBIS-A may have led to steric hindrance during the Octet

assay, resulting in reduced titre measurements.

It is hypothesised that in the tertiary screen, where the viability of all CHOBIS-A negative control

cultures was ≥50 %, the titre discrepancy between the two quantification methods would be

greatly reduced. Unfortunately purification, quantification by UV absorbance and aggregate

analysis of samples from the tertiary screen was not possible due to external restrictions. If

completed, a comparison between the Octet and protein-A purified titre measurements would
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validate titre quantifications in previous screens where Octet measurements were compromised.
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Conclusions and Future Work

7.1 Conclusions

The results presented throughout this thesis have firstly led to the design and development of

a High Throughput (HTP) Simultaneous Overexpression and Silencing Co-transfection (SOSC)

gene screening platform for Chinese Hamster Ovary (CHO) cell engineering. Secondly, the

results demonstrated the applicability of combining transient overexpression and knock-down

to identify product specific and CHO host engineering targets. Thirdly, the use of proteostasis

regulators identified from proteopathic disease research as CHO culture performance enhancers

has been demonstrated. Finally, the broader applicability of proteopathic disease disaggregases

as engineering tools to reduce aggregation and improve the production of Difficult to Express

(DTE) Monoclonal Antibodys (mAbs) has been demonstrated. The conclusions drawn from

each of the project outcomes are explored further in this section.

7.1.1 Design and Development of a SOSC Gene Screening Platform for CHO

Cell Engineering

Following extensive development and optimisation steps, a transient SOSC gene screening plat-

form was developed as a CHO cell engineering tool. The platform is chemically defined, protein

free, and incorporates high cell density transfection, ensuring functionality and applicability to

industry processes. Although initially avoided, instant delivery of Deoxyribonucleic Acid (DNA)

and Ribonucleic Acid (RNA) at high cell density (achieved using the Lonza Nucleofection plat-

form) facilitates immediate dilution post transfection. The result limits extended toxicity and

supports exponential growth, achieving Peak Cell Density (PCD) within the effective time frame

of RNA Interference (RNAi). Co-transfection validation by flow cytometric analysis ensured con-

sistant and efficient nucleotide delivery, minimising the dilutent effects of non-transfected cells

on overall culture performance.

If successfully optimised, alternative RNA transfection methods would have scaled better than

the Lonza Nucleofection platform, however the complexity of optimising these for DNA co-

transfection was not evaluated. This would require sequential delivery of DNA and RNA, ex-

149
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acerbating the discussed effects of transfection. Alternatively, overexpression and knock-down

conditions could be transfected and evaluated independently. Although this would simplify the

protocol, identifying the correct experimental controls would be highly complex and directly

comparing effector gene overexpression and knock-down may not be possible.

Further technology developments and process optimisations made to the established HTP cul-

ture platform improved performance, reduced replicate variability and increased the platform

throughput. Once transitioned, culture growth rate of transfected cells was significantly im-

proved, and non-transfected cells were comparable to Erlnmyer flasks, increasing the applica-

bility to scaled up culture formats. In our research group, well-to-well variability had been an

ongoing challenge when conducting HTP genetic engineering experiments. Cell settling during

high density mixing steps was the most supported working hypothesis, leading to variability

in the number of cells seeded. Following initial evaluations, the HTP electroporation protocol

was automated on an Opentrons OT-2 liquid handler, significantly reducing the well-to-well

variability seen when completed manually. Further development of automated cell counting,

culture sampling and titre assays increased the feasible throughput of the SOSC gene screening

platform.

7.1.2 Application of Transient SOSC Gene Screening Identify CHO Engi-

neering Targets

To evaluate the screening platform’s applicability as a tool to identify product specific and host

CHO engineering targets, an extensive case study was performed, generating multiple parallel

research outcomes.

A bioinformatic approach was employed to identify a list of gene screening targets which were

up- or down-regulated during adaptation to stable mAb production, using matched host and

producer transcriptomics datasets. This aimed to evaluate the usefulness of transcriptomics

datasets to identify genetic engineering targets specific to the host cell genetic background.

While successful in identifying a host cell and multiple product specific engineering targets,

retrospective analyses comparing the experiential findings to the transcriptomics data was un-

successful. Attempts to relate transcript abundance or differential regulation in the dataset with

the transient screening results did not identify any substantial correlations. Despite this, the

number of engineering targets identified from a narrow library supports the use of host specific

transcriptome analysis for effector gene library identification.

Contrary to the effects seen during platform development, analysis of the scrambled endori-

bonuclease prepared small interfering siRNA (esiRNA) controls identified consistent, cell line

specific responses to the presence of Double Stranded Ribonucleic Acid (dsRNA) within the cell.

Growth and titre increased post scrambled esiRNA transfection in both mAb models, and the

magnitude was greater in the Easy to Express (ETE) model. It is hypothesised that this was

masked by lower cell growth rates in the 96-Deep Well Plate (DWP) culture system during plat-

form development, however the differential magnitude of effects seen between cell lines would

make any experimental compensation imperfect. Following normalisation of the RNAi effect,
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overexpression and knock-down conditions could be compared. It was evident that the normal-

isation method could be improved, and although several plausible mechanisms were discussed

in Section 4.3.2, the response of producing CHO cells to foreign dsRNA response is relatively

uncharacterised, presenting an interesting research avenue.

Comparison of paired producers from a common host cell facilitated the evaluation of differ-

ences in host adaption to ETE and DTE mAb production. A sensitivity analysis revealed

greater growth variation in the ETE producer. When considering the natural cell selection

process, the factor limiting ETE mAb production is likely to be associated with transcription

and translation rather than Endoplasmic Reticulum (ER) folding and assembly processes. The

rate of mAb production is linked to the rate of glutamine synthesis by a common integration

site, and transcriptional activity at the integration site will only be sufficient for glutamine to

not limit cell growth. Conversely, in a DTE model mAb, associated ER and Unfolded Protein

Response (UPR) stresses are likely to limit production. The screening results support this, and

the DTE mAb producer was found to have greater titre sensitivity in response to effector gene

titration.

7.1.3 Chemical Chaperones and Proteostasis Regulators as Cell Culture En-

hancers

A library of seven compounds identified by Plate, Cooley, et al. 2016 as ATF6-specific UPR

activators were evaluated as CHO engineering tools. This was a contained Proof of Concept

(POC) feasibility study evaluating the application of proteopathic disaggregases, ahead of large

scale screening of compounds to be identified from a broader context.

Initial compound characterisation in CHO cells producing an ETE mAb identified strong phar-

macological responses upon titration of two of seven compounds. The most promising compound,

C1, demonstrated a dis-linkage between growth and titre, increasing productivity. Across the li-

brary, a non-toxic inhibition of cell growth was observed. Although this reduced overall product

titre, growth arrest during the late exponential phase of CHO culture can be beneficial to the

overall development pipeline, reducing lactate accumulation and biomass associated purification

complications (Pérez-Rodriguez et al. 2020). Additionally, delaying supplementation until the

end of the growth phase can help shift cellular resources towards mAb production.

Further evaluation of the proteostasis regulators in DTE mAb models identified context specific

cell culture improvements, demonstrating their viability as engineering tools. Delaying supple-

mentation was effective in limiting the effects of growth inhibition, however changes to product

titre and Specific Productivity (qP) were diluted relative to equivalent conditions added at the

start of culture. The dilution of effects was hypothesised to be a consequence of active compound

internalisation, resulting in the intracellular concentration being dependent on cell density.

The ’dose-per-cell’ effect was demonstrated in CHOETE upon supplementation of high concen-

trations of C1 at the mid-point of extended fed batch cultures. In addition to reducing the

growth limiting effects of C1, the qP increase observed in the initial evaluations was maintained,
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increasing product titre relative to the matched Dimethyl Sulfoxide (DMSO) control. From the

lack of existing available literature, this would be an interesting area of future research.

7.1.4 Re-purposing Preclinical Neurological Compounds to Alleviate Intra-

cellular Aggregation of Bi-specific mAbs

Following the POC evaluation of proteostasis regulators as cell culture enhancers, a diverse li-

brary of compounds associated with disaggregation in proteopathies were evaluated as CHO

engineering tools, demonstrating anti-aggregative and titre improvements in a DTE mAb pro-

ducer known to aggregate.

A library of 192 compounds was collaboratively identified from literature and in-house data from

the AstraZeneca neuroscience compound portfolio. Rapid assessment in an n = 1 preliminary

screen validated the approach employed for library identification, assessed the efficacy of com-

pounds and began to identify the active pharmacological concentrations. The preliminary screen

identified 53 hits which improved titre and/or reduced aggregation of a model bi-specific DTE

mAb. Although conclusions from the preliminary screen are limited by the lack of replicates,

compounds associated with broad ER stress regulation and inhibitors of Huntington’s disease

associated aggregation appear most in the list of hit compounds.

Subsequent secondary evaluation identified 38 compounds significantly benefiting the production

of the model mAb, representing 20 % of the initial compound library. Similar to the preliminary

screen, a high percentage of Htt aggregation inhibitors were identified, whereas p38-MAPK

inhibitors and HSP90 modulators which broadly regulate ER stress had limited impact.

A number of complications associated with cell growth and viability were of concern, and ques-

tioned the validity of the preliminary and secondary screening data. A final HTP screen aimed

to address these after the media and feed composition was updated to improve culture perfor-

mance. Despite COVID-19 associated restrictions preventing aggregate analysis, initial product

titre data confirms the efficacy of the compound library, supporting confident interpretation of

findings from the previous screens. Furthermore, the prominent titre improvements observed

upon supplementation of rapamycin and a rapamycin analogue support previous CHO engi-

neereing studies investigating the positive effects of rapamycin supplementation on therapeutic

proteins.

Overall the results presented strongly advocate the use of compounds alleviating aggregation in

proteopathic disease to solve CHO engineering challenges. This presents an exciting tool in an

industry context, providing a rapid solution to extract the required performance from problem-

atic stable CHO producers when the timelines associated with genetic engineering approaches

are of concern.

7.2 Future Work

This section explores the future work required to further interrogate and validate the findings

discussed within this thesis, and examines further research avenues which could be undertaken.
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These include improvements to the SOSC gene screening platform, characterisation of the generic

CHO cell responses to RNAi and investigating the stable expression of the genetic engineering

targets identified. Other investigative avenues would be to evaluate the applicability of proteo-

pathic disease disaggregases in alternative antibody modalities and cell hosts, explore scalability

into bioreactor conditions and examine overall impact on other product quality characteristics.

Lastly the implications of creating of a standardised screening tool from a library of proteopathic

disease disaggregases is explored.

7.2.1 Improving the HTP SOSC gene screening platform to improve func-

tionality and applicability

The transient screening platform developed during this PhD accurately captured the effects

on the exponential and stationary phases of culture to maintain applicability to industry cell

line development processes. RNAi knock-down duration was a key limitation in the design and

optimisation process, requiring high density cell seeding. Despite this the platform is limited

to batch culture conditions, and an alternative knock-down methodology would be required to

evaluate the effect of RNAi mediated knock-down on extended duration fed-batch cultures.

The most straightforward modification to improve knock-down duration would be to utilise Short

Hairpin Ribonucleic Acids (shRNAs) encoded within a plasmid vector in place of direct small

interfering RNA (siRNA) or esiRNA transfection. In addition to facilitating knock-down dura-

tions comparable with transient overexpression, shRNA encoding DNA allows stable integration

for long term knock-down of identified cell engineering targets (Moore et al. 2010).

As previously discussed, a key advantage of esiRNA mediated RNAi is the dilution of off-target

effects facilitated by a heterogeneous pool of siRNAs targeting the Gene of Interest (GOI). Sev-

eral studies have demonstrated the efficacy of multiple shRNAs encoded on a single polycystronic

cassette, allowing knock-down of up to five targets simultaneously (Mcintyre et al. 2011; Weng

et al. 2017; Xia et al. 2006). Studies demonstrated a negative correlation between knock-down

potency and the number of shRNAs encoded, however when encoding multiple variants targeting

the same GOI this would not be of concern. Therefore, the primary limitation on the number

of shRNAs which could be encoded in a polycystronic cassette would be vector size. Based on

insert sizes of 220 bp to 250 bp described by Weng et al. 2017 Brake et al. 2008, 10+ shRNAs

targeting a single GOI would be possible. This would provide similar advantages to esiRNA

mediated knock-down, which can be further improved by synthetic biology approaches.

7.2.2 Investigation into the generic CHO cell responses to foreign dsRNA

A generic increase in performance was observed in response to RNAi transfection in both mAb

producer models assessed in the application of the SOSC gene screening platform. Evaluation

of the scrambled esiRNA control identified increased Integral Viable Cell Density (IVCD) and

titre in both models, although the differing magnitudes resulted in a net qP decrease in the

ETE, and increase in the DTE producing cell lines, contradicting findings by Daga et al. 2018

in HeLa cells.
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It is hypothesised that introduced dsRNA competes with endogenous Micro RNAs (miRNAs),

as both utilise the same RNAi machinery, however no CHO cell specific literature is available

to interrogate this. Directly comparing the impact of effector gene overexpression and knock-

down is challenging as currently generic, and on-target effects of RNAi in CHO cells are difficult

to decipher, leading to sub-optimal normalisation of experimental data. Therefore, perform-

ing experiments to accurately model the relationship between the transfection of non-targeting

dsRNA and cell performance would enable accurate normalisation of CHO RNAi screening ex-

periments. Subsequently, this would improve our understanding of responses to gene expression

level manipulations in CHO cells.

7.2.3 Improving production CHO cell lines through stable overexpression of

transiently beneficial effector genes

The transient effector gene screening described in Chapter 4 identified ERDJ5 as a generic

engineering target for the MEDI-CHO host, benefiting the production of ETE and DTE model

mAbs, and identified several product specific engineering targets for CHOBIS-A.

The applicability of the genetic engineering targets identified to industry processes is highly

dependent on their efficacy upon stable expression. One confirmatory approach is to perform

stable transfection of the identified effector genes, individually or in combination, in CHOBIS-A

under an alternative selection marker. These experiments would be the most direct application

of the transient data into a stable production environment.

Previous studies have seen varying success in translating transient benefits to stable production

systems (Cartwright et al. 2020; Gulis et al. 2014). More recently, unpublished data generated

by Dr. Joe Cartwright has demonstrated limited success when transiently beneficial effector

genes are stably overexpressed in existing CHO producers.

As an alternative approach, stable mAb and effector gene co-transfection on a single vector

would allow the effector gene expression to facilitate the cell selection process. By evaluating

the pools recovered, the impact of effector gene overexpression on the CHO host’s recovery and

adaption to stable mAb production could be assessed. Although sequential stable transfections

would be an informative research exercise, co-transfection would be more applicable to industry

development pipelines.

7.2.4 Scale-up validation and mechanistic analysis of the top performing dis-

aggregases from neurological disease models

From several screening rounds evaluating of a broad library of proteopathic disease associated

disaggregases, 38 hit compounds were found to improve product quality and/or titre in an

aggregate prone DTE mAb model. Despite external restrictions preventing aggregate analysis

of the tertiary screen, the presented results strongly support the use of such compounds as CHO

engineering tools, and indirectly indicate overlapping mechanisms of aggregation. In addition

to completing the postponed work, further validation and characterisation of the effects of hit
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compounds is required to facilitate their use as cell engineering tools for the production of

therapeutic proteins.

Firstly, the top performing compounds identified from HTP screening experiments require evalu-

ation in multiple cell models. A common trend throughout this thesis and the CHO engineering

literature is the product specificity of identified solutions. Without any previous examples evalu-

ating the effect of proteopathic disease disaggregases on mAb production, it is hypothesised this

trend will be maintained. Nevertheless, evaluation in production systems with differing expres-

sion difficulties, antibody modalities and host cell backgrounds is required to confidently address

the underlying hypothesis advocating, the use of such compounds in a broad CHO engineering

context.

Secondly, select compounds need to be evaluated in an appropriate model of large scale produc-

tion. Although HTP screens are useful tools to rapidly evaluate many experimental conditions

simultaneously, they lack the precise control systems found in large scale bioreactors to maximise

performance and product yield. The AMBR-15 HTP automated bioreactor system is designed

to accurately model the conditions of larger scale bioreactors, and offers similar process controls

such as online monitoring of glucose, lactate, pH and dissolved gasses. Evaluation in an AM-

BER, or similar model system would confirm whether performance improvements are equally

applicable to highly optimised production systems.

Lastly, aggregation is only one of several metrics to evaluate product quality. As described in Cao

et al. 2018, the engineered cystine residues in CHOBIS-A are also susceptible to cysteinylation

or glutathionylation. This leads in monomer size variants in addition to dimerisation as a

result of intermolecular disulphide bond formation. As both monomer variants exhibit reduced

bioactivity, these are treated as product impurities and need to be minimised. Therefore, the

quantification and evaluation of monomer variants is crucial to accurately evaluate the effect of

compounds on overall mAbBIS-A quality.

7.2.5 Utilising proteopathic disease disaggregases as a standardised screening

tool to rapidly improve the production of new DTE molecules

One of the key advantages of chemical engineering approaches is the speed in which compounds

can be evaluated. Equivalent genetic approaches require vectorology, transient assessment and

stable integration in order to solve any CHO engineering challenge. Although useful for host

cell engineering, these steps are too time-consuming to be incorporated into industry cell line

development processes.

After scale-out and scale-up applicability has been demonstrated, a library of compounds can

be selected as a standardised screening tool to improve the production of new DTE therapeu-

tics. The probability of at least one compound achieving the desired effect will be high with a

moderate sized library, if compounds are systematically selected for diversity. Furthermore, the

effective concentration ranges of each compound can be accurately characterised, minimising

the number of experimental conditions required.
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By restricting the scale, problematic DTE molecules can be screened in a single HTP experiment

to identify hit compounds, followed by process optimisation in a model of large scale production.

