
   

i 
 

 

 

 

 

 

 

 

 

Developing novel biosensors for monitoring 

antibody production in Chinese Hamster 

Ovary (CHO) cells 

 

Jessica Anne Willmott 

 

A thesis submitted for the degree of Doctor of Philosophy 

 

Faculty of Science 

School of Biosciences 

 

 

May 2022 



Abstract 

ii 
 

i. Abstract 

 

Chinese Hamster Ovary (CHO) cells are the preferred expression system used by the 

biopharmaceutical industry to produce monoclonal antibodies (mAbs). mAbs are typically transfected 

into CHO cells and single cell cloned during Cell Line Development (CLD). The resulting clonal lines are 

then selected for based on their growth and titre capabilities to ensure the highest titres of product 

during mass-manufacture. Due to the low culture volumes used in CLD however, the product quality 

(PQ) of the mAb such as its propensity to fragment and aggregate is not measurable until further down 

the production pipeline. This results in progression of clones which are not suitable for mass-

manufacture nor safe for patient usage, through CLD, before these undesirable qualities are identified. 

 

The aim of this thesis was therefore to identify a phenotypic fingerprint for clones with desirable 

product titre and quality characteristics, and to use this to develop a novel genetic reporter which 

could be used alongside current CLD selection techniques. To achieve this, a panel of mAbs with 

inherent PQ issues were transfected into CHO cells, and digital droplet PCR used to quantify RNA 

transcripts of chaperones related to protein folding in the resulting clones, as guided by the literature. 

The results showed that high expressing clones typically had lower levels of protein folding chaperones 

and Endoplasmic Reticulum (ER) stress molecules, in contrast to previous literature. Based on this 

data, an exogenous fluorescent reporter construct was generated using Calreticulin. The reporter 

expression replicated the negative relationship with titre during CLD processes and showed an ER-

localised fluorescent signal of Calreticulin on the Berkeley Lights Beacon. The titre relationship was 

also reproducible after progression from CLD into a fed-batch production study, during which the 

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

 

Taken together, this thesis gives preliminary evidence to the importance of correct protein folding in 

CHO clones to produce high quantity and quality mAb, and suggests the use of a fluorescent 

Calreticulin reporter construct can be predictive of clones for a multitude of mAb quality and quantity 

phenotypes at the earliest stages of CLD. 
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1. Introduction 

 

1.1. Monoclonal antibodies in the biopharmaceutical industry 
 

1.1.1. Monoclonal antibodies as a drug therapeutic 

Monoclonal antibodies (mAbs) describe an antibody that has a monovalent affinity to a single epitope 

(Breedveld, 2000). This specificity has led to mAbs becoming an extremely popular drug therapeutic 

as they can target specific disease markers (Buss et al., 2012; Pento, 2017). The first mAb therapy 

approved for use in humans was muromonab, a mAb therapy used for the prevention of kidney 

transplant rejection in 1986 (Todd and Brogden, 1989). Since then mAbs have become an incredibly 

popular disease treatment with mAb based therapeutics comprising over 50 % of newly approved 

drugs from 2015-2018 globally, and they continue to be one of the most lucrative classes of 

biopharmaceutical products. For example, eight of the top ten biopharmaceutical products by sales in 

2017 were mAb based; with total mAb sales reaching $123 billion in that year alone (Walsh, 2018). 

This pattern appears to only be increasing, with 5 novel antibody therapies approved in the US and EU 

in 2019 alone, as well as 13 awaiting marketing approval and a further 79 undergoing late stage clinical 

study (Kaplon et al., 2020). Perhaps one of the most successful examples is Adalimumab (Humira), 

which topped the biggest-selling drug list in 2018 (Urquhart, 2019). Adalimumab binds to and inhibits 

the tumour necrosis factor alpha (TNFh). TNFh  ƛǎ ŘȅǎǊŜƎǳƭŀǘŜŘ ƛƴ ŀ ƴǳƳōŜǊ ƻŦ ƛƴŦƭŀƳƳŀǘƻǊȅ ŀƴŘ ŀǳǘƻ-

immune conditions and has been trialled in many disease including rheumatoid arthritis, ankylosing 

spondylitis and psoriatic arthritis (Mease, 2007). 

The costs involved in developing a regulatory approved mAb therapy are high, with the costs of taking 

one pharmaceutical to market approval estimated to be over $2.5 billion in 2013 following a survey of 

106 recently approved drugs (DiMasi et al., 2016). These costs are then further exacerbated when 

considering that only 16 % of biopharmaceutical drugs that entered phase I of clinical trials between 

1993-2004 actually gained regulatory approval (DiMasi et al., 2010). Consideration needs to be taken 

into creating competitive pricing to compete with the biosimilars that emerge once the patent has 

expired (Ecker et al., 2015). Industry manufacturers therefore have to consider all of these factors 

when developing a cost-effective drug, and one important factor for this is the requirement to choose 

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

patients.  
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1.1.2. Expression systems for monoclonal antibody production 

A wide variety of expression systems are available for mAb expression and typically fall into three 

distinct categories: yeast, bacteria and mammalian (Verma et al., 1998). Bacteria such as E. coli are 

frequently used to express immunoglobulin fragments as they can produce large quantities of proteins 

and grow at a fast rate in comparison to other expression systems. However, E. coli are not able to 

glycosylate proteins, and thus whole antibody molecule expression is not possible (Verma et al., 1998). 

These problems can be resolved using yeast expression systems which are not only able to glycosylate 

proteins but can also form disulphide bonds and other post-translational modifications that are 

required for full format mAb expression. However, yeast have their own disadvantages; with evidence 

of hyperglycosylation and poor secretion efficiency found in some yeast systems (Bordes et al., 2007). 

Bacteria and yeast production systems therefore have their own merits, but as Walsh (2018) highlights 

in a review of current biopharmaceutical practices, the amount of mAbs expressed in mammalian cells 

is now greater than any other system. Before 1989, only 33 % of approved drugs were produced in 

mammalian cells, but between 2015-2018 this increased to 79 %. Walsh (2018) also showed that out 

of all mammalian expression systems the Chinese Hamster Ovary (CHO) system was the most popular 

choice, accounting for the expression system of over 80 % of all mammalian expressed mAbs. The 

popularity of the CHO cell line can be pin-pointed to its many beneficial characteristics for mAb 

production. Some of these factors are due to the inherent nature of CHO cells, whilst some are by-

products of the improvement of the expression systems over time. 

As a mammalian cell line one of the biggest benefits of using CHO cells for expressing mAb molecules 

designed for human usage is that the proteins expressed in CHO cells undergo similar post-

translational modifications as human proteins (Kim et al., 2012). Many benefits can also be seen in the 

ways CHO cells can be cultured. For example, CHO cells can be grown in serum-free media. Serum 

contains hormones, growth factors and lipids which are necessary for cell growth. However, serum 

can be a source of bacterial and viral contamination that can be dangerous to humans, and present 

significant batch to batch variability meaning that these contaminations cannot be reliably and 

consistently prevented (Yao et al., 2017). Further to this, serum is an animal derived product that 

raises substantial regulatory issues and as such biopharmaceutical industries exclude them from their 

culture conditions (Cho et al., 2017; Kelley, 2009; Ritacco et al., 2018). CHO cells are also easily 

adaptable to suspension culture meaning that they can be grown in large bioreactors, ultimately 

allowing for higher cell densities and subsequent mAb yields to be achieved (Lai et al., 2013). These 

characteristics, paired with the /Ih ŎŜƭƭΩǎ natural ability to produce large amounts of protein means 

that concentrations of up to 13 g/L of mAb are now achievable during fed-batch culture (Kelley, 2009). 

The CHO cells genome has also been edited to take advantage of powerful gene amplification systems, 
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such as the dihydrofolate reductase (DHFR) system for the CHO-DG44 host or the glutamine 

synthetase (GS) system for the CHO-GS -/ - host (Fan et al., 2012; Dahodwala and Lee, 2019). These 

systems will be discussed further in Chapter 1.1.3. 