Importantly this can be run in parallel to the normal cell line development workflow with no

impact on overall timelines.
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A.1 Chapter 3 Supplementary Figures

(a) SEC22B small interfering RNA (siRNA)
(b) SEC22B endoribonuclease prepared small

interfering siRNA (esiRNA)

Figure A.1: Quantitative western blots to evaluate RNAi knock-down efficiency.
Figure shows example blots for knock-down with SEC22B siRNA (a) and SEC22B esiRNA (b).
CHOT2 cells were electroporated with 0 nm to 800 nm of Ribonucleic Acid (RNA) and seeded at
0.5× 106 cells.ml−1 in 96-Deep Well Plates (DWPs). Samples were taken 2, 3, and 4 days post-
transfection and triplicates pooled for western blot analysis..
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A.2 Chapter 4 Supplementary Figures

Table A.1: Differentially regulated genes in CHOETE associated with Monoclonal Antibody
(mAb) folding and assembly.
A complete list of the genes identified through the bioinformatic analysis of the CHOETE RNA Sequencing
(RNAseq) dataset from Geoghegan et al. 2018. Columns containing’ Gene Ontology (GO) hits’ and fold
change conditions indicated the respective number of associated GO terms from section 4.2.1.1, and the
number of assessed differential expression criteria met section 4.2.1.3.

Gene ID Gene GO FC Gene ID Gene GO FC ≥1.666

(ENSCGRG) Symbol Hits Conditions (ENSCGRG) Symbol Hits Hits

1018265 Amfr 1 2 1003994 Hyou1 1 2

1012473 Atf6b 1 2 1021781 Mesd 1 2

1018239 B2M 1 2 1024712 Mkks 1 1

1012370 Bak1 1 2 1014713 P3h1 1 2

1011816 Bax 1 1 1013338 P4hb 1 2

1020181 Calr 1 2 1008721 Pdia3 1 2

1017710 Canx 1 2 1005477 Pdia4 2 2

1011598 Creb3l1 1 1 1017472 Pdia6 1 2

1015590 Ddit3 1 2 1024356 PEX19 1 1

1019161 Dffa 1 1 1010542 Pfdn4 1 1

1024828 Dnajb11 1 1 1016773 Pfdn5 1 1

1024374 Dnajc10 1 2 1001849 Pfdn6 1 2

1020922 Dnajc5 1 2 1022765 Pofut2 1 2

1023828 Erlec1 1 2 1018105 Ppib 1 2

1003211 Ern1 1 2 1009299 Prdx4 1 1

1025067 Ero1lb 2 2 1012267 Ptpn1 1 2

1019603 Erp44 2 1 1000642 Ranbp2 1 1

1021447 Fkbp4 1 1 1016511 Sec61a1 1 1

1021370 Fkbp9 1 2 1009803 Syvn1 1 1

1014239 Hsp90aa1 1 1 1008911 Tbl2 1 1

1023543 Hsp90b1 1 2 1023992 Tor1b 1 1

1013777 Hspa5 3 2 1020169 Uggt1 1 2

1015556 Hspb1 1 1 1015026 Wrb 1 1
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Table A.2: Final library of 17 effector genes associated with mAb folding and assembly.
The library of effector genes are described by their gene ID and symbol. The mean abundance was calculated from early- and late-stage culture transcript
abundances for CHOETE. Differential regulation was defined as a fold change ≥1.66 in at least one condition as defined by eqs. (4.1) to (4.3) using CHOETE

transcriptomics data (Geoghegan et al. 2018). The sensitivity score is a measure of the responsiveness of CHOETE or CHOBIS-A to titration of each effector gene.

Gene ID Gene Mean Abundance Differential Regulation (Fold Change) Sensitivity Score

(ENSCGRG) Symbol (FPKM) Early Culture Late Culture Throughout Culture CHOETE CHOBIA-A

1013777 Bip 1047.76 1.147 0.969 0.845 0.0175 0.0088

1020181 Calr 813.54 0.474 0.498 1.052 0.0255 0.0208

1017710 Canx 346.26 1.330 1.120 0.842 0.0175 0.0139

1024828 Erdj3 105.43 0.916 0.881 0.963 0.0345 0.0245

1006614 Erdj4 14.51 0.628 0.911 1.450 0.0265 0.0304

1024374 Erdj5 94.93 0.486 0.545 1.121 0.0462 0.0211

1011686 Ero1l 61.93 0.796 0.499 0.627 0.0491 0.0202

1025067 Ero1lb 18.04 1.133 0.545 0.481 0.0160 0.0070

1023543 Grp94 525.79 0.707 0.338 0.478 0.0157 0.0337

1003994 Hyou1 454.67 0.927 0.591 0.637 0.0218 0.0175

1013338 P4hb 560.34 0.381 0.488 1.282 0.0139 0.0168

1005477 Pdia4 245.83 0.345 0.320 0.926 0.0116 0.0080

1017472 Pdia6 828.90 0.610 0.346 0.567 0.0148 0.0095

1018105 Ppib 227.20 0.557 0.437 0.786 0.0207 0.0300

1009299 Prdx4 336.48 0.867 0.389 0.448 0.0172 0.0071

1023834 Srp14 57.31 0.810 0.429 0.530 0.0278 0.0247

1019438 Xbp1 40.83 0.642 0.247 0.384 0.0270 0.0276
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Figure A.2: Scatter plots of mean transcript abundance against Integral Viable Cell Density
(IVCD) and titre variance in CHOETE.
Scatter plots shows the relationship between mean transcript abundance (calculated from Geoghegan
et al. 2018) and the calculated IVCD (a) and titre (b) variance (σ2) in CHOETE for each effector gene.
Linier regressions were performed (black lines) with the R2 values and line equations displayed.
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Figure A.3: Scatter plots of differential expression metrics against the calculated sensitivity
score in CHOETE.
Scatter plots shows the relationship between the differential expression on day 4 (a), day 8 (b), throughout
culture (c) and the mean of a-c (d) (calculated from Geoghegan et al. 2018) and the calculated sensitivity
score in CHOETE for each effector gene. Linier regressions were performed (black lines) with the R2 values
and line equations displayed.
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A.3 Chapter 6 Supplementary Figures

(a) Bio-Rad Protein Standard (b) NIP228 control

Figure A.4: Preliminary screen: Example High-Performance Liquid Size Exclusion Chro-
matography (HPL-SEC) traces of a Bio-Rad Gel Filtration Protein Standard and protein-A
purified NIP228 control.
Plots show the traces from a Bio-Rad Gel Filtration Protein Standard (a) and protein-A purified NIP228
control(b) which were run before and after each 96-well plate of experimental mAbBIS-A samples.
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Figure A.5: Primary screen: Assessing the distribution of the compounds impact on specific
productivity.
Graph displays the relationship between specific productivity and IgG monomer abundance for the hits
as grouped in previous analysis and conditions previously eliminated, relative to the control population.
Dotted lines are described by eqs. (6.3), (A.1) and (A.2).

x = qPMean − qPStD (A.1)

= 8.43 pg.cell−1.day−1

x = qPMean + 2 · qPStD (A.2)

= 15.494
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Figure A.6: Secondary screen: Comparison of the Vi-CELL and Cellavista for measuring
VCD and cell viability.
The graph displays the viability and VCD of the control population as measured by the CellaVista and
the Vi-CELL on day 7 post seed. The 24 Vi-CELL measurements are discrete from the control population
used for the screen. Error bars represent the mean and StD of the populations.
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Figure A.7: Secondary screen: Evaluating methods for measuring product titre.
(a) Titre on day 10 measured by the Octet in relation to the day 7 Octet titre measurement with the
plotted line at x = y represents an equal titre at the respective time points. (b) Comparison of the titre
on day 10 measured by Octet and Stunner with bars representing the mean of 769 purifications.
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B.1 Synthetic Gene Constructs

Table B.1: Comprehensive list of genes screened in Chapter 4.
Table includes target gene with synthesised sequence accession numbers, species, protein sequence modifications and an overview of protein function.

Gene Name
NCBI

Accession No.
Species

Protein
Sequence

Function Previous Application in
CHO Cell Engineering

BIP NM-05347 Human Full ORF
ER molecular chaperone with major roles in fold-
ing and assembly of proteins in the ER, misfolded
protein degradation and UPR activation.

Borth et al. 2005; Cartwright et
al. 2020; Johari et al. 2015; Py-
bus et al. 2014

CALR NM-04343 Human Full ORF

ER molecular lectin chaperone with
holdase/foldase function, role in protein fold-
ing quality control, preventing aggregation and
retaining incorrectly folded proteins for degrada-
tion.

Chung et al. 2004

CANX NM-01746 Human Full ORF

ER molecular lectin chaperone with
holdase/foldase function, role in protein fold-
ing quality control, preventing aggregation and
retaining incorrectly folded proteins for degrada-
tion.

Chung et al. 2004

CYP-B NM-00942 Human Full ORF
ER PPIase with a role in catalysing folding of
proline-containing proteins.

Johari et al. 2015; Pybus et al.
2014

DNAJB9 NM-12328 Human Full ORF
Co-chaperone for BIP that acts as a key repressor
of theIRE1-mediated UPR. Also involved in ERAD
of misfolded proteins.

DNAJB11 NM-16306 Human Full ORF

Co-chaperone for HSPA5 required for proper fold-
ing, trafficking or degradation of proteins. Binds di-
rectly to both unfolded proteins destined for ERAD
and nascent unfolded peptide chains.
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Gene Name
NCBI

Accession No.
Species

Protein
Sequence

Function Previous Application in
CHO Cell Engineering

DNAJC10 NM-18981 Human Full ORF

Ensures efficient folding of proteins in the ER
by catalyzing the removal of non-native disulfide
bonds. Also involved in ERAD by reducing incor-
rect disulfide bonds in misfolded glycoproteins. In-
teracts directly with BIP.

ERO1A XM-07651327 CHO Full ORF

Oxidoreductase with a role in disulphide bond for-
mation in assembling proteins in ER. Reoxidises
P4HB and is required for the proper folding of im-
munoglobulins.

K. Cain et al. 2013; Mohan et al.
2007

ERO1B XM-03507583 CHO Full ORF

Oxidoreductase with a role in disulphide bond for-
mation in assembling proteins in ER. Reoxidises
P4HB and a range of other PDI enzymes, but at a
lower rate.

GRP94 NM-03299 Human Full ORF
ATPase activity. Roles in folding and stabilising
other proteins, in processing and transport of se-
creted proteins and in ERAD.

HYOU1 NM-06389 Human Full ORF
ER molecular chaperone associated with protein
folding and secretion. Cytoprotective role, reduc-
ing hypoxia- induced apoptosis.

P4HB NM-00918 Human Full ORF

Catalyses the formation and rearrangement of
disulphide bonds within protein assembly within
the ER. Role in inhibiting aggregation of misfolded
proteins

Borth et al. 2005; R. Davis et al.
2000; Johari et al. 2015; Mohan
et al. 2007
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Gene Name
NCBI

Accession No.
Species

Protein
Sequence

Function Previous Application in
CHO Cell Engineering

PDIA4 NM-04911 Human Full ORF

ER PDI, catalyses disulphide bond formation in
protein folding. At high concentrations, functions
as a chaperone that inhibits aggregation of mis-
folded proteins. At low concentrations, facilitates
aggregation.

PDIA6 XM-27424676 CHO Full ORF
May function as a chaperone that inhibits aggre-
gation of misfolded proteins. Negatively regulates
the UPR.

PRDX4 NM-06406 Human Full ORF

An antioxidant enzyme (peroxidase) which reduces
hydrogen peroxide and a PDI oxidation enzyme
(works in cooperation with ERO1A). Role in ac-
tivating transcription factor NF-kappaB.

SRP14 NM-01024649 CHO Full ORF

Part of the signal recognition particle which targets
secretory proteins into the ER Role in nascent pro-
tein transfer into ER and elongation arrest, binds
to RNA.

Cartwright et al. 2020; Le Fourn
et al. 2014

XBP1s NM-01244049 CHO
Spliced variant

of XBP1s

Transcription factor part of UPR, working down-
stream of IRE1/ATF6, role in increasing protein
folding and secretion within ER. Increases the ca-
pacity of the ER, up-regulates transcription of ER
components.

Becker et al. 2008; Becker et
al. 2010; K. Cain et al. 2013;
Cartwright et al. 2020; Johari et
al. 2015; Ku et al. 2008; Pybus et
al. 2014; Tigges and Fussenegger
2006
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B.2 Synthesised esiRNA Sequences

Table B.2: Sequences of esiRNAs designed against genes described in B.1 for screening in Chapter 4.
Table includes gene names, accession numbers, and sequence information. Additional growth arrest inducing positives control esiRNAs are appended to the
bottom.

Gene Name
NCBI

Accession No.
Transcript

Length (bp)
esiRNA

Length (bp)
Designed esiRNA Sequence

BIP NM-005347 4027 170
GCAGGCCCAGTTGTCACCTCCCCAGAACATCTTCCCATGGATTCTGACACTGTTGACTCTTCAGACTC

CGAGTCTGATATCCTTTTGGGCATTCTGGACAAGTTGGACCCTGTCATGTTTTTCAAATGTCCATCCC

CAGAGTCTGCCAATCTGGAGGAACTCCCAGAGGT

CALR NM-004343 691 307

AGGGCCCAAAGGGCCTAAGGACCGTGGTGAGCTGGAGTCTTGCCTTTTCTGCTTTGTTTTCTTTTAAG

TCAGTCTGGCTGTGAACTTAGTCTCCTAAACAGCTGAGGTACAGGTGCAACGCACTCCTCATCCTGGG

CCGGCTGAAGGGTGTGTCTGCGGTGGTGGGGGTCCGAGGGCACATTGGCGGAAGAAGTGCAACTGGAA

GCGGAAGCCCCGCCCATCGCAGGCGAGACTTCCGGCTGTAACCGCTTGCAGCGGCTTCTGCTGACGGA

GTCGGAACCGGCGGAGCTCAGGATGGTGTTGCTCG

CANX NM-001746 4835 292

GAACCAAAATATGCTCTGAAGCCTAATTTGGTCAGAACCCCCAAATCTTAAAGGTTTTACTGGTATTG

AAATTACAAACTTCACTTGCTAGTCCAAGGATTGGTTGAGGATTGTTAAGATTGCTTTCCTAAGGAAA

GGGATGAGAGCTAGGTAATCAATATGATCAATGAGGATTTTGTCCAGTGCTAACATGAAATTCAGTAC

TGTCCAAAGATGGGTGTTTTGTAACTGAACAACCAACCAGCTGTAAGATTAGTTTACTTACTGGTAGA

CTTGAGGCTGGGAGGTGGTG

CYP-B NM-000942 6767 317

ATATATTTGCCCACCATATATCATGTAGTCTTTTGTGACTCAATCCTTTCATTTTGCATGTTTTCAGG

TTTCATCCATGTAGGGTCACTGAATGACATTCCCCTATGTAGATGAACCATGTTTTATACTCATCAGA

CATCTGCATTGTTCCTACCTATGAACATGTACAAGATCAAACAAATTAATATGATGACTTACATCTTG

GTGTTTGTTGGGAGAAACCTAGAATGAGAATTGCTGGAACATACACTGAGGAACTGCCAGCCAGACTG

GGTTTCAAAGCAGCTGCATGATTTTATATGCCCCAGATACATGAG

DNAJB9 NM-012328 4705 162
CTGCCTTCTGAGTGCTGGGATAAAGGTATGCAACAACACCACCTGCCAGTATGCATTTCTGACACACT

CATGACTTACGTGTATGTGTGTTGAGTGTGATTATGTGGTTGTATGGGAGAGTGTCTTTGTTTTTACA

TCTATCCAGCCCCAAATTGAAATTGG

GCAGGCCCAGTTGTCACCTCCCCAGAACATCTTCCCATGGATTCTGACACTGTTGACTCTTCAGACTCCGAGTCTGATATCCTTTTGGGCATTCTGGACAAGTTGGACCCTGTCATGTTTTTCAAATGTCCATCCCCAGAGTCTGCCAATCTGGAGGAACTCCCAGAGGT
GCAGGCCCAGTTGTCACCTCCCCAGAACATCTTCCCATGGATTCTGACACTGTTGACTCTTCAGACTCCGAGTCTGATATCCTTTTGGGCATTCTGGACAAGTTGGACCCTGTCATGTTTTTCAAATGTCCATCCCCAGAGTCTGCCAATCTGGAGGAACTCCCAGAGGT
GCAGGCCCAGTTGTCACCTCCCCAGAACATCTTCCCATGGATTCTGACACTGTTGACTCTTCAGACTCCGAGTCTGATATCCTTTTGGGCATTCTGGACAAGTTGGACCCTGTCATGTTTTTCAAATGTCCATCCCCAGAGTCTGCCAATCTGGAGGAACTCCCAGAGGT
AGGGCCCAAAGGGCCTAAGGACCGTGGTGAGCTGGAGTCTTGCCTTTTCTGCTTTGTTTTCTTTTAAGTCAGTCTGGCTGTGAACTTAGTCTCCTAAACAGCTGAGGTACAGGTGCAACGCACTCCTCATCCTGGGCCGGCTGAAGGGTGTGTCTGCGGTGGTGGGGGTCCGAGGGCACATTGGCGGAAGAAGTGCAACTGGAAGCGGAAGCCCCGCCCATCGCAGGCGAGACTTCCGGCTGTAACCGCTTGCAGCGGCTTCTGCTGACGGAGTCGGAACCGGCGGAGCTCAGGATGGTGTTGCTCG
AGGGCCCAAAGGGCCTAAGGACCGTGGTGAGCTGGAGTCTTGCCTTTTCTGCTTTGTTTTCTTTTAAGTCAGTCTGGCTGTGAACTTAGTCTCCTAAACAGCTGAGGTACAGGTGCAACGCACTCCTCATCCTGGGCCGGCTGAAGGGTGTGTCTGCGGTGGTGGGGGTCCGAGGGCACATTGGCGGAAGAAGTGCAACTGGAAGCGGAAGCCCCGCCCATCGCAGGCGAGACTTCCGGCTGTAACCGCTTGCAGCGGCTTCTGCTGACGGAGTCGGAACCGGCGGAGCTCAGGATGGTGTTGCTCG
AGGGCCCAAAGGGCCTAAGGACCGTGGTGAGCTGGAGTCTTGCCTTTTCTGCTTTGTTTTCTTTTAAGTCAGTCTGGCTGTGAACTTAGTCTCCTAAACAGCTGAGGTACAGGTGCAACGCACTCCTCATCCTGGGCCGGCTGAAGGGTGTGTCTGCGGTGGTGGGGGTCCGAGGGCACATTGGCGGAAGAAGTGCAACTGGAAGCGGAAGCCCCGCCCATCGCAGGCGAGACTTCCGGCTGTAACCGCTTGCAGCGGCTTCTGCTGACGGAGTCGGAACCGGCGGAGCTCAGGATGGTGTTGCTCG
AGGGCCCAAAGGGCCTAAGGACCGTGGTGAGCTGGAGTCTTGCCTTTTCTGCTTTGTTTTCTTTTAAGTCAGTCTGGCTGTGAACTTAGTCTCCTAAACAGCTGAGGTACAGGTGCAACGCACTCCTCATCCTGGGCCGGCTGAAGGGTGTGTCTGCGGTGGTGGGGGTCCGAGGGCACATTGGCGGAAGAAGTGCAACTGGAAGCGGAAGCCCCGCCCATCGCAGGCGAGACTTCCGGCTGTAACCGCTTGCAGCGGCTTCTGCTGACGGAGTCGGAACCGGCGGAGCTCAGGATGGTGTTGCTCG
AGGGCCCAAAGGGCCTAAGGACCGTGGTGAGCTGGAGTCTTGCCTTTTCTGCTTTGTTTTCTTTTAAGTCAGTCTGGCTGTGAACTTAGTCTCCTAAACAGCTGAGGTACAGGTGCAACGCACTCCTCATCCTGGGCCGGCTGAAGGGTGTGTCTGCGGTGGTGGGGGTCCGAGGGCACATTGGCGGAAGAAGTGCAACTGGAAGCGGAAGCCCCGCCCATCGCAGGCGAGACTTCCGGCTGTAACCGCTTGCAGCGGCTTCTGCTGACGGAGTCGGAACCGGCGGAGCTCAGGATGGTGTTGCTCG
GAACCAAAATATGCTCTGAAGCCTAATTTGGTCAGAACCCCCAAATCTTAAAGGTTTTACTGGTATTGAAATTACAAACTTCACTTGCTAGTCCAAGGATTGGTTGAGGATTGTTAAGATTGCTTTCCTAAGGAAAGGGATGAGAGCTAGGTAATCAATATGATCAATGAGGATTTTGTCCAGTGCTAACATGAAATTCAGTACTGTCCAAAGATGGGTGTTTTGTAACTGAACAACCAACCAGCTGTAAGATTAGTTTACTTACTGGTAGACTTGAGGCTGGGAGGTGGTG
GAACCAAAATATGCTCTGAAGCCTAATTTGGTCAGAACCCCCAAATCTTAAAGGTTTTACTGGTATTGAAATTACAAACTTCACTTGCTAGTCCAAGGATTGGTTGAGGATTGTTAAGATTGCTTTCCTAAGGAAAGGGATGAGAGCTAGGTAATCAATATGATCAATGAGGATTTTGTCCAGTGCTAACATGAAATTCAGTACTGTCCAAAGATGGGTGTTTTGTAACTGAACAACCAACCAGCTGTAAGATTAGTTTACTTACTGGTAGACTTGAGGCTGGGAGGTGGTG
GAACCAAAATATGCTCTGAAGCCTAATTTGGTCAGAACCCCCAAATCTTAAAGGTTTTACTGGTATTGAAATTACAAACTTCACTTGCTAGTCCAAGGATTGGTTGAGGATTGTTAAGATTGCTTTCCTAAGGAAAGGGATGAGAGCTAGGTAATCAATATGATCAATGAGGATTTTGTCCAGTGCTAACATGAAATTCAGTACTGTCCAAAGATGGGTGTTTTGTAACTGAACAACCAACCAGCTGTAAGATTAGTTTACTTACTGGTAGACTTGAGGCTGGGAGGTGGTG
GAACCAAAATATGCTCTGAAGCCTAATTTGGTCAGAACCCCCAAATCTTAAAGGTTTTACTGGTATTGAAATTACAAACTTCACTTGCTAGTCCAAGGATTGGTTGAGGATTGTTAAGATTGCTTTCCTAAGGAAAGGGATGAGAGCTAGGTAATCAATATGATCAATGAGGATTTTGTCCAGTGCTAACATGAAATTCAGTACTGTCCAAAGATGGGTGTTTTGTAACTGAACAACCAACCAGCTGTAAGATTAGTTTACTTACTGGTAGACTTGAGGCTGGGAGGTGGTG
GAACCAAAATATGCTCTGAAGCCTAATTTGGTCAGAACCCCCAAATCTTAAAGGTTTTACTGGTATTGAAATTACAAACTTCACTTGCTAGTCCAAGGATTGGTTGAGGATTGTTAAGATTGCTTTCCTAAGGAAAGGGATGAGAGCTAGGTAATCAATATGATCAATGAGGATTTTGTCCAGTGCTAACATGAAATTCAGTACTGTCCAAAGATGGGTGTTTTGTAACTGAACAACCAACCAGCTGTAAGATTAGTTTACTTACTGGTAGACTTGAGGCTGGGAGGTGGTG
ATATATTTGCCCACCATATATCATGTAGTCTTTTGTGACTCAATCCTTTCATTTTGCATGTTTTCAGGTTTCATCCATGTAGGGTCACTGAATGACATTCCCCTATGTAGATGAACCATGTTTTATACTCATCAGACATCTGCATTGTTCCTACCTATGAACATGTACAAGATCAAACAAATTAATATGATGACTTACATCTTGGTGTTTGTTGGGAGAAACCTAGAATGAGAATTGCTGGAACATACACTGAGGAACTGCCAGCCAGACTGGGTTTCAAAGCAGCTGCATGATTTTATATGCCCCAGATACATGAG
ATATATTTGCCCACCATATATCATGTAGTCTTTTGTGACTCAATCCTTTCATTTTGCATGTTTTCAGGTTTCATCCATGTAGGGTCACTGAATGACATTCCCCTATGTAGATGAACCATGTTTTATACTCATCAGACATCTGCATTGTTCCTACCTATGAACATGTACAAGATCAAACAAATTAATATGATGACTTACATCTTGGTGTTTGTTGGGAGAAACCTAGAATGAGAATTGCTGGAACATACACTGAGGAACTGCCAGCCAGACTGGGTTTCAAAGCAGCTGCATGATTTTATATGCCCCAGATACATGAG
ATATATTTGCCCACCATATATCATGTAGTCTTTTGTGACTCAATCCTTTCATTTTGCATGTTTTCAGGTTTCATCCATGTAGGGTCACTGAATGACATTCCCCTATGTAGATGAACCATGTTTTATACTCATCAGACATCTGCATTGTTCCTACCTATGAACATGTACAAGATCAAACAAATTAATATGATGACTTACATCTTGGTGTTTGTTGGGAGAAACCTAGAATGAGAATTGCTGGAACATACACTGAGGAACTGCCAGCCAGACTGGGTTTCAAAGCAGCTGCATGATTTTATATGCCCCAGATACATGAG
ATATATTTGCCCACCATATATCATGTAGTCTTTTGTGACTCAATCCTTTCATTTTGCATGTTTTCAGGTTTCATCCATGTAGGGTCACTGAATGACATTCCCCTATGTAGATGAACCATGTTTTATACTCATCAGACATCTGCATTGTTCCTACCTATGAACATGTACAAGATCAAACAAATTAATATGATGACTTACATCTTGGTGTTTGTTGGGAGAAACCTAGAATGAGAATTGCTGGAACATACACTGAGGAACTGCCAGCCAGACTGGGTTTCAAAGCAGCTGCATGATTTTATATGCCCCAGATACATGAG
ATATATTTGCCCACCATATATCATGTAGTCTTTTGTGACTCAATCCTTTCATTTTGCATGTTTTCAGGTTTCATCCATGTAGGGTCACTGAATGACATTCCCCTATGTAGATGAACCATGTTTTATACTCATCAGACATCTGCATTGTTCCTACCTATGAACATGTACAAGATCAAACAAATTAATATGATGACTTACATCTTGGTGTTTGTTGGGAGAAACCTAGAATGAGAATTGCTGGAACATACACTGAGGAACTGCCAGCCAGACTGGGTTTCAAAGCAGCTGCATGATTTTATATGCCCCAGATACATGAG
CTGCCTTCTGAGTGCTGGGATAAAGGTATGCAACAACACCACCTGCCAGTATGCATTTCTGACACACTCATGACTTACGTGTATGTGTGTTGAGTGTGATTATGTGGTTGTATGGGAGAGTGTCTTTGTTTTTACATCTATCCAGCCCCAAATTGAAATTGG
CTGCCTTCTGAGTGCTGGGATAAAGGTATGCAACAACACCACCTGCCAGTATGCATTTCTGACACACTCATGACTTACGTGTATGTGTGTTGAGTGTGATTATGTGGTTGTATGGGAGAGTGTCTTTGTTTTTACATCTATCCAGCCCCAAATTGAAATTGG
CTGCCTTCTGAGTGCTGGGATAAAGGTATGCAACAACACCACCTGCCAGTATGCATTTCTGACACACTCATGACTTACGTGTATGTGTGTTGAGTGTGATTATGTGGTTGTATGGGAGAGTGTCTTTGTTTTTACATCTATCCAGCCCCAAATTGAAATTGG
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DNAJB11 NM-016306 1776 254