Finally and perhaps most importantly, the CHO system has been used as an expression system for 

biotherapeutics since it was first used as the expression system for the recombinant protein tissue 

plasminogen activator (tPA), approved in 1986. As the CHO expression system already has prior 

approval by the FDA and over 30 years of safety data therefore it is not necessarily a cost-effective 

risk to move to a different expression system that would require new approval and safety testing (Kim 

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

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

 

1.1.3. History of the CHO Cell Line 

Chinese hamsters (Cricetulus griseus) were first used in the laboratory in 1919, where they replaced 

mice as disease models for typing pneumococci (Jayapal et al., 2007). Their subsequent use led to an 

increased interest in the genetics of Chinese Hamsters where they were discovered to have a low 

chromosome number for mammals (2n=22), comprising of 10 autosomal chromosome pairs and two 

sex chromosomes. As a result of this the Chinese hamster was used for extensive mutagenic and 

genomic studies (Wurm, 2013; Corbascio et al., 1962). It was not until 1957 however, that the first 

Chinese Hamster Ovary (CHO) cell was isolated from the hamster by Tjio and Puck, who isolated them 

for genetic studies. There they noted the cells from the ovary had a highly variable karyotype, with 

83.8 % of cells containing 22 chromosomes, but the remaining 16.2 % recording anywhere between 

21 to > 44 chromosomes (Tjio and Puck, 1958). The study also showed that they were particularly 

suited to cell culture due to their fast generation time and resilience in culture plates. Following their 

isolation the CHO cells were kept in culture for more than 10 months, where they showed a 

ΨǇŀǊǘƛŎǳƭŀǊƭȅ ƘŀǊŘȅ ŀƴŘ ǊŜƭƛŀōƭŜΩ ǇƘŜƴƻǘȅǇŜ ŀǎ ǘƘŜƛǊ ƎǊƻǿǘƘ ǊŀǘŜ ǿŀǎ ǎǳǎǘŀƛƴŜŘ ƻǾŜǊ ǘƘƛǎ ǘƛƳŜ ǿƘƛƭǎǘ 

other cell types dropped in growth rate suggesting that cultures could be expanded indefinitely (Puck 

et al., 1958). Puck et al. (1964) noted the CHO cell had a generation time of ~12.4 hours. CHO cells 

thereafter became an incredibly popular cell line for research over the years, particularly in cell cycle 

and toxicology studies. CHO cells have been used as toxicology models to study many different 

chemicals over the years, from caffeine (Fernandez et al., 2003) to cancer treatments such as cis-

platinum (Dritschilo et al., 1979). 

As the use of the immortal CHO cells became more prevalent, further studies were performed 

confirming the instability of the CHO genome. Worton et al. (1977) compared the karyotype of a 
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fibroblast from the Chinese hamster with a CHO cell line. The results showed the CHO cell line to have 

a considerably altered karyotype from the original Chinese hamster cell with significant chromosomal 

rearrangements, however the majority of the rearrangement could still be identified. (Dempsey, 2020) 

It was this interest in the CHO cell line genome that led on to the generation of new CHO cell lines 

over the years in a complex family tree based on CHO cloning and mutagenesis that ultimately resulted 

in the CHO clones used in biopharmaceutical manufacture today. This family tree can be seen in Figure 

1.1. Puck derived early clonal populations from the CHO cell line such as the CHO-K1 and CHO-Tobey 

lines (both named after those that worked on them) (Wurm, 2013). Gamma-ray induced mutagenesis 

ǎǘǳŘƛŜǎ ǿŜǊŜ ǘƘŜƴ ǇŜǊŦƻǊƳŜŘ ōȅ 5ǊΦ /ƘŀǎƛƴΩǎ ǘŜŀƳΣ ǿƘƻ ǿŜǊŜ ƛƴǘŜǊŜǎǘŜŘ ƛƴ ŘŜƭŜǘƛƴƎ ǘƘŜ 5ICw ŀŎǘivity 

of the CHO cell, in attempts to be able to use the DHFR mutants in metabolic studies related to cancer 

chemotherapies (Urlaub and Chasin, 1980). The CHO-DXB11 cell line was therefore produced, carrying 

a deletion of one DHFR locus and a missense mutation on the other (Urlaub and Chasin, 1980; Wurm, 

2013; Urlaub et al., 1983). It was soon realised that the cell line could be used for amplifying 

recombinant protein expression with the transgenesis of the DHFR gene (Wigler et al., 1980), and as 

such became the first CHO cell line used to generate an FDA approved drug ς tissue plasminogen 

activator (Wurm, 2013; Zhu et al., 2017). 

To this end, the mutagenesis and cloning of the CHO cell line resulted in a plethora of commercially 

available CHO clones that vary in features useful for drug manufacture, such as CHO-S clones that have 

been adapted to grow in suspension (Lewis et al., 2013), and the CHO K1- GS -/ - cell line designed by 

Lonza that amplifies signal in a similar mechanism to the DHFR -/ - mutant but with the knockout of 

Glutamine Synthetase instead (Fan et al., 2012). The DHFR enzyme catalyses the conversion of folate 

to tetrahydrofolate, which is crucial for the de-novo synthesis of purines and pyrimidines and 

subsequently, cell replication (Urlaub and Chasin, 1980). The CHO-DXB11 host contains the DHFR 

deletion, and thus cannot survive without the expression of the DHFR gene on the recombinant mAb 

DNA plasmid (Urlaub et al., 1986). Following transfection of the plasmid, the methotrexate (MTX) 

selection system is used to select for the CHO cells that have successfully expressed the plasmid. MTX 

binds to the DHFR enzyme, inhibiting cell replication, and thus only cells which has increased copies 

of the DHFR gene ς and subsequently high copies of the recombinant mAb ς will be selected for 

(Wurm, 2013; Urlaub and Chasin, 1980).  

The GS system was the gene amplification system used in this thesis, and the principle is similar to 

that of the DHFR selection system. Glutamine is produced when GS catalyses ammonia and glutamate. 

The GS knockout CHO system therefore cannot survive without Glutamine supplementation in the 

culture media, or integration of the GS gene on a recombinant plasmid seqǳŜƴŎŜΦ ¢ƻ ŀƳǇƭƛŦȅ ǘƘŜ ŎŜƭƭΩǎ 
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need to retain integrated gene sequences, methionine sulphoximine (MSX), which is an analogue of 

glutamate, can be added as an additional selection pressure. MSX irreversibly inhibits GS by binding 

to the glutamate site of the enzyme. Thus in the presence of MSX, only the cells that have been 

transfected, and integrated, sufficient GS gene sequence can produce glutamine and survive. 

Consequently, when using the CHO-GS -/ - host system, mAb gene sequences are transfected on a 

plasmid also containing an exogenous GS sequence. This then relates to the amplification of the mAb 

as the GS construct is expressed on the same plasmid, conferring that the cells that survive due to a 

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

The number of chromosomes in some CHO lineages, used in production capacities today, have 

changed unrecognisably to the first isolated CHO line (Vcelar et al., 2018). In a CHO DXB11 cell line for 

example, sequencing studies showed there to be high occurrences of haploidy compared to the 

original CHO genome (Kaas et al., 2015). The evolution of the CHO cell line into many commercially 

available options, can be seen in Figure 1.1. Whilst it was the plasticity of the CHO genome that helped 

it to become the expression system powerhouse of mAb production it is today, paired with the 

method of transfection by random integration into the genome, it became clear that there was highly 

heterogenous quantity and quality expression of mAb within individual cells of a CHO culture even 

after only a single transfection event (Ko et al., 2018). CHO heterogeneity has been shown 

experimentally whereby a single parental CHO cell expressing mAb was taken from a population and 

sub-cloned to generate 80 individual cell lines. Upon comparison, the sub clones showed a huge 

variation in proliferation and mAb titre, with mAb titre increasing up to 5x in comparison to the 

parental cell population (Davies et al., 2013).  

In attempt to mitigate this, regulatory bodies brought in strict manufacturing guidelines for the 

biopharmaceutical industry, requiring all mAb product produced in CHO cells to be derived from a 

single progenitor CHO cell to ensure the production characteristics are uniform within the population. 

¢ƘŜ ²ƻǊƭŘ IŜŀƭǘƘ hǊƎŀƴƛǎŀǘƛƻƴΩǎ 9ȄǇŜǊǘ /ƻƳƳƛǘǘŜŜ ǎǳƳƳŀǊƛǎŜ ǘƘƛǎ ǊŜǉǳƛǊŜƳŜƴǘ ƛƴ ǘƘŜƛǊ смst report of 

Biological Standardisation, stating that:  

 

 ΨFor proteins derived from transfection with recombinant plasmid DNA technology, a single fully 

documented round of cloning is sufficient, provided that product homogeneity and consistent 

characteristics are demonstrated throughout the production process and within a defined cell age 

ōŜȅƻƴŘ ǘƘŜ ǇǊƻŘǳŎǘƛƻƴ ǇǊƻŎŜǎǎΦΩ (World Health Organisation, 2013, pg. 111).  
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Figure 1.1. Evolution of the CHO Cell Line. 

The CHO cell lines used in the biopharmaceutical industry today have been adapted since the first CHO cell line 

was generated in 1957. Many CHO lines exist, each with specific characteristics that make them desirable for 

biopharmaceutics. The majority of these CHO lines were derived from three CHO family lines: CHO-Variant, CHO-

K1 and Cho Pro3-. Adapted from Lewis et al., 2013; Zhu et al., 2017; Xu et al., 2017b and Dempsey, 2020. 
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1.1.4. Cell Line Development  

The requirement of generating single cell derived clones from a CHO population is typically performed 

at the Cell Line Development (CLD) stage of biopharmaceutical manufacture. The CLD stage typically 

starts from transfection of the mAb gene sequence into the host cell line. Following recovery from 

transfection, the heterogenous mAb expressing cell populations are then single-cell isolated and 

scaled up to obtain clonal populations (Figure 1.2.). From here, the CHO clones are selected based on 

their growth and titre characteristics to ensure that the highest concentrations of mAb product can 

be produced and manufactured when the cells are cultured in large-scale bioreactors. The CLD 

workflow varies between different companies depending on the host cell line in use and the 

technology available to the CLD group. These workflows are not readily published however an example 

protocol of the CLD platform at GSK can be found in methods Section 2.4. 