AAGGGAAGTGGTTACTGTGTTTACTCCTGGTCCTTGGAACTGTAGCTGTTCAGGCTCATGATGGACAT

GATGATGACATGATTGATATTGAAGATGATCTTGATGATGTTATTGAAGAGGTAGAAGATTCGAAATC

GAAATCAGATTCCAGTACTCCTCCATCTCCAAAGGTTACCTACAAAGCTCCAGTTCCAACAGGGGAGG

TTTATTTTGCTGACTCCTTTGACAGAGGGTCTCTATCAGGGTGGATTTTA

DNAJC10 NM-018981 3721 165
TTTTTACTGGTGTTTGTCTTAATTCTCCTTTAGCCCTCAACCTCCTGGCTTCTCATTTTGAATCAACA

TCTTTCCCTATGTCCCTTTTCTCTATCCAACCCCTGGTCACAACCCTCCCAACTTCAGGAACGGGTGT

GGAGGAAAAGTCCTAGGCTTGAGATTTCA

ERO1A XM-007651327 1530 170
AGAACGGTCATTGATTATAATGGTGAGCGGACGCTAGACGGCTTTAAGAAATTCCTGGAGAGTGGTGG

CCAGGACGGTGCAGGAGACGACGATGACATGGATCTAGAAGAAGCTTTAGAGCCAGACATGGAGGAAG

ATGATGATCAGAAAGCTATAAAGGACGAATTGTA

ERO1B XM-003507583 1950 183
TCCAAGTATGAGCCCAGGAGCAATGTGATGGATGTTCAGGGTTCCACAGAGCCATCAGCCATTAAGGA

CTATGTGGTGAAACATGCTTTGCCTCTGGTGGGCCACCGAAAAACCTCCAATGATGCCAAGCGGTACA

CCAAGCGCCCTCTGGTGGTTGTATACTACAGTGTGGACTTCAGCTTT

GRP94 NM-003299 3006 160
ACCTGGAGCCAGAATGGGCCACTGCAGCCACAGAGGTAAAGGAGCAAACGAAGGGGAAAGTAAAGCTG

GCAGCCGTGGACGCTACGGTGAACCAGGTCCTGGCCAACCGGTATGGGATTAGAGGATTCCCTACAAT

CAAGATATTTCAGAAAGGCGAGGC

HYOU1 NM-006389 825 160
GAAGGAACAGCTGTGATAAATGGAGAATTCAAGGAGCTGAAACTGACTGACTATCGTGGGAAATACTT

AGTTTTCTTCTTCTACCCACTCGATTTCACTTTTGTATGTCCAACTGAAATCATTGCCTTCGGTGACC

GAATTGAAGAATTCAGATCTATAA

P4HB NM-000918 6007 317

TACAAATTTTAATACACCAAATCCCATATGATAAAGCTAGGTGAATTATGTCTTAAGCTTCTGAAACT

AGAGTTGTATTTAAGATGATATGATAAAAATAAATCTAAGGTAACTGTGGCAAGTGTTTTATAGTAAA

ATTCTAAGAGGCTCATCAATAAACCCATGGCCAACAGCCTAAAAACACCAATGCATTTTCATTAGCCT

TGCTTGCAAAAGGAAATACAGAACTCCCACTTAGATTTGAATTTTAGATAAGCAACTAGCTTTCTTTT

AAGTGTAATTTGTATGCAGTATTAGGGCTCTATTTATACTAAAAG

PDIA4 NM-004911 1573 163
GGCATTCAAATAAGTACTTGCAAGCAGCAAACAATACCAAAGAATTGGAAGACTGTGAGCAGGCTAAC

AAGCTGGGCGCCATCAATAGTACATTAAGTAATGAAAGCAAAGAAGCATTCATTGACTGGGCAAGATA

TGATGACTCACAGGATCACTTTTGTGA

AAGGGAAGTGGTTACTGTGTTTACTCCTGGTCCTTGGAACTGTAGCTGTTCAGGCTCATGATGGACATGATGATGACATGATTGATATTGAAGATGATCTTGATGATGTTATTGAAGAGGTAGAAGATTCGAAATCGAAATCAGATTCCAGTACTCCTCCATCTCCAAAGGTTACCTACAAAGCTCCAGTTCCAACAGGGGAGGTTTATTTTGCTGACTCCTTTGACAGAGGGTCTCTATCAGGGTGGATTTTA
AAGGGAAGTGGTTACTGTGTTTACTCCTGGTCCTTGGAACTGTAGCTGTTCAGGCTCATGATGGACATGATGATGACATGATTGATATTGAAGATGATCTTGATGATGTTATTGAAGAGGTAGAAGATTCGAAATCGAAATCAGATTCCAGTACTCCTCCATCTCCAAAGGTTACCTACAAAGCTCCAGTTCCAACAGGGGAGGTTTATTTTGCTGACTCCTTTGACAGAGGGTCTCTATCAGGGTGGATTTTA
AAGGGAAGTGGTTACTGTGTTTACTCCTGGTCCTTGGAACTGTAGCTGTTCAGGCTCATGATGGACATGATGATGACATGATTGATATTGAAGATGATCTTGATGATGTTATTGAAGAGGTAGAAGATTCGAAATCGAAATCAGATTCCAGTACTCCTCCATCTCCAAAGGTTACCTACAAAGCTCCAGTTCCAACAGGGGAGGTTTATTTTGCTGACTCCTTTGACAGAGGGTCTCTATCAGGGTGGATTTTA
AAGGGAAGTGGTTACTGTGTTTACTCCTGGTCCTTGGAACTGTAGCTGTTCAGGCTCATGATGGACATGATGATGACATGATTGATATTGAAGATGATCTTGATGATGTTATTGAAGAGGTAGAAGATTCGAAATCGAAATCAGATTCCAGTACTCCTCCATCTCCAAAGGTTACCTACAAAGCTCCAGTTCCAACAGGGGAGGTTTATTTTGCTGACTCCTTTGACAGAGGGTCTCTATCAGGGTGGATTTTA
TTTTTACTGGTGTTTGTCTTAATTCTCCTTTAGCCCTCAACCTCCTGGCTTCTCATTTTGAATCAACATCTTTCCCTATGTCCCTTTTCTCTATCCAACCCCTGGTCACAACCCTCCCAACTTCAGGAACGGGTGTGGAGGAAAAGTCCTAGGCTTGAGATTTCA
TTTTTACTGGTGTTTGTCTTAATTCTCCTTTAGCCCTCAACCTCCTGGCTTCTCATTTTGAATCAACATCTTTCCCTATGTCCCTTTTCTCTATCCAACCCCTGGTCACAACCCTCCCAACTTCAGGAACGGGTGTGGAGGAAAAGTCCTAGGCTTGAGATTTCA
TTTTTACTGGTGTTTGTCTTAATTCTCCTTTAGCCCTCAACCTCCTGGCTTCTCATTTTGAATCAACATCTTTCCCTATGTCCCTTTTCTCTATCCAACCCCTGGTCACAACCCTCCCAACTTCAGGAACGGGTGTGGAGGAAAAGTCCTAGGCTTGAGATTTCA
AGAACGGTCATTGATTATAATGGTGAGCGGACGCTAGACGGCTTTAAGAAATTCCTGGAGAGTGGTGGCCAGGACGGTGCAGGAGACGACGATGACATGGATCTAGAAGAAGCTTTAGAGCCAGACATGGAGGAAGATGATGATCAGAAAGCTATAAAGGACGAATTGTA
AGAACGGTCATTGATTATAATGGTGAGCGGACGCTAGACGGCTTTAAGAAATTCCTGGAGAGTGGTGGCCAGGACGGTGCAGGAGACGACGATGACATGGATCTAGAAGAAGCTTTAGAGCCAGACATGGAGGAAGATGATGATCAGAAAGCTATAAAGGACGAATTGTA
AGAACGGTCATTGATTATAATGGTGAGCGGACGCTAGACGGCTTTAAGAAATTCCTGGAGAGTGGTGGCCAGGACGGTGCAGGAGACGACGATGACATGGATCTAGAAGAAGCTTTAGAGCCAGACATGGAGGAAGATGATGATCAGAAAGCTATAAAGGACGAATTGTA
TCCAAGTATGAGCCCAGGAGCAATGTGATGGATGTTCAGGGTTCCACAGAGCCATCAGCCATTAAGGACTATGTGGTGAAACATGCTTTGCCTCTGGTGGGCCACCGAAAAACCTCCAATGATGCCAAGCGGTACACCAAGCGCCCTCTGGTGGTTGTATACTACAGTGTGGACTTCAGCTTT
TCCAAGTATGAGCCCAGGAGCAATGTGATGGATGTTCAGGGTTCCACAGAGCCATCAGCCATTAAGGACTATGTGGTGAAACATGCTTTGCCTCTGGTGGGCCACCGAAAAACCTCCAATGATGCCAAGCGGTACACCAAGCGCCCTCTGGTGGTTGTATACTACAGTGTGGACTTCAGCTTT
TCCAAGTATGAGCCCAGGAGCAATGTGATGGATGTTCAGGGTTCCACAGAGCCATCAGCCATTAAGGACTATGTGGTGAAACATGCTTTGCCTCTGGTGGGCCACCGAAAAACCTCCAATGATGCCAAGCGGTACACCAAGCGCCCTCTGGTGGTTGTATACTACAGTGTGGACTTCAGCTTT
ACCTGGAGCCAGAATGGGCCACTGCAGCCACAGAGGTAAAGGAGCAAACGAAGGGGAAAGTAAAGCTGGCAGCCGTGGACGCTACGGTGAACCAGGTCCTGGCCAACCGGTATGGGATTAGAGGATTCCCTACAATCAAGATATTTCAGAAAGGCGAGGC
ACCTGGAGCCAGAATGGGCCACTGCAGCCACAGAGGTAAAGGAGCAAACGAAGGGGAAAGTAAAGCTGGCAGCCGTGGACGCTACGGTGAACCAGGTCCTGGCCAACCGGTATGGGATTAGAGGATTCCCTACAATCAAGATATTTCAGAAAGGCGAGGC
ACCTGGAGCCAGAATGGGCCACTGCAGCCACAGAGGTAAAGGAGCAAACGAAGGGGAAAGTAAAGCTGGCAGCCGTGGACGCTACGGTGAACCAGGTCCTGGCCAACCGGTATGGGATTAGAGGATTCCCTACAATCAAGATATTTCAGAAAGGCGAGGC
GAAGGAACAGCTGTGATAAATGGAGAATTCAAGGAGCTGAAACTGACTGACTATCGTGGGAAATACTTAGTTTTCTTCTTCTACCCACTCGATTTCACTTTTGTATGTCCAACTGAAATCATTGCCTTCGGTGACCGAATTGAAGAATTCAGATCTATAA
GAAGGAACAGCTGTGATAAATGGAGAATTCAAGGAGCTGAAACTGACTGACTATCGTGGGAAATACTTAGTTTTCTTCTTCTACCCACTCGATTTCACTTTTGTATGTCCAACTGAAATCATTGCCTTCGGTGACCGAATTGAAGAATTCAGATCTATAA
GAAGGAACAGCTGTGATAAATGGAGAATTCAAGGAGCTGAAACTGACTGACTATCGTGGGAAATACTTAGTTTTCTTCTTCTACCCACTCGATTTCACTTTTGTATGTCCAACTGAAATCATTGCCTTCGGTGACCGAATTGAAGAATTCAGATCTATAA
TACAAATTTTAATACACCAAATCCCATATGATAAAGCTAGGTGAATTATGTCTTAAGCTTCTGAAACTAGAGTTGTATTTAAGATGATATGATAAAAATAAATCTAAGGTAACTGTGGCAAGTGTTTTATAGTAAAATTCTAAGAGGCTCATCAATAAACCCATGGCCAACAGCCTAAAAACACCAATGCATTTTCATTAGCCTTGCTTGCAAAAGGAAATACAGAACTCCCACTTAGATTTGAATTTTAGATAAGCAACTAGCTTTCTTTTAAGTGTAATTTGTATGCAGTATTAGGGCTCTATTTATACTAAAAG
TACAAATTTTAATACACCAAATCCCATATGATAAAGCTAGGTGAATTATGTCTTAAGCTTCTGAAACTAGAGTTGTATTTAAGATGATATGATAAAAATAAATCTAAGGTAACTGTGGCAAGTGTTTTATAGTAAAATTCTAAGAGGCTCATCAATAAACCCATGGCCAACAGCCTAAAAACACCAATGCATTTTCATTAGCCTTGCTTGCAAAAGGAAATACAGAACTCCCACTTAGATTTGAATTTTAGATAAGCAACTAGCTTTCTTTTAAGTGTAATTTGTATGCAGTATTAGGGCTCTATTTATACTAAAAG
TACAAATTTTAATACACCAAATCCCATATGATAAAGCTAGGTGAATTATGTCTTAAGCTTCTGAAACTAGAGTTGTATTTAAGATGATATGATAAAAATAAATCTAAGGTAACTGTGGCAAGTGTTTTATAGTAAAATTCTAAGAGGCTCATCAATAAACCCATGGCCAACAGCCTAAAAACACCAATGCATTTTCATTAGCCTTGCTTGCAAAAGGAAATACAGAACTCCCACTTAGATTTGAATTTTAGATAAGCAACTAGCTTTCTTTTAAGTGTAATTTGTATGCAGTATTAGGGCTCTATTTATACTAAAAG
TACAAATTTTAATACACCAAATCCCATATGATAAAGCTAGGTGAATTATGTCTTAAGCTTCTGAAACTAGAGTTGTATTTAAGATGATATGATAAAAATAAATCTAAGGTAACTGTGGCAAGTGTTTTATAGTAAAATTCTAAGAGGCTCATCAATAAACCCATGGCCAACAGCCTAAAAACACCAATGCATTTTCATTAGCCTTGCTTGCAAAAGGAAATACAGAACTCCCACTTAGATTTGAATTTTAGATAAGCAACTAGCTTTCTTTTAAGTGTAATTTGTATGCAGTATTAGGGCTCTATTTATACTAAAAG
TACAAATTTTAATACACCAAATCCCATATGATAAAGCTAGGTGAATTATGTCTTAAGCTTCTGAAACTAGAGTTGTATTTAAGATGATATGATAAAAATAAATCTAAGGTAACTGTGGCAAGTGTTTTATAGTAAAATTCTAAGAGGCTCATCAATAAACCCATGGCCAACAGCCTAAAAACACCAATGCATTTTCATTAGCCTTGCTTGCAAAAGGAAATACAGAACTCCCACTTAGATTTGAATTTTAGATAAGCAACTAGCTTTCTTTTAAGTGTAATTTGTATGCAGTATTAGGGCTCTATTTATACTAAAAG
GGCATTCAAATAAGTACTTGCAAGCAGCAAACAATACCAAAGAATTGGAAGACTGTGAGCAGGCTAACAAGCTGGGCGCCATCAATAGTACATTAAGTAATGAAAGCAAAGAAGCATTCATTGACTGGGCAAGATATGATGACTCACAGGATCACTTTTGTGA
GGCATTCAAATAAGTACTTGCAAGCAGCAAACAATACCAAAGAATTGGAAGACTGTGAGCAGGCTAACAAGCTGGGCGCCATCAATAGTACATTAAGTAATGAAAGCAAAGAAGCATTCATTGACTGGGCAAGATATGATGACTCACAGGATCACTTTTGTGA
GGCATTCAAATAAGTACTTGCAAGCAGCAAACAATACCAAAGAATTGGAAGACTGTGAGCAGGCTAACAAGCTGGGCGCCATCAATAGTACATTAAGTAATGAAAGCAAAGAAGCATTCATTGACTGGGCAAGATATGATGACTCACAGGATCACTTTTGTGA
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PDIA6 XM-027424676 2763 317

GGAGCAGAGACCAGGTTGCACAAGTTTCTATGAAGTAAATTACAAAGCAGGTTACAGGAGCCACAGTG

TGGCCTCAAAGGACAGCAGGAGGAACGTGCTGGTGTGAACTTAGAGGCATGTCTCACTCACCTGGGGA

AGGGGTGTAAACGTAGGGGTCCATACAGAAGCCAATGACCGGCCGGTGGTGCAGTTGTGAGCTGTGAG

GAGGAAAGGAGTAGTGAACCATGAGTGGAGATGTGGCAGAGCAAAAACTAAGAACCAAGATCAACAAG

GACCCACAAAGGAAAGAACTAGAAAACAGGTTGCTGGCTCCCTCC

PRDX4 NM-006406 2302 317

TCTGCTAATTTAAAATCGCATGCCCTGTAGCACCTGTGACTTGGGTTGCTAAATGTCTGTGAAACTGT

AATTGAGTCAGTCAGTGAAAGAGACAACAGGCTTTTGGCTAATTGCCACTGAATGCTTTAGAAACTGC

TGGTTTGATACCACAAAAAGATGCCTCTTCAGTAGAATTGGTGTAACAGGAATGATTGTATTGCACGT

AGTTAAGCTGAAAAAGTTTAAAGCTTATGGTGAAATATTGCCAAGAGATTGTGTGTTTGGCCCTGCGC

TAATGGTTTTGTATGATCAAAATCATAGCTACATGAATATCTTTT

SRP14 NM-001024649 1456 160
AGCAAAAGAAGGTGTCAAGCAGCTACTCAAACAAGGATCAGTGCAGAAGGAATTGACATGAAAACATT

GCACTCTAGTGACCCACTGAGCACTTTGAAGCTGCTGCTGGCTGAAATCACTGATAGGCACCAGGGAA

CCAAGGATGTCCAGAGGCCAGCCA

XBP1s NM-001244049 5451 317

AGATCCTGTTTTGTATATGTGAGCACACAATGCAGTTACCGTTCCTAACCAACTTCTTGAATCATGAC

TAATAATGGCAAAATCTTTTCATATATTGCACTTTGAAAGCCTAGAATTTCTTTTTAAATGGCTTGTT

TATGTGAAATTCCCCAAATGGATGCCTAATGAAGTCTTACTTAGTAAAAGAATACTAATGTACTAGTT

GGGAGCATACTGCTGTACTGGGCAACAGATGTACAAGAGAGCCTATAGGCTCCTCTCCTGTCACAAAC

TATAAATAGTGGATAGGTACTTAGATTACTGCCTGCAACTACTGC

SKA3 XM-003500423 1289 206

TTTTTCCAGAAGTATGGCTATCAGTCACGAGACAAAGAAGAGTCAGGATGTGAGCACAAAGTCAGTGA

CTCAGCCTCGGAGTTGGATGTGTGTGAAGACCTTCAGATGCCTGGTGTGGAGGGTGATCTGTCCGATC

CATGTGTTCCAAGCAGTTCTGTTTCTGAAAATCTCCTACTACGCAGCCCACAGCTTTCAGATTTTGGA

CT

PLK4 XM-027391931 2787 305

TGGGAGAAACTAATGAGCACAAAACCGATAACCCAAGCAGAGATTTCCAGGGCTATCCAGATTCACGG

GACATGTTAAGAAATGCTTGGACTGATACAAGAGCCACCAAGAATGCTGATAATTCTGCTAATGTTCA

TCCTGTAAACCAGCTGAGTACGACAAAGTTTACTATGACTGCACATCATAGTAAACCTGAGATTATTC

AACAAGAGCTGGCCTTCCATCCTCATTCTGAACAAAGCAAGAAGAGGAGTATGGAGTCAACACTGGGT

CACCAGAAACCTTCCTTACGAAGCATTACATCT

GGAGCAGAGACCAGGTTGCACAAGTTTCTATGAAGTAAATTACAAAGCAGGTTACAGGAGCCACAGTGTGGCCTCAAAGGACAGCAGGAGGAACGTGCTGGTGTGAACTTAGAGGCATGTCTCACTCACCTGGGGAAGGGGTGTAAACGTAGGGGTCCATACAGAAGCCAATGACCGGCCGGTGGTGCAGTTGTGAGCTGTGAGGAGGAAAGGAGTAGTGAACCATGAGTGGAGATGTGGCAGAGCAAAAACTAAGAACCAAGATCAACAAGGACCCACAAAGGAAAGAACTAGAAAACAGGTTGCTGGCTCCCTCC
GGAGCAGAGACCAGGTTGCACAAGTTTCTATGAAGTAAATTACAAAGCAGGTTACAGGAGCCACAGTGTGGCCTCAAAGGACAGCAGGAGGAACGTGCTGGTGTGAACTTAGAGGCATGTCTCACTCACCTGGGGAAGGGGTGTAAACGTAGGGGTCCATACAGAAGCCAATGACCGGCCGGTGGTGCAGTTGTGAGCTGTGAGGAGGAAAGGAGTAGTGAACCATGAGTGGAGATGTGGCAGAGCAAAAACTAAGAACCAAGATCAACAAGGACCCACAAAGGAAAGAACTAGAAAACAGGTTGCTGGCTCCCTCC
GGAGCAGAGACCAGGTTGCACAAGTTTCTATGAAGTAAATTACAAAGCAGGTTACAGGAGCCACAGTGTGGCCTCAAAGGACAGCAGGAGGAACGTGCTGGTGTGAACTTAGAGGCATGTCTCACTCACCTGGGGAAGGGGTGTAAACGTAGGGGTCCATACAGAAGCCAATGACCGGCCGGTGGTGCAGTTGTGAGCTGTGAGGAGGAAAGGAGTAGTGAACCATGAGTGGAGATGTGGCAGAGCAAAAACTAAGAACCAAGATCAACAAGGACCCACAAAGGAAAGAACTAGAAAACAGGTTGCTGGCTCCCTCC
GGAGCAGAGACCAGGTTGCACAAGTTTCTATGAAGTAAATTACAAAGCAGGTTACAGGAGCCACAGTGTGGCCTCAAAGGACAGCAGGAGGAACGTGCTGGTGTGAACTTAGAGGCATGTCTCACTCACCTGGGGAAGGGGTGTAAACGTAGGGGTCCATACAGAAGCCAATGACCGGCCGGTGGTGCAGTTGTGAGCTGTGAGGAGGAAAGGAGTAGTGAACCATGAGTGGAGATGTGGCAGAGCAAAAACTAAGAACCAAGATCAACAAGGACCCACAAAGGAAAGAACTAGAAAACAGGTTGCTGGCTCCCTCC
GGAGCAGAGACCAGGTTGCACAAGTTTCTATGAAGTAAATTACAAAGCAGGTTACAGGAGCCACAGTGTGGCCTCAAAGGACAGCAGGAGGAACGTGCTGGTGTGAACTTAGAGGCATGTCTCACTCACCTGGGGAAGGGGTGTAAACGTAGGGGTCCATACAGAAGCCAATGACCGGCCGGTGGTGCAGTTGTGAGCTGTGAGGAGGAAAGGAGTAGTGAACCATGAGTGGAGATGTGGCAGAGCAAAAACTAAGAACCAAGATCAACAAGGACCCACAAAGGAAAGAACTAGAAAACAGGTTGCTGGCTCCCTCC
TCTGCTAATTTAAAATCGCATGCCCTGTAGCACCTGTGACTTGGGTTGCTAAATGTCTGTGAAACTGTAATTGAGTCAGTCAGTGAAAGAGACAACAGGCTTTTGGCTAATTGCCACTGAATGCTTTAGAAACTGCTGGTTTGATACCACAAAAAGATGCCTCTTCAGTAGAATTGGTGTAACAGGAATGATTGTATTGCACGTAGTTAAGCTGAAAAAGTTTAAAGCTTATGGTGAAATATTGCCAAGAGATTGTGTGTTTGGCCCTGCGCTAATGGTTTTGTATGATCAAAATCATAGCTACATGAATATCTTTT
TCTGCTAATTTAAAATCGCATGCCCTGTAGCACCTGTGACTTGGGTTGCTAAATGTCTGTGAAACTGTAATTGAGTCAGTCAGTGAAAGAGACAACAGGCTTTTGGCTAATTGCCACTGAATGCTTTAGAAACTGCTGGTTTGATACCACAAAAAGATGCCTCTTCAGTAGAATTGGTGTAACAGGAATGATTGTATTGCACGTAGTTAAGCTGAAAAAGTTTAAAGCTTATGGTGAAATATTGCCAAGAGATTGTGTGTTTGGCCCTGCGCTAATGGTTTTGTATGATCAAAATCATAGCTACATGAATATCTTTT
TCTGCTAATTTAAAATCGCATGCCCTGTAGCACCTGTGACTTGGGTTGCTAAATGTCTGTGAAACTGTAATTGAGTCAGTCAGTGAAAGAGACAACAGGCTTTTGGCTAATTGCCACTGAATGCTTTAGAAACTGCTGGTTTGATACCACAAAAAGATGCCTCTTCAGTAGAATTGGTGTAACAGGAATGATTGTATTGCACGTAGTTAAGCTGAAAAAGTTTAAAGCTTATGGTGAAATATTGCCAAGAGATTGTGTGTTTGGCCCTGCGCTAATGGTTTTGTATGATCAAAATCATAGCTACATGAATATCTTTT
TCTGCTAATTTAAAATCGCATGCCCTGTAGCACCTGTGACTTGGGTTGCTAAATGTCTGTGAAACTGTAATTGAGTCAGTCAGTGAAAGAGACAACAGGCTTTTGGCTAATTGCCACTGAATGCTTTAGAAACTGCTGGTTTGATACCACAAAAAGATGCCTCTTCAGTAGAATTGGTGTAACAGGAATGATTGTATTGCACGTAGTTAAGCTGAAAAAGTTTAAAGCTTATGGTGAAATATTGCCAAGAGATTGTGTGTTTGGCCCTGCGCTAATGGTTTTGTATGATCAAAATCATAGCTACATGAATATCTTTT
TCTGCTAATTTAAAATCGCATGCCCTGTAGCACCTGTGACTTGGGTTGCTAAATGTCTGTGAAACTGTAATTGAGTCAGTCAGTGAAAGAGACAACAGGCTTTTGGCTAATTGCCACTGAATGCTTTAGAAACTGCTGGTTTGATACCACAAAAAGATGCCTCTTCAGTAGAATTGGTGTAACAGGAATGATTGTATTGCACGTAGTTAAGCTGAAAAAGTTTAAAGCTTATGGTGAAATATTGCCAAGAGATTGTGTGTTTGGCCCTGCGCTAATGGTTTTGTATGATCAAAATCATAGCTACATGAATATCTTTT
AGCAAAAGAAGGTGTCAAGCAGCTACTCAAACAAGGATCAGTGCAGAAGGAATTGACATGAAAACATTGCACTCTAGTGACCCACTGAGCACTTTGAAGCTGCTGCTGGCTGAAATCACTGATAGGCACCAGGGAACCAAGGATGTCCAGAGGCCAGCCA
AGCAAAAGAAGGTGTCAAGCAGCTACTCAAACAAGGATCAGTGCAGAAGGAATTGACATGAAAACATTGCACTCTAGTGACCCACTGAGCACTTTGAAGCTGCTGCTGGCTGAAATCACTGATAGGCACCAGGGAACCAAGGATGTCCAGAGGCCAGCCA
AGCAAAAGAAGGTGTCAAGCAGCTACTCAAACAAGGATCAGTGCAGAAGGAATTGACATGAAAACATTGCACTCTAGTGACCCACTGAGCACTTTGAAGCTGCTGCTGGCTGAAATCACTGATAGGCACCAGGGAACCAAGGATGTCCAGAGGCCAGCCA
AGATCCTGTTTTGTATATGTGAGCACACAATGCAGTTACCGTTCCTAACCAACTTCTTGAATCATGACTAATAATGGCAAAATCTTTTCATATATTGCACTTTGAAAGCCTAGAATTTCTTTTTAAATGGCTTGTTTATGTGAAATTCCCCAAATGGATGCCTAATGAAGTCTTACTTAGTAAAAGAATACTAATGTACTAGTTGGGAGCATACTGCTGTACTGGGCAACAGATGTACAAGAGAGCCTATAGGCTCCTCTCCTGTCACAAACTATAAATAGTGGATAGGTACTTAGATTACTGCCTGCAACTACTGC
AGATCCTGTTTTGTATATGTGAGCACACAATGCAGTTACCGTTCCTAACCAACTTCTTGAATCATGACTAATAATGGCAAAATCTTTTCATATATTGCACTTTGAAAGCCTAGAATTTCTTTTTAAATGGCTTGTTTATGTGAAATTCCCCAAATGGATGCCTAATGAAGTCTTACTTAGTAAAAGAATACTAATGTACTAGTTGGGAGCATACTGCTGTACTGGGCAACAGATGTACAAGAGAGCCTATAGGCTCCTCTCCTGTCACAAACTATAAATAGTGGATAGGTACTTAGATTACTGCCTGCAACTACTGC
AGATCCTGTTTTGTATATGTGAGCACACAATGCAGTTACCGTTCCTAACCAACTTCTTGAATCATGACTAATAATGGCAAAATCTTTTCATATATTGCACTTTGAAAGCCTAGAATTTCTTTTTAAATGGCTTGTTTATGTGAAATTCCCCAAATGGATGCCTAATGAAGTCTTACTTAGTAAAAGAATACTAATGTACTAGTTGGGAGCATACTGCTGTACTGGGCAACAGATGTACAAGAGAGCCTATAGGCTCCTCTCCTGTCACAAACTATAAATAGTGGATAGGTACTTAGATTACTGCCTGCAACTACTGC
AGATCCTGTTTTGTATATGTGAGCACACAATGCAGTTACCGTTCCTAACCAACTTCTTGAATCATGACTAATAATGGCAAAATCTTTTCATATATTGCACTTTGAAAGCCTAGAATTTCTTTTTAAATGGCTTGTTTATGTGAAATTCCCCAAATGGATGCCTAATGAAGTCTTACTTAGTAAAAGAATACTAATGTACTAGTTGGGAGCATACTGCTGTACTGGGCAACAGATGTACAAGAGAGCCTATAGGCTCCTCTCCTGTCACAAACTATAAATAGTGGATAGGTACTTAGATTACTGCCTGCAACTACTGC
AGATCCTGTTTTGTATATGTGAGCACACAATGCAGTTACCGTTCCTAACCAACTTCTTGAATCATGACTAATAATGGCAAAATCTTTTCATATATTGCACTTTGAAAGCCTAGAATTTCTTTTTAAATGGCTTGTTTATGTGAAATTCCCCAAATGGATGCCTAATGAAGTCTTACTTAGTAAAAGAATACTAATGTACTAGTTGGGAGCATACTGCTGTACTGGGCAACAGATGTACAAGAGAGCCTATAGGCTCCTCTCCTGTCACAAACTATAAATAGTGGATAGGTACTTAGATTACTGCCTGCAACTACTGC
TTTTTCCAGAAGTATGGCTATCAGTCACGAGACAAAGAAGAGTCAGGATGTGAGCACAAAGTCAGTGACTCAGCCTCGGAGTTGGATGTGTGTGAAGACCTTCAGATGCCTGGTGTGGAGGGTGATCTGTCCGATCCATGTGTTCCAAGCAGTTCTGTTTCTGAAAATCTCCTACTACGCAGCCCACAGCTTTCAGATTTTGGACT
TTTTTCCAGAAGTATGGCTATCAGTCACGAGACAAAGAAGAGTCAGGATGTGAGCACAAAGTCAGTGACTCAGCCTCGGAGTTGGATGTGTGTGAAGACCTTCAGATGCCTGGTGTGGAGGGTGATCTGTCCGATCCATGTGTTCCAAGCAGTTCTGTTTCTGAAAATCTCCTACTACGCAGCCCACAGCTTTCAGATTTTGGACT
TTTTTCCAGAAGTATGGCTATCAGTCACGAGACAAAGAAGAGTCAGGATGTGAGCACAAAGTCAGTGACTCAGCCTCGGAGTTGGATGTGTGTGAAGACCTTCAGATGCCTGGTGTGGAGGGTGATCTGTCCGATCCATGTGTTCCAAGCAGTTCTGTTTCTGAAAATCTCCTACTACGCAGCCCACAGCTTTCAGATTTTGGACT
TTTTTCCAGAAGTATGGCTATCAGTCACGAGACAAAGAAGAGTCAGGATGTGAGCACAAAGTCAGTGACTCAGCCTCGGAGTTGGATGTGTGTGAAGACCTTCAGATGCCTGGTGTGGAGGGTGATCTGTCCGATCCATGTGTTCCAAGCAGTTCTGTTTCTGAAAATCTCCTACTACGCAGCCCACAGCTTTCAGATTTTGGACT
TGGGAGAAACTAATGAGCACAAAACCGATAACCCAAGCAGAGATTTCCAGGGCTATCCAGATTCACGGGACATGTTAAGAAATGCTTGGACTGATACAAGAGCCACCAAGAATGCTGATAATTCTGCTAATGTTCATCCTGTAAACCAGCTGAGTACGACAAAGTTTACTATGACTGCACATCATAGTAAACCTGAGATTATTCAACAAGAGCTGGCCTTCCATCCTCATTCTGAACAAAGCAAGAAGAGGAGTATGGAGTCAACACTGGGTCACCAGAAACCTTCCTTACGAAGCATTACATCT
TGGGAGAAACTAATGAGCACAAAACCGATAACCCAAGCAGAGATTTCCAGGGCTATCCAGATTCACGGGACATGTTAAGAAATGCTTGGACTGATACAAGAGCCACCAAGAATGCTGATAATTCTGCTAATGTTCATCCTGTAAACCAGCTGAGTACGACAAAGTTTACTATGACTGCACATCATAGTAAACCTGAGATTATTCAACAAGAGCTGGCCTTCCATCCTCATTCTGAACAAAGCAAGAAGAGGAGTATGGAGTCAACACTGGGTCACCAGAAACCTTCCTTACGAAGCATTACATCT
TGGGAGAAACTAATGAGCACAAAACCGATAACCCAAGCAGAGATTTCCAGGGCTATCCAGATTCACGGGACATGTTAAGAAATGCTTGGACTGATACAAGAGCCACCAAGAATGCTGATAATTCTGCTAATGTTCATCCTGTAAACCAGCTGAGTACGACAAAGTTTACTATGACTGCACATCATAGTAAACCTGAGATTATTCAACAAGAGCTGGCCTTCCATCCTCATTCTGAACAAAGCAAGAAGAGGAGTATGGAGTCAACACTGGGTCACCAGAAACCTTCCTTACGAAGCATTACATCT
TGGGAGAAACTAATGAGCACAAAACCGATAACCCAAGCAGAGATTTCCAGGGCTATCCAGATTCACGGGACATGTTAAGAAATGCTTGGACTGATACAAGAGCCACCAAGAATGCTGATAATTCTGCTAATGTTCATCCTGTAAACCAGCTGAGTACGACAAAGTTTACTATGACTGCACATCATAGTAAACCTGAGATTATTCAACAAGAGCTGGCCTTCCATCCTCATTCTGAACAAAGCAAGAAGAGGAGTATGGAGTCAACACTGGGTCACCAGAAACCTTCCTTACGAAGCATTACATCT
TGGGAGAAACTAATGAGCACAAAACCGATAACCCAAGCAGAGATTTCCAGGGCTATCCAGATTCACGGGACATGTTAAGAAATGCTTGGACTGATACAAGAGCCACCAAGAATGCTGATAATTCTGCTAATGTTCATCCTGTAAACCAGCTGAGTACGACAAAGTTTACTATGACTGCACATCATAGTAAACCTGAGATTATTCAACAAGAGCTGGCCTTCCATCCTCATTCTGAACAAAGCAAGAAGAGGAGTATGGAGTCAACACTGGGTCACCAGAAACCTTCCTTACGAAGCATTACATCT
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C.1 Proteostasis Regulators (Plate et al. 2016)

Table C.1: Source and supplier information of compounds selected from (Plate, Cooley, et al. 2016) for use as Chinese Hamster Ovary
(CHO) cell culture enhancers.
Includes Internal chemical index, source chemical index, IUPAC nomenclature, compound molecular weight, CAS number and supplier for each compound.
Compounds were re-suspended at 20mM concentration in DMSO upon arrival and stored at -20°C.

Index Source Index IUPAC Name Molecular Weight CAS No. Vendor

C1 5 4-bromo-N’-butylbenzohydrazide 271.2 537672-41-6 Life Chemicals, Ontario, Canada

C2 132
1-(4-fluorophenyl)-3-[(2-hydroxy-5-
methylphenyl)amino]-2-propen-1-one

271.3 692275-04-0 ChemBridge, CA, USA

C3 145
N-(2-hydroxy-5-methylphenyl)-5-
propylisoxazole-3-carboxamide

260.3 912799-53-2 Chemical Diversity, CA, USA

C4 147
N-(2-hydroxy-5-methylphenyl)-3-
phenylpropanamide

255.3 393121-74-9 ChemBridge, CA, USA

C5 148
N-(2-hydroxy-5-methylphenyl)-2-((5-methyl-
4-nitro-1H-pyrazol-3-yl)thio)acetamide

322.3 702665-14-3 Chemical Diversity, CA, USA

C6 238
3-(3-chlorophenyl)-5-(4-
hydroxybenzylidene)-2,4-imidazolidinedione

314.7 97310-82-2 ChemBridge, CA, USA

C7 263
2-hydroxybenzaldehyde-(4-
nitrophenyl)hydrazone

257.2 3155-24-6 Life Chemicals, Ontario, Canada
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C.2 Compounds Sourced from AstraZeneca Open Innovation

Table C.2: Information sheet for preliminary hit compounds in chapter 6.
The table contains the internal compound index, mechanistic category, and the phenotypic toxicities rescued by compounds in the ’Phenotypic Hit’ category.
The ’hit group’ by which each compound was identified in section 6.2.2.4 is listed along with the assessed concentrations in the secondary and tertiary screening
rounds. During the preliminary screen every compound was evaluated at 10.00µm and 100.00µm Molecular weights have been restricted to the nearest whole
number for intellectual property protection purposes.

Compound Phenotypic Hit Assays Preliminary Secondary Screen Tertiary Screen

ID
M.W. Compound Category

(Toxicities Rescued) Hit Group Concentrations (µm)

M1 316 Phenotypic Hit C9orf72-PR50 & FUS G3 100.00 25.00 6.25 20.00 6.00 1.80

M2 349 Phenotypic Hit C9orf72-PR50 & FUS G3 100.00 25.00 6.25 40.00 12.00 3.60

M3 284 Phenotypic Hit FUS G1 100.00 25.00 6.25 40.00 12.00 3.60

M4 382 Phenotypic Hit TDP-43 G3 100.00 25.00 6.25 40.00 12.00 3.60

M5 914 Rapamycin n/a G3 100.00 25.00 6.25 40.00 12.00 3.60

M6 388 HSP90 modulators n/a G3 100.00 25.00 6.25 20.00 6.00 1.80

M7 349 Phenotypic Hit TDP-43 and FUS G3 100.00 25.00 6.25 n/a

M8 241 Phenotypic Hit FUS G3 100.00 25.00 6.25 n/a

M9 572 Phenotypic Hit TDP-43 G3 100.00 25.00 6.25 100.00 30.00 9.00

M10 281 Phenotypic Hit TDP-43 G1 100.00 25.00 6.25 100.00 30.00 9.00

M11 409 Phenotypic Hit FUS G1 100.00 25.00 6.25 40.00 12.00 3.60

M12 306 HSP90 modulators n/a G1 100.00 25.00 6.25 200.00 60.00 18.00

M13 356 Phenotypic Hit TDP-43 G3 100.00 25.00 6.25 40.00 12.00 3.60

M14 449 Phenotypic Hit TDP-43 G3 100.00 25.00 6.25 40.00 12.00 3.60

M15 365 Phenotypic Hit TDP-43 G3 100.00 25.00 6.25 n/a

M16 312 Htt Aggregation (BMCL) n/a G3 100.00 25.00 6.25 20.00 6.00 1.80

M17 386 DisAgg. Stress Granules n/a G3 100.00 25.00 6.25 200.00 60.00 18.00

M18 347 DisAgg. Stress Granules n/a G3 100.00 25.00 6.25 200.00 60.00 18.00

M19 402 p38 MAPK inhibitors n/a G3 100.00 25.00 6.25 200.00 60.00 18.00

M20 958 Rapamycin Analogue n/a G3 100.00 25.00 6.25 100.00 30.00 9.00

M21 418 HSP90 modulators n/a G1 100.00 25.00 6.25 n/a
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Compound Phenotypic Hit Assays Preliminary Secondary Screen Tertiary Screen

ID
M.W. Compound Category

(Toxicities Rescued) Hit Group Concentrations (µm)

M22 463 Phenotypic hit TDP-43, C9orf72-PR50 & FUS G3 100.00 25.00 6.25 40.00 12.00 3.60

M23 434 DisAgg. Stress Granules n/a G3 100.00 25.00 6.25 40.00 12.00 3.60

M24 388 RIPK1 modulators n/a G2 100.00 25.00 6.25 40.00 12.00 3.60

M25 288 Htt Aggregation (BMCL) n/a G1 n/a 100.00 30.00 9.00

M26 342 Phenotypic Hit TDP-43 G3 100.00 25.00 6.25 40.00 12.00 3.60

M27 396 Phenotypic Hit TDP-43 G3 100.00 25.00 6.25 40.00 12.00 3.60

M28 412 Phenotypic Hit TDP-43 G2 100.00 25.00 6.25 40.00 12.00 3.60

M29 320 Htt Aggregation (BMCL) n/a G3 100.00 25.00 6.25 40.00 12.00 3.60

M30 404 p38 MAPK inhibitors n/a G3 100.00 25.00 6.25 40.00 12.00 3.60

M31 413 Phenotypic Hit TDP-43 , C9orf72-PR50 & FUS G3 100.00 25.00 6.25 100.00 30.00 9.00