Briefly, the first stage of CLD is the delivery of the gene of interest (GOI) into the CHO host. The mAb 

heavy and light chains are cloned into an expression plasmid that also contains a GS gene to allow for 

MSX selection, following the transfection of the expression plasmid into the CHO host by means of 

lipid transfection or electroporation. The transfected cells are then incubated with the MSX selection 

and left in static culture, in order to select for the clones with stable gene integration and with the 

highest amplification of the plasmid. A typical profile for this stage shows a rapid decline in cell viability 

as most of the cells in the culture are killed by the selection pressure. Normally, after ~3 weeks the 

culture viability recovers as the majority of cells are expressing the plasmids of interest and have 

become resistant to MSX. The resulting pre-clonal pools can then be scaled up and eventually 

transferred into shaking culture. During this process titre and viable cell count are used to triage any 

pools with poor characteristics. The resultant pre-clonal cell lines can then be single cell cloned. 

Single cell cloning during cell line development can take many forms, with many technologies available 

on the market. Earliest methods included the limited dilution method, as well as fluorescence 

activated cell sorting (FACS) (Diep et al., 2021). Perhaps the most advanced cloning platform, and the 

method used in this thesis, is the Beacon microfluidics platform by Berkeley Lights. The Beacon System 

combines nanofluidic technology, opto-electropositioning (OEP) and fluorescence microscopy to 

monitor single CHO cells in culture (Le et al., 2020). Up to 1750 cells can be single cell cloned into 

nanopens within a microfluidic chip and then incubated within these pens for several days (Figure 

1.2.B.). Following culture on the Beacon System (typically 5 days) the mAb titre of each clone can be 

ƳŜŀǎǳǊŜŘ ǳǎƛƴƎ .[LΩǎ ǇǊƻǇǊƛŜǘŀǊȅ on-chip Spotlight assay, a fluorescence based assay that binds to the 

expressed mAb within the pens. From here, the clonal populations can be selected for export from 

the Beacon based on their titre and growth characteristics. The Beacon System is a ground-breaking 

technique for clonality assurance as brightfield images are taken before and after cell load into the 
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nanopens to confirm clonality (Le et al., 2020; Berkeley Lights, 2022). This has resulted in improved 

clonality assurance values, with one study measuring clonality at 99.36 % for the Beacon compared to 

98.52 % by FACS and 96.08 % by a standard limited dilution method (Le et al., 2020).  

Following export the clonal cell lines undergo another round of scale-up, triaging at each stage for the 

best lines based on titre and viable cell count, again increasing in static culture until reaching shake 

flask cultures. This prevents the unnecessary cost and consumables of keeping poor producer cultures 

that will eventually be discarded further down the production pipeline. The final clonal populations 

with the best titres and growth characteristics are frozen and stored in cell banks for future use, as 

well as being passed onto the Upstream processing team for stability studies and product quality 

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

A) A CHO host cell line will be transfected with the mAb construct of interest, and an MSX selection pressure 

added to the culture media to ensure only mAb expressing clones survive. The resultant pre-clonal cell lines are 

scaled up into progressively larger culture vessels from static plate culture to shake flask culture. The pre-clonal 

pools are added to the Beacon System (BLI) to obtain single cell clones. Each cell is added to a separate nanopen 

and monitored for its growth and titre. Desired clones are exported into a 96 well plate, and the clonal cell lines 

are scaled up into progressively larger culture flasks. During this time the titre and growth of the clones are 

monitored, and undesirable clones are discarded. The final desirable clones are banked for storage (typically 

using Mr Frostys, Thermo Scientific), before being passed to the Upstream team for stability and product quality 

assessment. B) Image of the OptoSelect microfluidic chip used within the Beacon System (left) and an image of 

a representative chip following the performance of a Spotlight titre assay. Beacon chip image obtained from 

Berkeley Lights (2022). 
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The CLD process is an extremely effective method for selecting high producing CHO clones with good 

growth characteristics, however improvements in the process to further streamline selection of the 

highest producing CHO clones means that the CLD process is always evolving. Improvements in the 

plasmids used to express the gene of interest (GOI), transfection efficiency and selection attenuation 

are just a few examples of improvements seen to CLD in recent years (Lai et al., 2013). 

Another area of interest for CLD is the ability to select CHO clones for their characteristics other than 

just mAb titre and growth, such as product quality, at earlier stages. Currently, these features cannot 

be measured during CLD due to the amount of time they take to analyse, or the volume of cells 

required for investigation. Consequently, the quality of the mAb produced cannot typically be 

measured until Upstream processing. Product quality, such as the mAbs propensity to aggregate or 

become charged can have dangerous effects for patient safety as it can illicit immunogenic responses 

and effect drug efficacy (Li et al., 2016), but typically are not measured until purification of the culture 

media of a 15 day production study. Specific product quality attributes for mAb therapies are 

discussed in Section 1.2.5. 

The ability to predict these factors using cellular based assays and reporter genes during CLD is of key 

interest as it would help reduce the amount of undesirable cell lines that were progressed through 

CLD. To identify potentially relevant biological markers, the structure and folding of the mAb must be 

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

 

1.2.1. Antibody Function 

Antibodies are produced by the immune system of all vertebrates and recognise foreign antigens on 

the surface of pathogens and trigger their destruction by immune cells. Antibodies are produced 

exclusively by B lymphocytes, with genetic diversity to bind to specific targets conferred by the 

individual B lymphocyte that produces it (Kemler and Schaffner, 1990). It was then discovered that 

antibodies with a monovalent affinity for a specific disease marker could be used to target specific 

cells for ŘŜǎǘǊǳŎǘƛƻƴ ōȅ ǘƘŜ ǇŀǘƛŜƴǘΩǎ ƻǿƴ ƛƳƳǳƴŜ ǎȅǎǘŜƳ (Walsh, 2018). Trastuzumab for example 

revolutionised the treatment of a particularly aggressive form of breast cancer that overexpressed the 

Human Epidermal Growth Factor Receptor 2 (Her2) receptor (Carter et al., 1992). Trastuzumab was 

designed to bind to the Her2 receptor of the breast cancer cells, which ultimately marks them for 

destruction by natural killer cells of the immune system (Cooley et al., 1999) and prevents tumour cell 

growth by inhibiting the MAPK signalling pathway (Neve et al., 2001). 

Antibodies can also use other mechanisms of action to destroy diseased cells. They can have an 

antagonistic effect on disease targets by binding to and inhibiting the receptors that would typically 

cause pathological downstream signalling (Hansel et al., 2010; Verhoeven et al., 2018). Infliximab 

works by this mechanism of action for example. Infliximab inhibits Tumour Necrosis Factor alpha (TNF-

)h, a pro-inflammatory cytokineΣ ƻŦ ǿƘƛŎƘ ƛǘΩǎ overexpression is seen in a number of inflammatory and 

auto-immune disorders (Winterfield and Menter, 2004). mAbs can also target diseases by attracting 

and binding to components of the immune system after binding to a diseased cell receptor. The Fc 

receptor of the mAb can mark the cells for death by phagocytosis, or to natural killer cells that destroy 

the diseased cells by antibody-dependent cell-mediated cytotoxicity (ADCC). Similarly to ADCC the 

binding of mAbs can cause complement-dependent cytotoxicity (CDC), whereby the presence of the 

mAb on the antigen triggers the binding of the C1q protein to the antibody which in turn activates the 

membrane attack complex (MAC) (Beum et al., 2008), that ultimately causes cell lysis of the diseased 

cell (Lutterotti and Martin, 2008). Rituximab, used as a blood cancer treatment, uses both ADCC and 

CDC to target B cells expressing the cell surface antigen CD20. Rituximab therefore actively marks all 

B cells for apoptosis by immune cells, whilst avoiding terminally differentiated plasma cells. The 

immune system can then replace the depleted B cell population with healthy B cells from lymphoid 

stem cells, and approximately 6 months after finishing Rituximab treatment the pool of B cells can be 

restored (De et al., 2017).  
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Finally, mAbs can block the inhibitory cell signalling interactions seen between T cells and diseased 

cells, that the diseased cells would typically use to mask their diseased state. An example of this 

signalling includes the programmed cell death protein 1 (PD-1) on T cells and programmed cell death 

ligand 1 (PD-L1) signalling reaction. T cells typically use the presence of PDL-1 receptors on somatic 

cells to recognise them as healthy cells by signalling with the PD-1 receptor present on the T cell 

surface. These PD-L1 receptors can also be present on diseased cells, and thus are masked from T cell 

mediated destruction. Antibodies designed to block either PD-1 or PD-L1 can therefore stop this 

evasion, and ensure that T cells can recognise the diseased cells. Multiple mAbs are now approved 

targeting PD-1 for example, including Nivolumab and Pembrolizumab. These mAbs have been 

ŀǇǇǊƻǾŜŘ ŦƻǊ ǳǎŜ ƛƴ Ƴŀƴȅ ŘƛǎŜŀǎŜǎ ǎǳŎƘ ŀǎ IƻŘƎƪƛƴΩǎ ƭȅƳǇƘƻƳŀ ŀƴŘ ƴƻƴ-small cell lung cancer (Prasad 

and Kaestner, 2017). 