M32 803 FKBP12 inhibitors n/a G2 100.00 25.00 6.25 40.00 12.00 3.60

M33 283 DisAgg. Stress Granules n/a G3 100.00 25.00 6.25 40.00 12.00 3.60

M34 392 Phenotypic Hit FUS G2 100.00 25.00 6.25 40.00 12.00 3.60

M35 356 Phenotypic Hit FUS R 100.00 25.00 6.25 40.00 12.00 3.60

M36 436 p38 MAPK inhibitors n/a G3 100.00 25.00 6.25 200.00 60.00 18.00

M37 333 Phenotypic Hit TDP-43 G3 100.00 25.00 6.25 100.00 30.00 9.00

M38 315 Phenotypic Hit FUS G3 100.00 25.00 6.25 n/a

M39 327 Phenotypic Hit FUS G3 100.00 25.00 6.25 40.00 12.00 3.60

M40 656 FKBP12 inhibitors n/a R 50.00 12.50 3.13 n/a

M41 466 Htt Aggregation (BMCL) n/a G3 50.00 12.50 3.13 n/a

M42 278 β-amyloid binders n/a G1 50.00 12.50 3.13 40.00 12.00 3.60

M43 383 Phenotypic Hit FUS R 50.00 12.50 3.13 100.00 30.00 9.00

M44 1202 Cyclophilin inhibitors n/a G1 50.00 12.50 3.13 20.00 6.00 1.80

M45 397 Phenotypic Hit C9orf72-PR50 & FUS G1 50.00 12.50 3.13 20.00 6.00 1.80

M46 443 Phenotypic Hit TDP-43 G1 50.00 12.50 3.13 200.00 60.00 18.00

M47 442 Phenotypic Hit TDP-43 G1 50.00 12.50 3.13 40.00 12.00 3.60

M48 388 Phenotypic Hit FUS G1 50.00 12.50 3.13 200.00 60.00 18.00

M49 329 Htt Aggregation (BMCL) n/a G3 50.00 12.50 3.13 8.00 2.40 0.72

M50 259 ALS aggregation inhib. (JMC) n/a G1 50.00 12.50 3.13 200.00 60.00 18.00
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Compound Phenotypic Hit Assays Preliminary Secondary Screen Tertiary Screen

ID
M.W. Compound Category

(Toxicities Rescued) Hit Group Concentrations (µm)

M51 338 DisAgg. Stress Granules n/a G1 50.00 12.50 3.13 n/a

M52 331 Phenotypic Hit C9orf72-PR50 & FUS G1 50.00 12.50 3.13 200.00 60.00 18.00

M53 237 Phenotypic Hit FUS G3 50.00 12.50 3.13 n/a

M54 1202 Cyclophilin inhibitors n/a R 50.00 12.50 3.13 200.00 60.00 18.00

M55 449 HSF1 activators n/a R 6.13 1.53 0.38 8.00 2.40 0.72

M56 301 Phenotypic Hit TDP-43 & FUS R 6.13 1.53 0.38 n/a

M57 330 HSF1 activators N/A R 6.13 1.53 0.38 n/a

M58 297 Phenotypic Hit TDP-43 R 6.13 1.53 0.38 n/a

M59 327 HSF1 activators n/a R 6.13 1.53 0.38 n/a

M60 351 Phenotypic Hit FUS G1 6.13 1.53 0.38 n/a

M61 426 HSF1 activators n/a G1 6.13 1.53 0.38 n/a

M62 230 RIPK1 modulators n/a G1 6.13 1.53 0.38 8.00 2.40 0.72

M63 358 p38 MAPK inhibitors n/a R 100.00 25.00 6.25 100.00 30.00 9.00

M64 331 RIPK1 modulators n/a R 100.00 25.00 6.25 100.00 30.00 9.00
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Automated, Rapid & Reproducible Measurement of

Immunoglobulin G using Opentrons OT-2 liquid

handling robot and Valita®TITER and

Valita®TITER Plus

Application Note

O. Swindley, H. Byrne

Introduction

Biologic drugs are the largest and fastest

growing segment of the Pharmaceutical in-

dustry, with sales of ¿500bn and an annual

growth of 8 % pa1. Their ability to target dis-

eases with high specificity results in improved

safety and effectiveness. However, this in-

creases the cost of manufacturing significantly

over their predecessors.

Every manufacturing process for potential

biologics begins with cell line development,

whether for clinical trials or market launch.

During cell line selection, thousands of sin-

gle cell clones are screened for optimal growth

and Immunoglobulin G (IgG) production at-

tributes to identify those best suited to manu-

facturing pipelines. This process requires ac-

curate and reproducible methodologies to en-

sure successful outcomes.

Commonly used methods for IgG quantifica-

tion require either high-cost, specialist equip-

ment or skilled personnel. Examples in-

clude High-Performance Liquid Chromatog-

raphy (HPLC) and surface interferometry,

or time-consuming assays such as Enzyme-

Linked Immunosorbent Assay (ELISA). Al-

though an ELISA is a well-established plate-

based method for protein quantification, it is

a lengthy multi-step process.

This article demonstrates the benefits of

Valita®TITER assay range when combined

with Opentrons OT-2 automation technol-

ogy and software. When used alongside

the Molecular Devices multi-mode iD5 plate

reader, this platform provides a cost-effective

reproducible solution for accurate IgG quan-

tification throughout drug manufacturing.

The data presented here shows the advan-

tages of integrating bench-top automation

into micro-titre plate-based assay work flows.

Opentrons OT-2 Liquid Handler

The Opentrons OT-2 is a fully customisable,

fast, precise and low-cost bench-top liquid

handler with the flexibility to run any plate

protocols. Equipped with 2 pipetting arms

and 11 lab ware positions, large protocols can

be completed without intervention.

Protocol development with the Opentrons

Python API 2.0 offers good flexibility and

control over experimental work flows. Al-

ternatively, a graphical protocol designer al-

lows quick generation of straight forward pro-

cesses. The protocol used here, in addition

to numerous others used at the University

of Sheffield, are freely available for use on

GitHub3 and are fully customizable via Open-

trons API. This is integrated with the flexi-

ble Labware Creator, to easily import custom

equipment.
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Valita®TITER and Valita®TITER

Plus Assay Principle

Valita®TITER and Valita®TITER Plus are

rapid, high-throughput assays; quantifying

IgG-Constant Domain of Antibody (Fc) in-

teractions with a fluorescently labelled deriva-

tive of protein G via fluorescence polarization

(Fluorescence Polarization (FP)).

Figure D.1: Assay Schematic of

Valita®TITER assay for IgG quantifi-
cation using Fluorescence Polarization4.
Each well of the plate is pre-coated with a
fluorescently labelled Fc-specific probe (1). An
IgG sample binds to the probe (2). Binding
is measured via fluorescence polarization and
rotational diffusion (3).

FP effectively analyses changes in the size

of molecules. “Fixed” fluorophores are ex-

cited by polarized light and preferentially

emit light in the same plane of polariza-

tion. The rotation of the molecules between

absorption and emission of the photon re-

sults in “twisting” the polarization of the

light. Small molecules tumble faster in solu-

tion than larger molecules. Hence, the change

in molecule size upon the fluorophore-IgG

binding can be detected using the degree of

light de-polarization. When the fluorescently

labelled IgG-binding peptide is unbound it

tumbles rapidly, depolarizing the light more

than when bound to an IgG.

The detection of FP involves excitation of

the solution with plane polarized light and

subsequent measurement of emitted light in-

tensity in both the parallel (polarized pro-

portion) and perpendicular (depolarized por-

tion) planes to the exciting light. The FP

is expressed as a normalised difference of the

two intensities, typically expressed in milli-

polarization units (Milli-Polarisation Units

(mP)).

Figure D.2: Valita®TITER assay
principle4.
The assay applies fluorescence polarization to
quantify IgG. Small, unbound molecules rotate
rapidly in solution (top), while large, bound
molecules rotate slowly (bottom).

Materials and Methods

Materials:

� Valita®TITER [Gen 2] Plus Assay kit;

� Valita®TITER [Gen 2] Assay Kit;

� Molecular Devices iD5 Multimode Plate

reader;

� Opentrons OT-2 Robot;

� Native Human IgG1 standard (BioRad,

Product Code: 5172-9017);

� CD-CHO medium (GibcoTM, Catalog No.

10743);

� Trough 12-channel (Axygen, Product No.

RES-MW12-HP-SI);

� Nunc 96-well U-bottom plate (Thermo

Scientific�, Catalog No. 168136);

� Optifit tips, 0.5 µl to 200 µl (Sartorius, Cat-

alog No. 790201)
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Method:

Human IgG standard was re-solubilised in

Phosphate-Buffered Saline (PBS) to a con-

centration of (5.00± 0.05) mg.ml−1 as per the

manufacturer’s instructions. Further dilu-

tions to working concentrations were carried

out in CD-CHO media.

The OT-2 trough was loaded with CD-

Chinese Hamster Ovary (CHO) media and

Human IgG1 standard, at 200 mg.l−1 or

2000 mg.l−1 for the Valita®TITER and

Valita®TITER Plus assays respectively. The

protocol was performed using the 8-channel

P300 pipetting arm. All aspects were per-

formed by the OT-2 as follows:

1. Media was added to columns 2-12, and

IgG1 standard to column 1 of the sample

plate.

2. A serial dilution of the IgG standard was

performed across columns 1-11 of the sam-

ple plate, resulting in 8 independent se-

rial dilutions. Column 12 contains assay

blanks.

3. Media was added to the Valita®TITER or

Valita®TITER Plus plates to reconstitute

the probe.

4. Samples were added to the Valita®TITER

or Valita®TITER Plus plates and mixed

thoroughly by pipetting.

5. Plates were incubated at room temperature

for 30 minutes and read on the iD5 plate

reader using the appropriate FP method

(outlined in Table 1 and 2).

The full python script for this work can be

found on GitHub3.

The OT-2 took 15 minutes to prepare each

96-well plate for analysis and could perform

up to 3 assays consecutively without user in-

tervention. The same experimental proce-

dures as described were completed by an ex-

perienced human operator, defined as hav-

ing completed at least 20 Valita®TITER or

Valita®TITER Plus assays.

Table D.1: Instrument settings for

Valita®TITER assay Fluorescence Polariza-
tion measurement on the iD5 reader

Setting Molecular

Devices iD5

Mode Fluorescence

Polarization

Excitation (nm) 485 (adjustable

bandwidth)

Emission (nm) 535 (adjustable

bandwidth)

Gain Low

G-factor 1.00

Attenuation 1 OD

Integration time (ms) 400

Read Height (mm) 4.66

Table D.2: Instrument settings for

Valita®TITER Plus Assay Fluorescence
Polarization measurement on the iD5 reader

Setting Molecular

Devices iD5

Mode Fluorescence

Polarization

Excitation (nm) 485 (adjustable

bandwidth)

Emission (nm) 535 (adjustable

bandwidth)

Gain Low

G-factor 1.00

Attenuation 3 OD

Integration time (ms) 400

Read Height (mm) 4.66
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Results

An investigation was carried out into the

technical reproducibility of replicate IgG

standard curve samples prepared using the

Opentrons OT-2 vs a human operator.

These were analysed by Valita®TITER and

Valita®TITER Plus assays. Technical repro-

ducibility was determined by comparing the

average StD and CV obtained between repli-

cate samples across three plates at varying

IgG concentrations.

Figure D.3 provides an overview of the OT-

2 performance. The average StD and CV

for each concentration was calculated for the

Figure D.3: Investigation into the technical reproducibility when prepared by the Open-
trons OT-2 liquid handling robot.

Investigation into the technical reproducibility of Valita®TITER (a) and Valita®TITER Plus (b) for IgG
quantification when prepared by the Opentrons OT-2 liquid handling robot and analysed using Molecular
Devices iD5 multimode plate reader. Reproducibility was determined by comparing the average Standard
Deviation (StD) and Coefficient of Variation (CV) obtained between replicate samples across three plates
at varying IgG concentrations..

Figure D.4: Performance assessment of the Opentrons OT-2 liquid handling robot in com-

parison to an experienced human operator for Valita®TITER (a) and Valita®TITER Plus
(b).
IgG was quantified by analysis on the Molecular Devices iD5 multi-mode plate reader. The average StD
and CV between replicate samples was obtained across three plates at varying IgG concentrations. The
dotted line at y=0 represents the StD or CV of the manual assays. The Change in Standard Deviation
(∆-StD) and Change in Coefficient of Variation (∆CV) represent the change in StD and CV, calculated
by the normalisation of the Opentrons OT-2 dataset against the manual dataset.
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replicate plates. These were then averaged

and plotted as the inter-plate average versus

concentration of IgG (in mg.l−1).

The Valita®TITER (Figure D.3a) StD and

CV weighted inter-plate averages (total av-

erage of individually averaged values) ob-

tained were 0.95 mP and 0.61 % respectively.

The Valita®TITER Plus (Figure D.3b) the

weighted inter-plate averages were 1.48 mP

and 1.04 % respectively.

In comparison the weighted inter-plate av-

erage StD and CV respectively for a hu-

man operator were 0.98 mP and 0.66 % for

Valita®TITER, and 1.85 mP and 1.30 % for

Valita®TITER Plus.

The performance of the Opentrons OT-2 and

the human operator were directly compared

in Figure D.4. The ∆-StD and ∆CV repre-

sent the change in StD and CV of the OT-

2 dataset when normalised against the man-

ual dataset, represented by the dotted line

at y=0. The ∆-StD and Change in Co-

efficient of Variation (∆-%CV) of the OT-

2 in comparison with the human operator

is shown for the Valita®TITER assay (Fig-

ure D.4a) and Valita®TITER Plus assay

(Figure D.4b). The average inter-plate ∆-

StD and ∆CV obtained was −0.04 mP and

−0.06 % for Valita®TITER, and −0.37 mP

and −0.26 % for Valita®TITER, respectively.

Discussion and Conclusions

The accurate and reproducible quantification

of IgG is essential throughout drug discovery

and development. The results presented here

demonstrate that the addition of automation

into experimental work flows can offer several

key advantages such as increased work flow

capacity, whilst maintaining or improving re-

producibility and reliability of data.

From the presented data, it can be con-

cluded that the Opentrons OT-2 liquid han-

dling robot performs the Valita®TITER as-

says with the same consistency and precision

as a human operator, with very similar StD

and %CV values observed across the assay

concentration range. Additionally, when per-

forming the Valita®TITER Plus assay, the

Opentrons OT-2 outperformed the human

operator reducing both the StD and Percent-

age Coefficient of Variation (%CV) in 80 % of

the data points along the standard curve.

Combining the Valita®TITER assay range

with Opentrons OT-2 liquid handling robot

provides a cost effective, reproducible solu-

tion to the accurate quantification of IgG

throughout drug manufacturing, with the

benefit of freeing up user time.

Abbreviations

ELISA Enzyme-Linked Im-

munosorbent Assay

FP Fluorescence Polarization

HPLC High-Pressure Liquid Chro-

matography

IgG Immunoglobulin G

PBS Phosphate-Buffered Saline

mP Milli-polarization Units

StD Standard Deviation

∆-StD Change in Standard Devia-

tion

CV Coefficient of Variation

∆CV Change in Coefficient of

Variation
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E.1 Valaitacell-Opentrons App Note

#Readme:

#Protocol: Valitatiter Assay, full plate standard curve for ValitaCell Opentrons Assessment

#Author: Oscar Swindley <oswindley1@sheffield.ac.uk>

#Proceed with caution if any modifications are made (dilutions, volumes, not full plate)

# Version 4.0

# Date: 30Jan20

#Enjoy!!!