 

1.2.2. Antibody Structure 

Generally, an antibody molecule consists of two identical heavy chains and two identical light chains. 

¢ƘŜ ŎƘŀƛƴǎ ŦƻǊƳ ŀ Ψ¸-ǎƘŀǇŜŘΩ ŎƻƴŦƛǊƳŀǘƛƻƴŀƭ ǎǘǊǳŎǘǳǊŜΣ ŀƴŘ ŀǊŜ ƘŜƭŘ ǘƻƎŜǘƘŜǊ by intra and inter chain 

disulphide bonds (Feige et al., 2010; Huber, 1976; SinoBiological, 2022) (Figure 1.3.). Chiu et al. (2019) 

reviews the structure of the antibody. An antibody can be characterised by its two regions: the 

constant (C) region which is relatively conserved in amino acid structure between different mAbs, and 

the variable (V) region which is specific to each mAb and determines the type of antigen the mAb 

binds to. This specificity is determined specifically in the hypervariable regions, which is made up of 

stretches of diverse amino acids sequences (Feige et al., 2010). 

The heavy and light chains can be further sub-divided into domains based on the folding of the mAb. 

A single heavy chain comprises four domains: CH1, CH2, CH3 and VH. A single light chain consists of 

only two domains: VL and CL (Amzel and Poljak, 1979). Each individual chain can be further divided 

into their effector function for the mAb. Each monomer has two antigen binding fragments (Fab), and 

are the regions where the mAb binds to the antigen and one fragment of crystallisation (Fc) fragment, 

which allows signalling to immune cells (Chiu et al., 2019). 

The individual chains are classified dependent on the type of heavy and light polypeptide chain 

expressed. The heavy chain can be one of 5 different classes: Alpha ( hor IgA), Delta (ɻ  or IgD), Epsilon 

(  ʁor IgE), Gamma (ɹ or IgG) and Mu (˃  or IgM). The heavy chain class determines the functional activity 

of the antibody molecule. IgG, IgA, IgE and IgD exist in humans in monomeric form as per Figure 1.3. 

IgA can also exist as a dimer in the human mucosa bound at the Fc region to prevent bacterial 

infection. IgM is always found in a pentamer formation as IgM is associated with the opsonising of 
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foreign antigens in the primary immune response thus the structure provides an efficient response 

(Schroeder Jr et al., 2010). The light chain can be either kappa ( )ˁ or lambda (˂) in humans. Either type 

can bind to any of the heavy chain classes, however the pairs are always of the same type (Feige et 

al., 2010).  

Despite the varieties of mAbs found in nature, all therapeutic mAbs currently approved are IgGs due 

to their well-characterised effector function and their prolonged half-life. IgGs can be further sub-

divided into IgGs 1-4 which have mutational differences in their  ɹ heavy chain. The structural 

differences among these heavy chains include antibody flexibility, length of the hinge region, 

functional activity and the number and location of inter-chain disulphide bonds (Wang et al., 2007; 

Vidarsson et al., 2014). IgG1 and IgG4 have 2 disulphide bonds linking the two heavy chains together 

in the hinge region, whilst IgG2 and IgG3 have 4 and 11 respectively (Liu and May, 2012). All IgG 

subtypes are used in therapeutic mAb production, with the exception of IgG3 as it is rapidly cleared 

from the serum and has an extended hinge region that leaves the IgG3 prone to instability and 

aggregation. Of the remaining IgG subtypes, IgG1 is the most commonly used for mAb production. It 

has many benefits over the other subtypes including an increased stability and half-life, as well as its 

higher serum concentration (Muhammed, 2020). It also elicits a more potent effector mechanism than 

IgG2 and IgG4, as IgG1 can bind to all sub-classes of the Fc receptors on immune cells and the C1q 

component of the complement pathway with higher affinity than other IgG subtypes (Rayner et al., 

2015). 
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Figure 1.3. Typical antibody structure. 

!ƴǘƛōƻŘȅ ƳƻƴƻƳŜǊǎ ŀǊŜ ŦƻǊƳŜŘ ƻŦ ǘǿƻ ƛŘŜƴǘƛŎŀƭ ƘŜŀǾȅ ŀƴŘ ƭƛƎƘǘ ŎƘŀƛƴ ǇŜǇǘƛŘŜ ǎŜǉǳŜƴŎŜǎΣ ǘƘŀǘ ŦƻǊƳ ŀ Ψ¸Ω ǎƘŀǇŜŘ 

confirmatory structure. The chains are held together via disulphide bonds. The antibody can be categorised by 

its two regions: the constant region (C) and the variable region (V). Each region is further split into domains, 

dictated by the way it is folded following translation. The constant region is made up of the CH1, CH2, CH3 and 

CL domains, whilst the variable domain is made up of the VH and VL domains. The variable domains contain the 

hypervariable regions, which gives the antibody its ability to bind to its specific antigen. The mAb structure can 

be further categorised by its two functional regions: The Fab region that binds to the target antigen (CL, VL and 

CH1, VH), and the Fc region that allows signalling to immune cells (CH2 and CH3). Adapted from SinoBiological 

(2022). 
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1.2.3. Antibody folding 

Antibody heavy chains and light chains are co-translationally translocated into the endoplasmic 

reticulum (ER) and folding begins even before the polypeptide chains are completely translated. The 

folding process is complex, and IgGs typically assemble as heavy chain dimers before the binding of 

the light chains (Feige et al., 2010). The whole process of antibody folding can be seen in Figure 1.4.  

Initial folding occurs in a sequential manner for the individual chains, however the folding process 

ƛǘǎŜƭŦ ƛǎ ǎƛƳƛƭŀǊ ōŜǘǿŜŜƴ ǘƘŜ ŎƘŀƛƴǎΦ ¢Ƙƛǎ ǇǊƻŎŜǎǎ Ƙŀǎ ōŜŜƴ ŘŜǎŎǊƛōŜŘ ŀǎ ǘƘŜ ΨLƎ CƻƭŘΩΣ ǿƘŜǊŜōȅ ŜŀŎƘ 

domain in the independent light and heavy chains fold in the same manner. The Ig fold describes a 

distinctive fold in each antibody domain comprised of two anti-ǇŀǊŀƭƭŜƭ ʲ-sheets that oppose each 

other at an angle of 30 ° (Wang, 2013; Bork et al., 1994). One of the sheets is conserved in both heavy 

and light chain domains (sheets D, E, B and A), whilst the second sheet varies dependent on the 

domain type ς ǘƘǊŜŜ ʲ-strands are found in the constant region (G, F and C) and five in the variable 

ŘƻƳŀƛƴ όDΣ CΣ /Σ /Ω ŀƴŘ /ΩΩύ (Williams and Barclay, 1988; Chatterjee et al., 2021). These two sheets are 

held together by a disulphide bond, perpendicular to the B and F strands of each sheet pair. The 

successful folding of the domain then allows the sequential folding of the next domain until the chains 

are ready for folding together (Wang, 2013). 

Following the folding of each domain sequentially, further chains can be bound together to form the 

fully-folded mAb construct, and the order of this folding remains the same in all IgG mAbs. The 

molecular chaperone Binding Immunoglobulin Protein (BIP) binds to the nascent protein chains at the 

CH1 and VL regions of the chains to prevent them from passing out of the ER before being correctly 

folded. Heavy chain folding is then first achieved in the VH and CH2 domains, followed by the CH3 

domain. After the folding of the CH3 domain is completed, the heavy chain can dimerise with another 

heavy chain, where they are held together by disulphide bonds. Protein Disulphide Isomerase (PDI) is 

an enzyme that catalyses the formation of these disulphide bonds between cysteine residues in the 

protein sequence. From here the folded light chain displaces the BIP which induces the folding of the 

/Iм ŘƻƳŀƛƴΦ CƻƭƭƻǿƛƴƎ ŎƻƳǇƭŜǘŜ ŦƻƭŘƛƴƎ ƻŦ ǘƘŜ Ƴ!ō ƛƴ ƛǘǎ Ψ¸ ǎƘŀǇŜŘΩ ǘŜǘǊŀƳŜǊΣ ŀ ŘƛǎǳƭǇƘƛŘŜ ōƻƴŘ 

bridge between the HC and LC is formed (Feige et al., 2010; Roth and Pierce, 1987).  
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Figure 1.4. Antibody folding from nascent polypeptides.  

The heavy chain and light chains are translated separately, and prevented from ER export by the association of BIP. Sulphhyrdryl (SH) side chains are present on the nascent 

polypeptides, prior to disulphide bond formation. The nascent polypeptide chain folds into their respective domains sequentially, following the formation of the Ig fold (beta 

sheets, black arrows). In the light chain the constant light domain is first folded, followed by the variable light chain. In the heavy chain the CH2 and VH domains are folded 

first, followed by the CH3 domain. During this time the CH1 domain remains unfolded and associated with BIP. The folding of the CH3 domain allows for heavy chain 

dimerisation, held together by disulphide bonds at the hinge region. Disulphide bond formation is generated in an oxidation reaction between two SH chains and the 

chaperone Protein Disulphide Isomerase (PDI). The folded light chain can then associate to the heavy chain, and BIP dissociates from the CH1 region. The CH1 region can 

then fold, and a disulphide bond is formed between the CL and CH1 domains. The fully folded mAb is then ready for export from the ER. Adapted from Feige et al., (2010). 
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1.2.4. Quality control of antibody folding 

The process of the mAb folding is closely maintained by quality control chaperones that ensure the 

proteins are folded into their functional state before translocation from the ER to the Golgi. Mis-

folding of antibodies can result in exposed hydrophobic regions, aggregation and/or un-paired 

cysteine residues (Chakrabarti et al., 2019), and have shown immunogenic reactions in humans, 

discussed in Section 1.2.5. Strict quality control checks are therefore present in the ER to ensure the 

production of correctly folded and functional mAb. Calreticulin, and its membrane bound homolog, 

Calnexin, is one molecular chaperone that modulates this (Ellgaard et al., 1999). The Calreticulin 

quality control pathway can be seen in Figure 1.5. 

Following entry to the ER the nascent polypeptides are modified with the addition of an 

oligosaccharide asparagine chain, in ASN-X-SER/THR motifs. This chain is then sequentially modified 

by glucosidases I and II to form a mono-glucosylated intermediate that is recognised by the ER lectins 

Calreticulin (CALR) and Calnexin (CNX) (Hebert et al., 2005). CALR and CNX are homologs of each other, 

with only minor structural differences that results in CALRΩǎ ǇǊŜǎŜƴŎŜ ƛƴ ǘƘŜ 9w ƭǳƳŜƴ ǿƘƛƭǎǘ /NX exists 

as a type I membrane protein (Ellgaard et al., 1999). The homologs bind to the mono-glucosylated 

proteins, preventing the export of the unfolded protein and protecting it from aggregation (Hebert et 

al., 1996). The two homologs also associate with PDI to promote disulphide bond formation in the 

proteins, as mentioned above. The mAb structures are released from CALR and CNX following further 

glucose cleavage by glucosidase II. From here the proteins can fold into their final state. Uridine 

diphosphate-glucose:glycoprotein-glucosyltransferase (UGGT) performs a final regulatory step on the 

folded protein, after which it can be transported to the Golgi if correctly folded (Määttänen et al., 

2010; Jiang et al., 2014). Incorrectly folded proteins are cycled back for more refolding attempts by 

adding a glucose moiety to the protein. Continuously unsuccessful recycling of misfolded protein is 

prevented by ER h-mannosidase I (ERManI) and ER degradation enhancing -hmannosidase-like protein 

(EDEM) which cleave mannose moieties from the glycan that would be reglucosylated by UGGT for 

recycling (Eriksson et al., 2004; Jiang et al., 2014). From here, the incorrectly folded protein can be 

removed by the ER-associated degradation (ERAD) pathway, where it is ubiquitylated and degraded 

by proteosomes (Travers et al., 2000). 
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Figure 1.5. The role of Calreticulin in protein folding within the endoplasmic reticulum. 

Nascent polypeptides enters the ER lumen from the ribosome for protein folding. The peptide is modified with 

the addition of an oligosaccharide asparagine chain. Two glucose residues are sequentially removed to allow 

Calreticulin chaperone recognition of the protein. Calreticulin holds the peptide to prevent it from ER export and 

associates with PDI to catalyse disulphide bond formation. The final glucose residue can then be removed from 

the protein, and the mature, folded protein is ready for ER export. If the mature protein is incorrectly folded 

however, the polypeptide will be re-glucosylated to mark it for Calreticulin binding and re-folding. If this process 

of re-folding is repeated many times then the protein can instead be marked for degradation via ER-associated 

degradation (ERAD). Adapted from Jiang et al., (2014). 
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1.2.5. The effects of improper folding on mAb product 

When the protein folding pathway is not able to cope with the demand of folding, improper folding 

can occur and exposed regions on the mAbs can then result in product quality issues such as the 

aggregation of the mAb product. Aggregates are clusters of denatured antibodies, and are of 

increasing concern to regulators as they expose normally hidden epitopes that increases the risk of 

inadvertent immunogenicity (Li et al., 2016; Xu et al., 2017a). It is crucial therefore to ensure that 

aggregated mAb product is not present in the final drug formulation, as this could have extremely 

dangerous effects on patients especially if the product has to be administered over a long-term basis 

(Singh, 2011). 

Aggregated products can present in small soluble aggregates or as insoluble, macroscopic aggregates 

(Kijanka et al., 2018). Aggregates can be reversible or irreversible, with the reversible aggregates 

typically being smaller in size. The irreversible aggregates on the other hand are not readily dissociable 

unless extreme temperature or chemical pressure are placed on them (Roberts, 2014). These 

aggregates have typically lost their folded structure and as a result are able to create very strong 

hydrophobic interactions with each other (Bajaj et al., 2006). The effect of aggregate size on 

immunogenicity has been greatly debated, and much contradictory evidence has been shown. 

Rosenberg (2006) highlighted that low molecular weight aggregates (e.g. 2-3 monomers) were 

inefficient at inducing an immune response, whilst larger multimers were much more efficient, as 

shown in murine models (Fradkin et al., 2009). Telikepalli et al. (2015) also showed that when 

peripheral blood mononuclear cells (PBMCs) were incubated with a sample of aggregated mAbs of 

either micron-sized particles or nanometre-sized particles, the strongest release of cytokines was seen 

in the larger, micron sized particles. Conversely to this, Kijanka et al. (2018) showed that submicron 

sized particles were more immunogenic than soluble or micron-sized particles in mouse models 

administered with a murine mAb. Thus the presence of aggregates at any size should be considered 

immunogenic and problematic for mAb quality, in fact special consideration may be required for 

smaller aggregates as these cannot be as easily detected via purification processes unless using high 

performance liquid chromatography (HPLC) techniques like Size Exclusion Chromatography (SEC) that 

can detect particles in the sub-visible 10-25 nm range (Narhi et al., 2012; Bansal et al., 2019). 

The identification of what causes aggregation is difficult, as aggregation can be caused by incorrect 

protein folding by the CHO protein synthesis machinery or by external culture factors such as extremes 

of pH, temperature and ionic strength (Li et al., 2016). In addition, downstream processing procedures 

following harvest such as freeze-thaw cycles can also have an impact on aggregation (Cromwell et al., 

2006, Hassell et al., 1991). Joshi et al. (2014) showed that increasing the ionic strength of the buffer 
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the mAb was incubated in during size exclusion chromatography (SEC) resulted in an increase in 

percentage of product that was aggregated and was exacerbated even further when the temperature 

was increased from 4 °C to 30 °C. The speed of product thawing can also affect aggregate formation. 

For example, when a molecule is slowly thawed there can be up to 3 times more aggregate compared 

to a sample which was thawed quickly (Desai et al., 2017). The external factors can be mitigated for 

with strict controls on culture, thawing and storage conditions, however the cellular causes of 

aggregation from the CHO clones inherent capacity to fold proteins correctly cannot be controlled as 

easily and means its removal is required during downstream processing. Biological based aggregation 

can be caused by the mAb structure itself as well as environmental factors of cell culture such as 

temperature, pH and media components (Gomez et al., 2020; Jing et al., 2012; Masuda et al., 2021). 

Other biological factors that can affect aggregates include the location in the genome that the 

plasmids integrates into, which can affect translation and result in truncated proteins (Cooper et al., 

1998). A high concentration of UPR chaperones such as Protein Disulphide Isomerase (PDI) and Binding 

Immunoglobulin Protein (BIP) that assist in protein folding have also shown to correlate with 

aggregation (Ishii et al., 2014). One attempt to control cellular based aggregates has focused on 

manipulation of the CHO host. Le Fourn et al. (2014) for example, overexpressed the signal retention 

peptide 14 (SRP14) in a CHO host cell line. Upon mAb expression, the SRP14 overexpressing CHO host 

abolished all aggregated light chain that had been seen in the wildtype CHO host. These aggregated 

proteins however had only been seen in a low mAb producing wildtype CHO host, and were not seen 

in a high producer equivalent suggesting that the issue of aggregation was not relevant to the high 

producing clones that would be typically chosen. Instead, it highlights how much of a clonal variation 

there is in mAb expressing clones and how overexpression of proteins such as SRP14 may not be 

necessary. 