#Notes:

#Please confirm ’labware’ matches labwere section below, including correct tip box types and tip sizes

#For trough (Volumes in 25% excess):

#CD-CHO = Cols 2-4. Min volume 18.0ml

#IgG Standard at final concentration = Col 1. Min volume 7.5ml

#Current protocol for nunc 96 well plates, check dimensions if using different plates

# imports

from opentrons import protocol_api

# metadata

metadata = {

’apiLevel’: ’2.0’,

’protocolName’: ’ValitaTiterAssay_1in20’,

’author’: ’Oscar Swindley <oswindley1@sheffield.co.uk>’,

’description’: ’First python protocol, ValitaTiterAssay, 1in15 sample dilution’,

}

def run(protocol: protocol_api.ProtocolContext):

# labware: Labware used in the protocol is loaded

plate_dil_1 = protocol.load_labware(’nunc_96_ubottom’, ’4’)

plate_vt_1 = protocol.load_labware(’valitacell_96_wellplate_150ul’, ’1’)

plate_dil_2 = protocol.load_labware(’nunc_96_ubottom’, ’5’)

plate_vt_2 = protocol.load_labware(’valitacell_96_wellplate_150ul’, ’2’)

plate_dil_3 = protocol.load_labware(’nunc_96_ubottom’, ’6’)

plate_vt_3 = protocol.load_labware(’valitacell_96_wellplate_150ul’, ’3’)

tip200_1 = protocol.load_labware(’opentrons_96_filtertiprack_200ul’, ’7’)

tip200_2 = protocol.load_labware(’opentrons_96_filtertiprack_200ul’, ’10’)

tip200_3 = protocol.load_labware(’opentrons_96_filtertiprack_200ul’, ’11’)

tip200_4 = protocol.load_labware(’opentrons_96_filtertiprack_200ul’, ’9’)

trough = protocol.load_labware(’axygen_12_reservior_22ml’, ’8’)

# pipettes and settings

p300m = protocol.load_instrument(’p300_multi’, mount=’right’,

tip_racks=[tip200_1, tip200_2, tip200_3, tip200_4])

p300m.flow_rate.aspirate = 100

p300m.flow_rate.dispense = 200

p300m.maximum_volume = 200

p300m.minimum_volume = 15

def VT_SC_Plate(trough_well, plate_dil, plate_vt): #FDefines running of VT_SC_Plate as a function

#Step1: Fill Dilution media to cols 2-12

p300m.pick_up_tip()

for i in range(11):

p300m.aspirate(100, trough.wells()[trough_well])

p300m.move_to(trough.wells()[trough_well].top(-20))

protocol.delay(seconds=1)

p300m.dispense(100, plate_dil.wells()[8*(i+1)])

protocol.delay(seconds=1)
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p300m.blow_out()

p300m.drop_tip()

#Step2: Add 222ul Standard to dil_plate Col-1

p300m.pick_up_tip()

p300m.mix(10, 190, trough.wells()[0])

protocol.delay(seconds=1)

p300m.blow_out(trough.wells()[0].top())

p300m.transfer(100, trough.wells()[0], plate_dil.wells()[0], new_tip=’never’)

protocol.delay(seconds=1)

p300m.blow_out()

p300m.transfer(122, trough.wells()[0], plate_dil.wells()[0], new_tip=’never’)

protocol.delay(seconds=1)

p300m.blow_out()

p300m.drop_tip()

#Step3: Dilute at ration of 0.6 accross cols 1-11

p300m.pick_up_tip()

for i in range(10):

p300m.transfer(122, plate_dil.wells()[8*i], plate_dil.wells()[8*(i+1)], mix_after=(6, 180),

new_tip=’never’)

protocol.delay(seconds=1)

p300m.blow_out(plate_dil.wells()[8*(i+1)].top())

p300m.drop_tip()

protocol.home()

#Step3: Add 60ul VT-Buff to VT plate

p300m.well_bottom_clearance.dispense = 7

p300m.pick_up_tip()

for i in range(12):

p300m.aspirate(60, trough.wells()[trough_well])

p300m.move_to(trough.wells()[trough_well].top(-20))

protocol.delay(seconds=1)

p300m.dispense(60, plate_vt.wells()[8*i])

protocol.delay(seconds=1)

p300m.blow_out(plate_vt.wells()[8*i].top())

p300m.drop_tip()

p300m.well_bottom_clearance.dispense = 1

protocol.home()

#Step 4: Add 60ul Dil.Sample to VT plate + mix.

for i in range(12):

p300m.pick_up_tip()

p300m.mix(5, 60, plate_dil.wells()[8*i])

p300m.blow_out(plate_dil.wells()[8*i].top())

p300m.transfer(60, plate_dil.wells()[8*i], plate_vt.wells()[8*i], mix_after=(6, 80),

new_tip=’never’)

protocol.delay(seconds=1)

p300m.blow_out(plate_vt.wells()[8*i].top())

p300m.drop_tip()

VT_SC_Plate(2, plate_dil_1, plate_vt_1) #Call function to runn VT_SC_Plate

protocol.home()

VT_SC_Plate(3, plate_dil_2, plate_vt_2)

protocol.home()

VT_SC_Plate(4, plate_dil_3, plate_vt_3)

#End of Protocol
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E.2 Lonza HTP Electroporation

#Readme:

#Protocol: 96well nucleofection with seeding into 24 SWP’s (70ul)

#Author: Oscar Swindley <oswindley1@sheffield.ac.uk>

#Please confirm ’labware’ matches labwere section below

#Proceed with caution if any modifications are made (dilutions, volumes, not full plate)

#Date: 05Feb2020

#Enjoy!!!

#README:

#First run prerequisite protocol 24well_Plate_Seed for the required plates (multiples of 4)

#Trough requires ’Nucleofection Solution’ in ’A1’ at start

#’Resuspended cells’ in ’A2’ (add when prompted), and pre-gassed media to ’A3’ when prompted

#TIPRACK: RESET tip200_1 (slot 7) requires only odd rows (A. C, E, G), tip300_2 (slot 10) even rows (B, D, F, H).

#This allows transfer from 96-well-plate to 24-well-plates

# imports

from opentrons import protocol_api

from itertools import product

# metadata

metadata = {

’apiLevel’: ’2.0’,

’protocolName’: ’96well_nucleofection_into24swps’,

’author’: ’Oscar Swindley <oswindley1@sheffield.co.uk>’,

’description’: ’Lonza Nucelofection protocol with 1.5-fold excess seeded into 24-SWP’s’

}

def run(protocol: protocol_api.ProtocolContext):

# labware

plate_stock = protocol.load_labware(’cornering_96_wellplate_500ul’, ’9’)

plate_dna = protocol.load_labware(’nunc_96_ubottom’, ’6’)

plate_nuc = protocol.load_labware(’lonza_96_electroporation’, ’3’)

trough = protocol.load_labware(’axygen_12_reservior_22ml’, ’8’)

tip200_1 = protocol.load_labware(’opentrons_96_filtertiprack_200ul’, ’7’)

tip200_2 = protocol.load_labware(’opentrons_96_filtertiprack_200ul’, ’10’)

tip200_3 = protocol.load_labware(’opentrons_96_filtertiprack_200ul’, ’11’)

plate24_1A = protocol.load_labware(’nunc_24_pseudo_a’, ’1’)

plate24_2B = protocol.load_labware(’nunc_24_pseudo_b’, ’2’)

plate24_3A = protocol.load_labware(’nunc_24_pseudo_a’, ’4’)

plate24_4B = protocol.load_labware(’nunc_24_pseudo_b’, ’5’)

# pipettes (& settings if different to defaults)

p300m = protocol.load_instrument(’p300_multi’, mount=’right’, tip_racks=[tip200_1, tip200_2])

p300m.flow_rate.aspirate = 100

p300m.flow_rate.dispense = 200

p300m.maximum_volume = 200

p300m.minimum_volume = 15

p50m = protocol.load_instrument(’p50_multi’, mount=’left’, tip_racks=[tip200_1, tip200_3])

#Step 1: Distrubute Nuc Solution to DNA plate

p50m.pick_up_tip()

for i in range(4):

p50m.aspirate(45, trough.wells()[0])

p50m.dispense(38, plate_dna.wells()[8*i])

protocol.delay(seconds=1)

p50m.blow_out(trough.wells()[0].top())

p50m.drop_tip()
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#Step 2: Distrubute DNA/RNA mix to DNA Plate

for i in range(4):

p50m.pick_up_tip()

p50m.mix(3, 50, plate_stock.wells()[8*i])

protocol.delay(seconds=1)

p50m.blow_out(plate_stock.wells()[8*i].top())

p50m.transfer(7, plate_stock.columns()[i], plate_dna.columns()[i], mix_after=(1, 40), new_tip=’never’)

protocol.delay(seconds=1)

p50m.blow_out(plate_dna.wells()[8*i].top())

p50m.drop_tip()

# Intervention 1: Insert pause to comfirm cells ready in trough column 2

protocol.pause()

protocol.comment(’ATTENTION: Ensure below criteria are met prior to resuming protocol.

Resuspended cells added to trough, position 8, column 2. Once complete click resume’)

#Step 3: Mix cells + transfer to DNA plate

p300m.pick_up_tip()

p300m.well_bottom_clearance.aspirate = 2

p300m.well_bottom_clearance.dispense = 10

for j in range(15):

p300m.aspirate(190, trough.wells_by_name()[’A2’], rate=3.0)

p300m.dispense(190, trough.wells_by_name()[’A2’], rate=3.0)

protocol.delay(seconds=1)

p300m.blow_out(trough.wells_by_name()[’A2’].top())

p300m.touch_tip()

p300m.drop_tip()

p300m.flow_rate.aspirate = 150

p300m.flow_rate.dispense = 200

p300m.well_bottom_clearance.aspirate = 1

p300m.well_bottom_clearance.dispense = 1

for i in range(4):

p50m.pick_up_tip()

p50m.well_bottom_clearance.aspirate = 2

p50m.well_bottom_clearance.dispense = 10

for j in range(5):

p50m.aspirate(50, trough.wells_by_name()[’A2’], rate=5.0)

p50m.dispense(50, trough.wells_by_name()[’A2’], rate=5.0)

p50m.well_bottom_clearance.aspirate = 1

p50m.well_bottom_clearance.dispense = 1

protocol.delay(seconds=1)

p50m.blow_out(trough.wells_by_name()[’A2’].top())

p50m.transfer(45, trough.wells(’A2’), plate_dna.wells()[8*i], new_tip=’never’,

mix_after=(2, 50), touch_tip=True)

protocol.delay(seconds=1)

p50m.blow_out(plate_dna.wells()[8*i])

p50m.drop_tip()

#Step 4: Distribute cells to nucleofection plate

for i in range(4): # loop for 4 columns on DNA setup plate

p50m.pick_up_tip()

p50m.mix(10, 50, plate_dna.wells()[8*i], rate=5.0)

protocol.delay(seconds=1)

p50m.blow_out(plate_dna.wells()[8*i].top())

for j in range(3): # Subloop for 3 replicates

p50m.mix(4, (50-10*j), plate_dna.wells()[8*i], rate=5.0)

p50m.blow_out(plate_dna.wells()[8*i].top())

protocol.delay(seconds=1.0)

p50m.well_bottom_clearance.dispense = 2.5

p50m.aspirate(25, plate_dna.wells()[8*i])
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p50m.dispense(20, plate_nuc.wells()[8*(3*i+j)])

protocol.delay(seconds=1.5)

p50m.well_bottom_clearance.dispense = 1

p50m.blow_out(plate_dna.wells()[8*i].top())

p50m.drop_tip()

#Intervention 3: Insert pause for electroporation

protocol.pause()

protocol.comment(’ATTENTION: Ensure below criteris are met prior to resuming protocol.

Perform electroporation and return nucleofection plate to position 3.

During electroporation, add pregassed media to trough, position 8, col 3.

Once complete click resume.’)

#Step 5: Add 80ul media to all wells

p300m.well_bottom_clearance.dispense = 12

p300m.pick_up_tip()

for i in range(12):

p300m.aspirate(80, trough.wells()[2])

p300m.dispense(80, plate_nuc.wells()[8*i])

protocol.delay(seconds=1)

p300m.blow_out(plate_nuc.wells()[8*i].top())

p300m.drop_tip()

p300m.well_bottom_clearance.dispense = 1

protocol.home()

#Intervention 4: Reset tipracks for seeding

protocol.pause()

protocol.comment(’ATTENTION: Ensure below criteria are met prior to resuming protocol.

Please reset tipracks as detailed below ready for seeding of cells.

tip200_1 (slot 7) Only odd rows or tips.

tip200_2 (slot 10) requires only even rows of tips.

Extended details in ReadME section of script.

Once complete click resume.’)

p300m.reset_tipracks() # Reset tipracks

#Step 8: Seed into 24SWPs

List_plate = [(0, plate24_1A, tip200_1),(0, plate24_2B, tip200_2),

(6, plate24_3A, tip200_1), (6, plate24_4B, tip200_2)]

for (j, plate24, tip), i in product(List_plate, range(6)):

isource = plate24.wells()[4*(i)]

idest_nuc = plate_nuc.wells()[8*(i+j)]

p300m.well_bottom_clearance.aspirate = 2.5

p300m.well_bottom_clearance.dispense = 2.5

p300m.pick_up_tip(tip[’A’ + str(i+j+1)])

for m in range(10):

p300m.aspirate(70, idest_nuc, rate=2.0)

p300m.dispense(70, idest_nuc, rate=2.0)

protocol.delay(seconds=1.0)

p300m.blow_out(plate_nuc.wells()[8*(j+i)].top())

protocol.delay(seconds=1.0)

p300m.aspirate(70, idest_nuc, rate=0.5)

p300m.well_bottom_clearance.aspirate = 1.0

p300m.well_bottom_clearance.dispense = 1.0

p300m.dispense(70, isource)

p300m.mix(2, 190, isource)

protocol.delay(seconds=1.0)

p300m.blow_out(isource.top())

p300m.drop_tip()

#END SCRIPT!!!
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E.3 Addition of culture media to 24-Shallow Well Plates (SWPs)

Readme:

#Protocol: 24Well plate seeding (630ul)

#Author: Oscar Swindley <oswindley1@sheffield.ac.uk>

#Please confirm ’labware’ matches labwere section below

#Proceed with caution if any modifications are made

#Date: 05Feb2020

#Enjoy!!!

#README:

# trough CD-CHO to columns 9 to 12 (18ml) for 4 plates

# Can seed 4 plates at a time

#TIPRACKS SETUP, Only include ODD rows of tips (A,C,E,G)

# imports

from opentrons import protocol_api

from itertools import product

# metadata

metadata = {

’apiLevel’: ’2.0’,

’protocolName’: ’24 _well_plate_seed’,

’author’: ’Oscar Swindley <oswindley1@sheffield.co.uk>’,

’description’: ’24Well plate seeding’}

def run(protocol: protocol_api.ProtocolContext):

# labware

trough = protocol.load_labware(’axygen_12_reservior_22ml’, ’8’)

tip300_1 = protocol.load_labware(’opentrons_96_tiprack_300ul’, ’7’)

tip300_2 = protocol.load_labware(’opentrons_96_tiprack_300ul’, ’10’)

plate24_1A = protocol.load_labware(’nunc_24_plate’, ’1’)

plate24_2A = protocol.load_labware(’nunc_24_plate’, ’2’)

plate24_3A = protocol.load_labware(’nunc_24_plate’, ’4’)

plate24_4A = protocol.load_labware(’nunc_24_plate’, ’5’)

# pipettes

p300m = protocol.load_instrument(’p300_multi’, mount=’right’, tip_racks=[tip300_1, tip300_2])

p300m.flow_rate.aspirate = 200

p300m.well_bottom_clearance.aspirate = 2

p300m.well_bottom_clearance.dispense = 2

#Step 1: Create list of trough wells and plate names:

list_plate1 = [(11, plate24_1A), (10, plate24_2A), (9, plate24_3A), (8, plate24_4A)]

# Creates function to seed plates.

for (col, plate24_1), j in product(list_plate1, range(6)):

p300m.pick_up_tip()

for i in range(3):

p300m.aspirate(20, trough.wells()[col].top())

p300m.aspirate(210, trough.wells()[col])

p300m.move_to(trough.wells()[col].top(-20))

protocol.delay(seconds=1.0)

p300m.dispense(220, plate24_1.wells()[4*j].top())

protocol.delay(seconds=1.0)

p300m.blow_out(plate24_1.wells()[4*j].top())

p300m.drop_tip()

# End Script
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E.4 Mid culture sampling and addition of feed

#Readme:

#Protocol: 24SWP sampling for Iprasense 100um (1in2), supernatants

#Author: Oscar Swindley <oswindley1@sheffield.ac.uk>

#Proceed with caution if any modifications are made

#Version 1.0

#Date: 05Feb2020

#Enjoy!!!

#README:

#trough requires CD-CHO in A1

#When prompted feed will be added to A3, RNA later and PBS to A5 and A6.

#tip300_1 (slot 7) requires only odd tips (A. C, E, G), tip300_2 (slot 10) requires even (B, D, F, H).

#nunc24swp-pseudoA/B is physicaly the same plate type as nunc24swp.

#Intentional miss-calibration allows compiling of 24-well-plates into 96-well-plates

#Remember to load second ip-slide after 1st is complete

#FOLLOW TIPRACK RESET INSTRUCTIONS CAREFULLY

# imports

from opentrons import protocol_api

from itertools import product

from opentrons import types

# metadata

metadata = {

’apiLevel’: ’2.0’,

’protocolName’: ’IprasenseSampling_24swp’,

’author’: ’Oscar Swindley <oswindley1@sheffield.co.uk>’,

’description’: ’Sampling 24_shallow_well_plate cultures for measurements on the iprasense

(including a dilution step) and western blot sample collection.}

def run(protocol: protocol_api.ProtocolContext):

# labware

plate_pel = protocol.load_labware(’nunc_96_ubottom’, ’9’)

plate_dil = protocol.load_labware(’nunc_96_ubottom’, ’6’)

plate_ip = protocol.load_labware(’iprasense_48_slide’, ’3’)

trough = protocol.load_labware(’axygen_12_reservior_22ml’, ’8’)

tip300_1 = protocol.load_labware(’opentrons_96_tiprack_300ul’, ’7’)

tip300_2 = protocol.load_labware(’opentrons_96_tiprack_300ul’, ’10’)

tip200_1 = protocol.load_labware(’opentrons_96_filtertiprack_200ul’, ’11’)

plate24_1A = protocol.load_labware(’nunc_24_pseudo_a’, ’1’)

plate24_2B = protocol.load_labware(’nunc_24_pseudo_b’, ’2’)

plate24_3A = protocol.load_labware(’nunc_24_pseudo_a’, ’4’)

plate24_4B = protocol.load_labware(’nunc_24_pseudo_b’, ’5’)

# pipettes (& settings if different to defaults)

p300m = protocol.load_instrument(’p300_multi’, mount=’right’, tip_racks=[tip300_1, tip300_2])

p50m = protocol.load_instrument(’p50_multi’, mount=’left’, tip_racks=[tip200_1])

#Protocol Start!!!:

#Step 1: Fill Dilution plate with 30ul media per well

p50m.pick_up_tip()

for i in range(12):

p50m.aspirate(35, trough.wells(’A1’))

p50m.dispense(30, plate_dil.columns()[i])

protocol.delay(seconds=0.5)

p50m.blow_out(trough.wells(’A1’))
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p50m.return_tip()

p50m.reset_tipracks()

#Step 2: Mix and transfer 300ul 24wp_culture 1 to supernatant plate, transfer 30ul into dilution plate

List_plate = [(0, plate24_1A, tip300_1, 0, 0), (3, plate24_1A, tip300_1, 1, 0),

(0, plate24_2B, tip300_2, 0, 0), (3, plate24_2B, tip300_2, 1, 0),

(0, plate24_3A, tip300_1, 2, 6), (3, plate24_3A, tip300_1, 3, 6),

(0, plate24_4B, tip300_2, 2, 6), (3, plate24_4B, tip300_2, 3, 6)]