Aggregation is not the only product quality issue that has to be considered for effective mAb 

production. Fragmentation is another well-described disruptive process to antibody production and 

describes the mAb product that is smaller than its fully-folded state (Wang et al., 2018). Similarly to 

aggregation the cause of fragmentation can be caused by external environmental factors such as pH 

and temperature, as well as cellular factors. Fragmentation can occur during protein production and 

in the purification process, or later during storage. There has even been a link seen between 

aggregation and fragmentation, as the build-up of fragmented protein with exposed hydrophobic 

regions can result in the formation of aggregation (Vlasak and Ionescu, 2011). mAb product storage is 

one environmental factor shown to impact fragmentation, as increasing mAb product storage 

temperatures was directly proportional to increasing amounts of fragmented product at the hinge 

region (Cordoba et al., 2005). Vlasak and Ionescu (2011) reviewed the many potential effects of 
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fragmentation on the mAb as a drug target at different regions of the construct, with an emphasis on 

non-enzymatic causes such as pH and temperature. Firstly, fragmentation in the hinge region of the 

mAb could affect its function due to the loss of the Fc-mediated effector function, whilst the potency 

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

the constant region could reduce Fc-mediated effector function and the mAb circulation half-time. 

The cause of fragmentation is complex however, and appears to be heavily intertwined with cellular, 

environmental and recombinant protein expression factors. One cellular cause of fragmentation has 

been documented by the secretion of host cell proteins such as CaǘƘŜǇǎƛƴΩǎΣ that are purified alongside 

the mAb product following purification (Dovgan et al., 2021; Luo et al., 2019). Dovgan et al. (2021) 

showed that the knock-down of Cathepsin D in CHO pools expressing two different mAb constructs 

reduced fragmentation levels significantly (from ~ 20 % to less than 5 % total product in one mAb 

expressing cell line) suggesting that Cathepsin D causes fragmentation. However, when Cathepsin D 

was knocked out and fragmentation measured in clones generated from these pools, variable results 

were observed - some clones had limited fragmentation (< 5%) whilst others had levels similar of the 

wildtype host (> 20%). The authors hypothesised that this fragmentation was caused by the 

upregulation of other host cell proteases in response to the knockout of Cathepsin D, making the 

prevention of fragmentation extremely difficult. Another protease which could also be causing 

fragmentation is Cathepsin L, which Luo et al. (2019) showed to be a cause of fragmentation. However, 

host cell proteases are unlikely to be the sole cause of fragmentation, as shown by the Cordoba et al. 

(2005) temperature study discussed above. The study showed that none of the fragmentation was 

caused by cell proteases, including Cathepsin D and L, as the addition of protease inhibitors Pepstatin 

A and E64 did not reduce fragmentation which are the families of proteinases for Cathepsin D and L 

respectively. This highlights that fragmentation may be highly dependent on the mAb type expressed, 

or the CHO clone themselves. Fragmentation has also been shown to be caused by frameshift 

mutations that result in premature termination of the protein expression, with Lian et al. (2016) 

showing that a fragmented peak that was present in a high producing mAb expressing CHO clone was 

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

The variation in mAb product charge is another crucial product quality that has to be addressed when 

designing drugs for patient usage. The charge on the mAb product is determined by the isoelectric 

point (pI) of the molecule which is where the mAb has no electrical charge and is determined by the 

presence of charged amino acids within the mAb. Variations in the charge from the main isoform is 

caused by a shift in pI. Charge variants with a lower pI are referred to as acidic variants, whilst those 

with a higher pI are basic variants (Miao et al., 2017). The variation of charge, and thus the shift in pI 
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into the production of the acidic and basic isoforms depends greatly on the specific modifications and 

their locations (Du et al., 2012). Acidic charges have been shown to form from many different 

modifications, such as the presence of sialic acid, deamidation and glycation (Khawli et al., 2010; 

Vlasak et al., 2009; Quan et al., 2008). Basic isoforms on the other hand have been shown to form as 

a result of amidation, fragmentation and the incomplete formation of disulphide bonds, among others 

(Johnson et al., 2007; Zhang et al., 2011; Ouellette et al., 2010). The variation of charge may 

substantially affect the antibodies effectiveness as a drug target; with target binding, tissue 

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

Regardless of the product quality attribute, it could be proposed that any future research on product 

quality should focus on the uncontrollable CHO clonal variation, compared to the more controllable 

environmental factors. Common CHO clonal factors impacting fragmentation for example include the 

expression of protein folding chaperones such as Protein Disulphide Isomerase (PDI) that folds the 

mAb structure. One study showed that clones with lower PDI mRNA expression resulted in higher 

fragmented product (Ishii et al., 2014). As PDI is crucial to the disulphide bond formation that holds 

the mAb structure together this is not surprising. Taken together these studies highlight substantial 

evidence for the effects of improper folding on the mAb product quality. 

 

 

1.2.6. Complex monoclonal antibody formats 

The importance of correct mAb folding becomes even more significant when considering novel mAbs, 

which are becoming increasingly complex and diverse in format (Figure 1.6. Upper). Many novel 

formats of mAb constructs are now being considered for their potentially beneficial features. Smaller 

mAb formats such as Fab fragments, and monovalent IgGs that contain only one heavy and light chain 

half-body, have the benefit of being able to reach antigens in hard to reach areas. Ranibizumab for 

example, is a Fab fragment that inhibits angiogenesis by inhibiting vascular endothelial growth factor 

A (VEGFA) and is approved for use in age-related macular degeneration (AMD) among other diseases. 

The loss of vision from AMD is characterised by the creation of new bloody vessels in the choroid layer 

of the eye, that is stimulated by excessive expression of VEGF. The Fab format of Ranibizumab is 

therefore particularly beneficial for diseases, such as AMD, as the small molecule can penetrate deeply 

into the retinal pigment epithelial cells (Zou et al., 2011). 

Fc fusion proteins, that contain a therapeutic protein bound to a mAb Fc sequence, can pair the 

immune effector function of the Fc region of the mAb with the effector function of the attached drug 

(Linderholm and Chamow, 2014; Nelson, 2010; Absolute Antibodies, 2022). Bispecific mAbs are one 
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of the most popular classes of antibodies currently in development. Bispecific mAbs contain the same 

Y-shaped mAb molecule but express two different heavy and light chains, with the aim to target 

multiple antigen targets on a single molecule (Kontermann, 2011). The antibody can be directed to 

different epitopes on the same antigen to increase mAb response, or they can target different antigens 

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

a diseased cell on one arm, and recruit immune cells on the other arm for example, inducing an 

immune effector response (Kontermann, 2011). Blinatumomab is an approved bispecific mAb 

fragment that uses this effector function, by binding to the CD19 receptor on cancerous B cell targets 

on one arm, whilst binding to the CD3 receptor of cytotoxic T cells on the other, ultimately engaging 

them for T cell mediated cell death (Przepiorka et al., 2015; Topp et al., 2008). 

Bispecifics present a unique challenge for production in the CHO expression system as the folding of 

the chains can result in up to 9 different heavy and light chain combinations (Figure 1.6. Lower), which 

can drastically reduce the percentage of heterodimer in the final product (Carter, 2001). Efforts have 

ōŜŜƴ ƳŀŘŜ ǘƻ ŀŘŘǊŜǎǎ ǘƘƛǎ ŎƻƴŎŜǊƴ ǿƛǘƘ ǘŜŎƘƴƛǉǳŜǎ ǎǳŎƘ ŀǎ ǘƘŜ Ψƪƴƻō ƛƴ ƘƻƭŜΩ ǘŜŎƘƴƻƭƻƎȅΣ ǿƘŜǊŜōȅ 

complementary mutations between the two heavy chains in the CH3 domain are made which non-

covalently bind to each other (Shatz et al., 2013; Merchant et al., 1998). Although, this does not 

address the issue of light chain pairing to the correct heavy chain. Whilst these technologies have 

improved bispecific productivity, problems still exist. For example, Gong et al. (2021) performed a 

study to try and engineer the heavy chain to increase the amount of desired bispecific product 

produced. 32 combinations of mutations were made and tested. However, only about half of the 

molecules tested contained at least 50 % desired bispecific mAb. 