#In list arguments 1-4 are: 24SWP number, 24SWP name, tiprack, column offset adjuster

p300m.well_bottom_clearance.aspirate = 1.0

p300m.well_bottom_clearance.dispense = 2.5

for (j, plate24, tip, k, l), i in product(List_plate, range(3)):

isource = plate24.wells()[4*(i+j)]

idest_intermediate = plate_dil.wells()[8*(i+j+l)]

idest_wb = plate_pel.wells()[8*k]

well_edge_x1 = isource.bottom().move(types.Point(x=5.5, y=0, z=1.5)) # defines well edges

well_edge_x2 = isource.bottom().move(types.Point(x=-5.5, y=0, z=1.5))

well_edge_y1 = isource.bottom().move(types.Point(x=0, y=3.75, z=1.5))

well_edge_y2 = isource.bottom().move(types.Point(x=0, y=-3.75, z=1.5))

p300m.pick_up_tip(tip[’A’ + str(i+k*3+1)]) #Selects tip to pick up

p300m.mix(1, 300, isource, rate=2.0)

for r in range(2):

p300m.aspirate(290, well_edge_x1, rate=2.0)

p300m.dispense(300, well_edge_x2, rate=3.0)

p300m.aspirate(290, well_edge_y1, rate=2.0)

p300m.dispense(300, well_edge_y2, rate=3.0)

p300m.aspirate(290, well_edge_x2, rate=2.0)

p300m.dispense(300, well_edge_x1, rate=3.0)

p300m.aspirate(290, well_edge_y2, rate=2.0)

p300m.dispense(300, well_edge_y1, rate=3.0)

p300m.mix(1, 300, isource, rate=2.0)

protocol.delay(seconds=1.0)

p300m.blow_out(isource.top())

p300m.transfer(30, isource, idest_intermediate, mix_after=(2, 45), new_tip=’never’)

protocol.delay(seconds=1)

p300m.blow_out(idest_intermediate.top())

p300m.mix(1, 300, isource, rate=2.0)

protocol.delay(seconds=1.0)

p300m.blow_out(isource.top())

p300m.transfer(75, isource, idest_wb, new_tip=’never’)

protocol.delay(seconds=1)

p300m.blow_out(idest_wb.top())

p300m.drop_tip()

p300m.well_bottom_clearance.aspirate = 1.0

p300m.well_bottom_clearance.dispense = 1.0

#Intervention 1:

protocol.home()

protocol.pause("ATTENTION: Replace ’tiprack-300-1’ in ’slot 7’ as follows:

Cols 1+2 odd rows, 3+4 even rows, rest of rack full.

Replace ’tiprack-300-2’ in slot 2 with a full rack.

Insert IP slide into slot 3 for odd wells.

Add feed to trough.A3")

p300m.reset_tipracks()

#Step 4: Feed Plates
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def Feed_Plate(plate_name):

p300m.pick_up_tip()

for i in range(6):

p300m.aspirate(10, trough.wells()[2].top())

p300m.aspirate(140, trough.wells()[2], rate=0.7)

p300m.move_to(trough.wells()[2].top(-20))

protocol.delay(seconds=1.0)

p300m.dispense(150, plate_name.wells()[4*i])

protocol.delay(seconds=1.0)

p300m.blow_out(plate_name.wells()[4*i].top())

p300m.drop_tip()

p300m.well_bottom_clearance.aspirate = 1.0

p300m.well_bottom_clearance.dispense = 15.0

Feed_Plate(plate24_1A)

Feed_Plate(plate24_3A)

Feed_Plate(plate24_2B)

Feed_Plate(plate24_4B)

p300m.well_bottom_clearance.aspirate = 1.0

p300m.well_bottom_clearance.dispense = 1.0

protocol.home()

#Function_create: Load into IP_slide

def IP_slide_load(x):

for i in range(6):

p50m.pick_up_tip()

p50m.mix(8, 50, plate_dil.wells()[8*(2*i+x)], rate=4.0)

protocol.delay(seconds=1)

p50m.blow_out(plate_dil.wells()[8*(2*i+x)].top())

p50m.aspirate(10, plate_dil.wells()[8*(2*i+x)].top())

p50m.flow_rate.aspirate = 25

p50m.flow_rate.dispense = 2.5

p50m.aspirate(9.0, plate_dil.wells()[8*(2*i+x)])

p50m.dispense(30, plate_ip.wells()[8*(2*i+x)])

protocol.delay(seconds=1.0)

p50m.flow_rate.aspirate = 50

p50m.flow_rate.dispense = 100

p50m.drop_tip()

#Step 3: Load into IP_slide 1, swaps slides, load IP_slide 2

IP_slide_load(0)

protocol.pause()

protocol.comment("ATTENTION: Replace loaded iprasense slide with empty slide.

Once complete click resume.

Once protocol resumes, run IP_slide one on Iprasense")

IP_slide_load(1)

protocol.home()

protocol.pause()

protocol.comment("ATTENTION: Replace dilution plate with empty nunc_96U

to take samples for qPCR")

#Step 4: Seperate 60ul from WB samples for qPCR

for i in range(4):

p300m.pick_up_tip()

p300m.mix(4, 200, plate_pel.wells()[8*i])

protocol.delay(seconds=1.0)

p300m.blow_out(plate_pel.wells()[8*i].top())

p300m.transfer(60, plate_pel.wells()[8*i], plate_dil.wells()[8*i], new_tip=’never’)

protocol.delay(seconds=1)
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p300m.blow_out(plate_dil.wells()[8*i].top())

p300m.drop_tip()

protocol.home()

protocol.pause()

protocol.comment("ATTENTION: Remove western blot at qPCR plates, pellet cells and return.

Add 8ml RNA_Later to trough A5. Add 8ml ice cold PBS to trough A6")

#Step 5: Add PBC to western blot samples and mix, Add RNA later to qPCR samples

p300m.well_bottom_clearance.aspirate = 1.0

p300m.well_bottom_clearance.dispense = 9.0

p300m.flow_rate.aspirate = 150

p300m.flow_rate.dispense = 50

p300m.pick_up_tip()

for i in range(4):

p300m.transfer(100, trough.wells(’A6’), plate_pel.wells()[8*i], new_tip=’never’)

protocol.delay(seconds=1)

p300m.blow_out(plate_pel.wells()[8*i].top())

p300m.drop_tip()

p300m.pick_up_tip()

for i in range(4):

p300m.transfer(100, trough.wells(’A5’), plate_dil.wells()[8*i], new_tip=’never’)

protocol.delay(seconds=1)

p300m.blow_out(plate_dil.wells()[8*i].top())

p300m.drop_tip()

#END SCRIPT!!!
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E.5 Harvest of 24-SWPs

#ReadME:

#Protocol: OS 24SWP Harvest Protocol. Iprasense load(100um 1in2) and supernatant collection

#Author: Oscar Swindley <oswindley1@sheffield.ac.uk>

#Proceed with caution if any modifications are made (dilutions, volumes, not full plate)

#Date: 05Feb20

#Enjoy!!!

#README:

#trough requires CD-CHO in col-1 for Iprasense intermediate plate dilution.

#tip300_1 (slot 7) requires only tips (A. C, E, G), tip300_2 (slot 10) requires even tips (B, D, F, H).

#Robot will pause for all interventions. Read on-screen instructions carefully

# imports

from opentrons import protocol_api

from itertools import product

from opentrons import types

# metadata

metadata = {

’apiLevel’: ’2.0’,

’protocolName’: ’24SWP harvest_with_IprasenseSampling_and_Titre_Sampling’,

’author’: ’Oscar Swindley <oswindley1@sheffield.co.uk>’,

’description’: ’Harvest 4 24_shallow_well_plate cultures for measurements on the iprasense.

Includes 1in2 dilution step. This require tricking the OT2 to use multichannels on 24

well plate. Also includes collecting supernatant samples for titre assays’}

def run(protocol: protocol_api.ProtocolContext):

# labware

plate_pel = protocol.load_labware(’corning_96_wellplate_360ul_flat’, ’9’)

plate_dil = protocol.load_labware(’nunc_96_ubottom’, ’6’)

plate_ip = protocol.load_labware(’iprasense_48_slide’, ’3’)

trough = protocol.load_labware(’axygen_12_reservior_22ml’, ’8’)

tip300_1 = protocol.load_labware(’opentrons_96_tiprack_300ul’, ’7’)

tip300_2 = protocol.load_labware(’opentrons_96_tiprack_300ul’, ’10’)

tip200_1 = protocol.load_labware(’opentrons_96_filtertiprack_200ul’, ’11’)

plate24_1A = protocol.load_labware(’nunc_24_pseudo_a’, ’1’)

plate24_2B = protocol.load_labware(’nunc_24_pseudo_b’, ’2’)

plate24_3A = protocol.load_labware(’nunc_24_pseudo_a’, ’4’)

plate24_4B = protocol.load_labware(’nunc_24_pseudo_b’, ’5’)

# pipettes (& settings if different to defaults)

p300m = protocol.load_instrument(’p300_multi’, mount=’right’, tip_racks=[tip300_1, tip300_2])

p50m = protocol.load_instrument(’p50_multi’, mount=’left’, tip_racks=[tip200_1])

#Protocol Start!!!:

#Step 1: Fill Dilution plate with 30ul media per well

p50m.pick_up_tip()

for i in range(12):

p50m.aspirate(35, trough.wells()[0])

p50m.dispense(30, plate_dil.wells()[8*i])

protocol.delay(seconds=0.5)

p50m.blow_out(trough.wells()[0])

p50m.return_tip()

p50m.reset_tipracks()
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#Step 2: Mix and transfer 300ul 24wp_culture into supernatant plate, transfer 30ul to dilution plate

List_plate = [(plate24_1A, tip300_1, 0), (plate24_2B, tip300_2, 0),

(plate24_3A, tip300_1, 6), (plate24_4B, tip300_2, 6)]

#In list arguments 1-4 are: 24SWP number, 24SWP name, tiprack, column offset adjuster

p300m.well_bottom_clearance.aspirate = 1.0

p300m.well_bottom_clearance.dispense = 2.5

for (plate24, tip, j), i in product(List_plate, range(6)):

isource = plate24.wells()[4*(i)]

idest_intermediate = plate_dil.wells()[8*(i+j)]

idest_supernatant = plate_pel.wells()[8*(i+j)]

well_edge_x1 = isource.bottom().move(types.Point(x=5.5, y=0, z=1.5))

well_edge_x2 = isource.bottom().move(types.Point(x=-5.5, y=0, z=1.5))

well_edge_y1 = isource.bottom().move(types.Point(x=0, y=3.75, z=1.5))

well_edge_y2 = isource.bottom().move(types.Point(x=0, y=-3.75, z=1.5))

p300m.pick_up_tip(tip[’A’ + str(i+j+1)]) #Chooses tip to pick up

p300m.mix(1, 300, isource, rate=2.0)

for r in range(2):

p300m.aspirate(290, well_edge_x1, rate=2.0)

p300m.dispense(300, well_edge_x2, rate=3.0)

p300m.aspirate(290, well_edge_y1, rate=2.0)

p300m.dispense(300, well_edge_y2, rate=3.0)

p300m.aspirate(290, well_edge_x2, rate=2.0)

p300m.dispense(300, well_edge_x1, rate=3.0)

p300m.aspirate(290, well_edge_y2, rate=2.0)

p300m.dispense(300, well_edge_y1, rate=3.0)

p300m.mix(1, 300, isource, rate=2.0)

protocol.delay(seconds=1.0)

p300m.blow_out(isource.top())

p300m.transfer(30, isource, idest_intermediate, mix_after=(2, 45), new_tip=’never’)

protocol.delay(seconds=1)

p300m.blow_out(idest_intermediate.top())

p300m.mix(1, 300, isource, rate=2.0)

protocol.delay(seconds=1.0)

p300m.blow_out(isource.top())

p300m.transfer(300, isource, idest_supernatant, new_tip=’never’)

protocol.delay(seconds=1)

p300m.blow_out(idest_supernatant.top())

p300m.drop_tip()

p300m.well_bottom_clearance.aspirate = 1.0

p300m.well_bottom_clearance.dispense = 1.0

#Function_create: Load into IP_slide

def IP_slide_load(x):

for i in range(6):

p50m.pick_up_tip()

p50m.mix(8, 50, plate_dil.wells()[8*(2*i+x)], rate=4.0)

protocol.delay(seconds=1)

p50m.blow_out(plate_dil.wells()[8*(2*i+x)].top())

p50m.aspirate(10, plate_dil.wells()[8*(2*i+x)].top())

p50m.flow_rate.aspirate = 25

p50m.flow_rate.dispense = 2.5

p50m.aspirate(9.0, plate_dil.wells()[8*(2*i+x)])

p50m.dispense(30, plate_ip.wells()[8*(2*i+x)])

protocol.delay(seconds=1.0)

p50m.flow_rate.aspirate = 50

p50m.flow_rate.dispense = 100

p50m.drop_tip()
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#Step 3: Load into IP_slide 1 - odd numbers

protocol.home()

protocol.pause()

protocol.comment("ATTENTION: Insert IP_slide 1 into position 3 (odd columns)")

IP_slide_load(0)

protocol.home()

protocol.pause()

protocol.comment("ATTENTION: Remove IP_slide 1 to read and replace with IP_slide 2.

Remove supernatant plate and pellet cells")

IP_slide_load(1)

#Step 5: Transfer supernatant into new plate

protocol.home()

protocol.pause()

protocol.comment("1: Remove IP_slide 2 to read.

2: Replace IP dilution plate with fresh nunc-96U for supernatant transfer.

3: Replace tip300_1 in ’slot 7’ with a full rack")

p300m.reset_tipracks() # Reset tipracks

p300m.flow_rate.aspirate = 50

p300m.well_bottom_clearance.aspirate = 2.5

p300m.well_bottom_clearance.dispense = 1

for i in range(12):

p300m.pick_up_tip()

p300m.transfer(190, plate_pel.wells()[8*i], plate_dil.wells()[8*i], new_tip=’never’)

protocol.delay(seconds=1)

p300m.blow_out(plate_dil.wells()[8*i].top())

p300m.drop_tip()

#End Protocol!!!
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E.6 ValitaTITER Assay - Variable Sample Dilution

#Readme:

#Protocol: Valitatiter Assay, full plate with 1in20 dilution

#Author: Oscar Swindley <oswindley1@sheffield.ac.uk>

#Proceed with caution if any modifications are made (dilutions, volumes, not full plate)

# Version 4.0

# Date: 25Dec2019

#Enjoy!!!

#Notes:

#Please confirm ’labware’ matches labwere section below, including correct tip box types and tip sizes

#Trough (Volumes in 25% excess): CD-CHO = Col1 min volume 18.0ml, VT_Buff = Col3 min volume 7.2ml

# For amending sample dilution, specify sample (s) and diluent (d) volumes here:

s = 10

d = 100-s

# imports

from opentrons import protocol_api

# metadata

metadata = {

’apiLevel’: ’2.0’,

’protocolName’: ’ValitaTiterAssay_1in20’,

’author’: ’Oscar Swindley <oswindley1@sheffield.co.uk>’,

’description’: ’First python protocol, ValitaTiterAssay, 1in15 sample dilution’,

}

def run(protocol: protocol_api.ProtocolContext):

# Labware in the protocol is loaded, format: variable = labware.load(’labware name’, ’Position on deck’)

plate_sample = protocol.load_labware(’corning_96_wellplate_360ul_flat’, ’1’)

plate_dil = protocol.load_labware(’nunc_96_ubottom’, ’5’)

plate_vt = protocol.load_labware(’valitacell_96_wellplate_150ul’, ’2’)

tip300_1 = protocol.load_labware(’opentrons_96_tiprack_300ul’, ’7’)

tip300_2 = protocol.load_labware(’opentrons_96_tiprack_300ul’, ’10’)

tip10_1 = protocol.load_labware(’opentrons_96_tiprack_10ul’, ’11’)

trough = protocol.load_labware(’axygen_12_reservior_22ml’, ’8’)

# pipettes and settings

p300m = protocol.load_instrument(’p300_multi’, mount=’right’, tip_racks=[tip300_1, tip300_2])

p10m = protocol.load_instrument(’p10_multi’, mount=’left’, tip_racks=[tip10_1])

#Step1: Fill Dilution plate 142.5ul

p300m.distribute(d, trough.wells(’A1’), plate_dil.wells(), touch_tip=True)

#Step2: Add 7.5ul Sample to Dilution Plate

p10m.transfer(s, plate_sample.wells(), plate_dil.wells(), mix_before=(3, 10),

mix_after=(1, 10), blow_out=True, new_tip=’always’)

#Step3: Add 60ul VT-Buff to VT plate

p300m.well_bottom_clearance.dispense = 5

p300m.distribute(60, trough.wells(’A1’), plate_vt.wells(), touch_tip=True)

p300m.well_bottom_clearance.dispense = 1

#Step 4: Add 60ul Dil.Sample to VT plate + mix.

p300m.transfer(60, plate_dil.wells(), plate_vt.wells(), mix_before=(3, 60),

mix_after=(5, 60), blow_out=True, new_tip=’always’, touch_tip=True)

#End of Protocol
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Bové, Jordi, Marta Mart́ınez-Vicente, and Miquel Vila (2011). “Fighting neurodegeneration with

rapamycin: Mechanistic insights”. In: Nature Reviews Neuroscience 12.8, pp. 437–452. doi:

10.1038/nrn3068.
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