Most literature suggests that the capacity of the protein folding pathway is crucial for producing fully 

folded and functional product, and this will only be exacerbated by the expression of the more 

complex formats that are now coming into the forefront of biopharmaceutical production. To consider 

the effect of poor protein folding capacity in CHO cells, there must also be consideration to the 

recovery mechanisms they have in response. When the requirements for protein folding are higher 

than that of the cells protein folding capacity (pg/cell/day), the Endoplasmic Reticulum (ER) enter a 

state of stress and the cell attempts to initiate pathways to recover the folding capacity (Lee et al., 

1999). Thus, there has been significant interest in recent years in the antibody production community 

to either monitor ER stress or use it to enhance antibody production (Prashad and Mehra, 2015; Kober 

et al., 2012; Chandrawanshi et al., 2020; Roy et al., 2017). More recently, the effect of ER stress has 

also been measured in bispecific expressing cell lines (Guo et al., 2021). 
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Figure 1.6. Examples of novel monoclonal antibody formats. 

Monoclonal antibody formats are becoming increasingly complex and sophisticated in their design but lead to 

production issues. A) Examples of complex mAb formats. Bi-specific mAbs contain two different heavy and light 

chains to bind two different antigens. Similarly, trispecific molecules can target three different antigens. Smaller 

versions of standard mAb formats also exist such as monovalent IgGs, that contains only one heavy and light 

chain and even smaller, Fab fragments can then target the smallest of epitope sites. Finally, Fc fusion proteins 

contain a therapeutic protein bound to an Fc sequence, allowing the protein drug to also interact with the 

immune system. Adapted from Absolute Antibodies (2022). B) Bispecific chain combinations that can arise from 

expressing two different heavy and light chains. The desired format is followed with 9 unwanted to combinations 

including homodimers in the heavy chain and light chain. Adapted from Carter (2001). 
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1.3. Monoclonal antibody production can lead to endoplasmic reticulum stress 
 

1.3.1. Endoplasmic reticulum stress 

Whether the mAb is a simple or complex format, its expression causes an intense pressure on the CHO 

cells host machinery. Kallehauge et al. (2017) found that ~ 15% of all ribosomes in a mAb expressing 

CHO cell line were actively translating mRNAs related to the expression plasmidΣ ǊŜŘǳŎƛƴƎ ǘƘŜ ŎŜƭƭΩǎ 

capacity to synthesise its own endogenous proteins. This increased translation has a knock on effect 

for the Endoplasmic Reticulum (ER) as it has an increased amount of exogenous protein to correctly 

fold as well as maintaining host protein expression. This increase in folding requirement can result in 

a state of ER stress, whereby the number of proteins being folded overwhelms the folding capacity of 

the ER and results in a build-up of misfolded protein in the ER lumen (Prashad and Mehra, 2015; Walter 

and Ron, 2011).  

 

1.3.2. The Unfolded Protein Response 

Upon ER stress cells initiate the unfolded protein response (UPR), a pathway that aims to remove the 

misfolded or unfolded protein that have accumulated in the ER lumen and return the organelle to a 

state of protein-folding homeostasis. To alleviate the build-up of misfolded protein, the UPR will 

trigger the upregulation of protein folding chaperones in an attempt to re-fold the misfolded proteins, 

as well as temporarily attenuating further protein translation to prevent more build up. In some cases, 

it becomes impossible to save the ER and apoptosis will be initiated. This transition between correcting 

ER stress and initiating apoptosis has to be finely controlled, and is achieved by initiation of the three 

different branches of the UPR pathway, each activated by a separate effector molecule (Figure 1.7.) 

(Chakrabarti et al., 2011; Du et al., 2013). These three effector sensor molecules are: activating 

transcription factor 6 (ATF6), Inositol-requiring enzyme 1 (IRE1) and protein kinase RNA-like 

endoplasmic reticulum kinase (PERK) (Cao and Kaufman, 2012). Whilst each of these pathways 

perform their own distinct effector pathway, they can produce responses that either restore the ER 

or initiate apoptosis, and a significant amount of cross-talk between the three pathways have been 

identified (Walter and Ron, 2011). 

The first description of the UPR was shown by Cox et al. (1993), using yeast to identify the role of IRE1 

in the activation of protein folding following ER stress conditions. Further development of the UPR 

pathway resulted in the emergence of the PERK and ATF6 pathways, described by Bertolotti et al. 

(2000) and Haze et al. (1999) respectively. During homeostatic conditions, these sensors are inhibited 

by Binding Immunoglobulin (BIP), preventing their downstream affects. Upon build-up of 
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mis/unfolded proteins, BIP dissociates from these UPR initiators and binds to the problematic nascent 

polypeptide sequences, preventing them from being exported from the ER (Cao and Kaufman, 2012). 

As BIP also plays a key role in preventing pre-folded nascent polypeptide from leaving the cell in 

homeostatic conditions (Section 1.2.3.), it is important to note that BIP is always present in the ER 

regardless of whether the UPR has been activated or not. In fact, many of the enzymes used in nascent 

polypeptide folding such as PDI are up-regulated in a UPR response (Yu et al., 2020). Therefore, the 

difference between BIP expression in homeostatic ER conditions and stressed conditions would be its 

substantial up-regulation, rather than just its presence. 

 

1.3.2.1. The IRE1 Branch 

The IRE1 branch is the most conserved branch of the UPR pathway. IRE1 is a endoribonuclease that 

uses nonconventional mRNA splicing to bring about a UPR response (Walter and Ron, 2011). 

Oligomerisation of IRE1 results in conformational changes of the IRE1 sensor, which in turn activates 

ƛǘΩǎ ŜƴŘƻǊƛōƻƴǳŎƭŜŀǎŜ ŦǳƴŎǘƛƻƴ (Korennykh et al., 2009). IRE1 splices a 26 bp intron from X-box binding 

protein 1 (XBP1) using this function in the cytoplasm, which in turn generates spliced XBP1 (sXBP1) 

(Yoshida et al., 2001). The sXBP1 transcription factor translocates to the nucleus, where it can control 

the transcription of protein folding chaperones such as BIP, ERDJ4, PDI, EDEM and HEDJ (Lee et al., 

2003). sXBP1 has also been shown to upregulate Protein 58 (P58), an inhibitor of PERK, another key 

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

The IRE1 pathway can also initiate apoptosis by the c-Jun N-terminal kinase (JNK) pathway. The 

recruitment of TNF-receptor-associated-factor 2 (TRAF2) to IRE1 can activate stress signals to JNK 

(Urano et al., 2000). JNK then can then phosphorylate the family of B-cell lymphoma (BCL2) proteins. 

In unstressed conditions, BCL2 proteins keep the pro-apoptotic Bax and Bak factors inactive in the ER 

and mitochondrial membranes (Brunelle and Letai, 2009). Thus, the phosphorylation of BCL2 proteins 

by JNK allows the activation of the apoptotic Bax and Bak factors to occur. The activity of the active 

IRE1 protein has been shown to be regulated by a number of proteins such as tyrosine phosphatase 

1B (PTP-1B) and ASK1-interactive protein 1 (AIP1) (Luo et al., 2008; Gu et al., 2004).  
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1.3.2.2. The ATF6 Branch 

The ATF6 sensor contains a large ER-luminal domain allowing its residence as an ER transmembrane 

protein. Upon the build-up of misfolded protein ATF6 translocates to the Golgi apparatus via transport 

vesicle where its luminal domain and transmembrane sequence are removed by site-1 and site-2 

proteases (Ye et al., 2000; Chen et al., 2002). The cleaved, cytosolic N-terminal of ATF6 (cATF6) can 

then move to the nucleus where it activates target UPR genes. cATF6 targets genes with an ER stress 

response element (ERSE). Examples include Calreticulin, ER resident folding chaperones such as the 

previously described BIP and PDI, as well as glucose-regulated protein 94 (GRP94) (Yoshida et al., 1998) 

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

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

The ATF6 branch is thought to be inactivated by the unspliced variant of XBP1 (uXBP1) upon resolving 

the build-up of ER stress. Yoshida et al. (2006) showed there to be a high level of uXBP1 in cells in the 

recovery phase of ER stress, and subsequently showed that uXBP1 can bind to sXBP1, as well as 

cleaved ATF6 (Yoshida et al., 2009), which subsequently promoted degradation of the complexes. 

 

1.3.2.3. The PERK Branch 

Finally, the PERK branch of the pathway responds to stress by temporarily attenuating protein 

translation. This reduces the amount of nascent protein that requires folding and consequently 

alleviates stress in the ER. This is achieved by the phosphorylation of eukaryotic translation initiation 

ŦŀŎǘƻǊ н! ό9LCнʰύ (Harding et al., 1999). There ŀǊŜ ǎƻƳŜ Ƴwb!Ωǎ ƘƻǿŜǾer that translate favourably 

when eIF2 is limiting such as activating transcription factor 4 (ATF4), which in turn targets CCAAAT-

enhancer-binding protein homologous protein (CHOP) that itself induces the expression of other pro-

apoptotic proteins (Walter and Ron, 2011). This pro-apoptotic response is only activated during 

chronic ER stress, and proposed mechanisms for its initiation include the build-up of calcium release 

ŦǊƻƳ ǘƘŜ 9w ŦƻƭƭƻǿƛƴƎ /Iht ƛƴŘǳŎŜŘ ŀŎǘƛǾŀǘƛƻƴ ƻŦ 9w ƻȄƛŘŀǎŜ мʰ ό9whмʰύΣ ǘƘŀǘ ŀŦŦŜŎǘǎ the opening of 

the mitochondrial permeability transition pore (PTP)- triggering apoptosis (Urra et al., 2013; Tsujimoto 

et al., 2006). 

The attenuation of translation activated by the PERK pathway can however be stopped if the build-up 

of misfolded protein in the ER is resolved, negating the need for apoptosis. This is mediated by growth 

arrest and DNA damage-inducible gene 34 (GADD34), which encodes a PERK-inducible regulatory 

ǎǳōǳƴƛǘ ƻŦ ǘƘŜ ǇǊƻǘŜƛƴ ǇƘƻǎǇƘŀǘŀǎŜ ttм/ ǿƘƛŎƘ ŘŜǇƘƻǎǇƘƻǊȅƭŀǘŜǎ 9CLCнʰΣ ŎƻǳƴǘŜǊŀŎǘing the effects 

of PERK (Novoa et al., 2001). 
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Figure 1.7. Schematic of the Unfolded Protein Response. 

The Unfolded Protein Response is initiated during periods of ER stress in cells, caused by a build-up of 

mis/unfolded protein. The UPR is made up of three response pathways, all of which are inhibited during 

homeostasis by the molecular chaperone BIP. In the presence of mis-folded protein, BIP dissociates from the 

pathway sensors: PERK, ATF6 and IRE1, to bind to the protein and prevent it from ER export. Here, the UPR 

pathway sensors activate downstream signalling pathways that results in the expression of protein folding 

chaperones that help to return the ER to homeostasis by refolding the protein. The PERK pathway can also 

attenuate translation, and initiate apoptosis in irreparable conditions. Adapted from Du et al., (2013). 
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1.3.3. The Unfolded Protein Response in mAb production 

The presence of ER stress and thus the activation of the UPR and its resulting expression of key folding 

chaperones has been extensively linked to the expression of mAbs in CHO cells. Multiple studies have 

shown that higher producing CHO clones have a higher concentration of endogenous UPR 

components. Prashad and Mehra (2015) highlighted this when monitoring the mRNA transcript 

concentrations of markers across the whole of the UPR in a high producing CHO clone and a low 

producing CHO clone. They found many UPR markers including BIP, ATF4, CHOP, GADD34 and XBP1 

were all more highly expressed in the high producing clone. This was replicated in a similar study by 

Kober et al. (2012) that investigated UPR mRNA transcripts in a panel of CHO DG44 clones expressing 

the same mAb construct. Correlations were seen between BIP (R2= 0.78), GRP94 (R2= 0.75) and sXBP1 

(R2= 0.81) against mAb product. Further evidence that up-regulation of UPR stress markers results in 

increased titre has been shown during batch and fed-batch culture of erythropoietin expressing CHO 

cells kept at 32 and 37 °C culture temperatures (Torres et al., 2020). The study showed that the same 

CHO line expressed relatively similar titres regardless of the temperatures used, but the relative mRNA 

expression of the erythropoietin construct cultures kept at 32 °C were significantly higher than the 37 

°C cultures. The specific cell growth rate showed the exact opposite, with the 32 °C cultures being 

significantly lower than the 37 °C. Whilst these effects of temperature appeared to balance themselves 

out in regard to titre, the shift of the populations energy from cell growth to protein production is 

important. The study went further to show that key UPR transcription factors such as sXBP1, BIP and 

CHOP were significantly up-regulated in the 32 °C cultures compared to the 37 °C, further suggesting 

that there is a link between the activation of the UPR and efficient protein production. Interestingly, 

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

not show any significant difference in expression between the cultures at different temperatures, 

thought to be due to their activity at the post-translational level. Genes involved in Endoplasmic 

Reticulum associated degradation (ERAD) such as EDEM3, a pathway that removes in-correctly folded 

proteins were significantly decreased however, this appears to be due to the lower temperatures shift 

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

This link between specific UPR markers such as BIP, sXBP1 and CHOP with titre suggests that an 

increased UPR may be beneficial and perhaps predictive of high titres. However, it is does not appear 

to be a global increase in UPR activation markers rather specific branches of the UPR. It is important 

therefore to consider which transcription factors are not only the best at predicting good antibody 

production and protein quality but also those that produce a CHO phenotype that is beneficial for 

industrial manufacture of monoclonal antibodies as, for example, the effector function of pro-
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apoptotic transcription factors such as CHOP or ATF4 may be more predictive of CHO clones with a 

propensity for cell death rather than recovery. 

 

1.3.4. Manipulating the UPR to monitor mAb production 

Manipulation of the UPR to monitor antibody production in CHO cells has been seen within the 

literature for the monitoring of antibody titre. In the same study that showed correlations of BIP, 

GRP94 and sXBP1 with antibody titre (Kober et al., 2012), the study went on to demonstrate that a 

truncated BIP promoter construct (trunc GRP78) in the CHO host using recombinase mediated 

cassette exchange (RMCE), showed a moderate positive correlation with antibody titre (mg/L) and 

specific productivity (pg/cell/day) (R2= 0.63 for both).  

In another study, Roy et al. (2017) generated a dual synthetic reporter system whereby an RFP was 

placed at the N-terminus of an XBP-1 sequence and a GFP tag at the C-terminus. The IRE1 mediated 

splicing of the XBP-1 sequence resulted in a frameshift, which placed GFP in frame with RFP and 

resulted in dual fluorescence expression during UPR activation. The study then calculated the change 

in fluorescence from RFP to GFP and dubbed the result as an Ψ9w {ǘǊŜǎǎ LƴŘŜȄ ό9w{LύΩ ǾŀƭǳŜΦ 

Importantly, the study confirmed that the reporter was monitoring ER stress using Tunicamycin, and 

Thapsigargin (chemical ER stressors) as a time-dependent relationship between ERSI and incubation 

time was seen. The study went on to transiently transfect the reporter into mAb expressing CHO cells 

and determined low, medium and high ERSI pools. When the mAb clones were measured for their 

titre during fed-batch study the high ERSI clones had a statistically significant higher titre than the 

medium ERSI and low ERSI pool clones. Using 1 g/L as a benchmark for high producers, 42 % of the 

clones derived from the high ERSI pool were high producers whilst only 15 % from the medium and 

low groups were high producers, suggesting that the reporter could at least remove the lowest 

producers from selection. However, when only the 5 highest producing clones from each of the high 

and low ERSI stress pools were compared to each other for titre during shake flask culture there was 

no significant difference between the titres of the high and low ERSI expressors. This suggested that 

whilst a higher ERSI index may be beneficial for improving the number of high titre clones during CLD, 

plenty of clones with low ERSI values are also able to produce high titres. This may be due to the study 

attempting to measure only one specific UPR gene, that covers only one branch of the UPR. As the 

three UPR branches each elicit different responses (such as apoptosis, translation attenuation and 

increased chaperone activity), using just one marker on one branch of the UPR may not be sufficient 

for titre predictability. Instead, designing a reporter that can target multiple branches of the UPR or 

the over-arching sensor of the UPR, BIP, that regulates all three pathways may be more advantageous. 
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1.3.5. Engineering the UPR to enhance protein expression 

Aside from monitoring the endogenous folding machinery, studies upregulating certain components 

of the protein folding pathway have shown to have a positive effect on antibody production. Pybus et 

al. (2014) overexpressed the UPR transcription factors sXBP1 and cleaved ATF6 in a panel of four 

ΨŘƛŦŦƛŎǳƭǘ ǘƻ ŜȄǇǊŜǎǎΩ Ƴ!ōs. The productivity of the clones were significantly increased in 3 of the 4 

mAbs for both transcription factors. The increase in the productivity (Qp) appeared to be mostly due 

to an increased trend in mAb titre and a decrease in integral viable cell density (IVCD). Interestingly, 

the up-regulation of the inactive form of ATF6 and XBP1 did not significantly affect Qp. This suggests 

that even following engineering of the CHO host to increase the UPR if there is not also an increase in 

the pre-cursor transcription factors to activate ATF6 and splice XBP1 then there will be no benefit of 

the engineering, and is important to consider in future engineering designs.  

Another interesting approach to engineering the CHO host line is to increase proteins related to 

protein secretion as well as folding. The combined overexpression of sXBP1 and B lymphocyte-induced 

maturation protein-1 (BLIMP1) in the CHO host was undertaken in one study (Torres and Dickson, 

2021). BLIMP1 is a driver of differentiation of B cells into plasma cells, the professional mAb secretion 

cell line. Thus, a favourable characteristic for mAb production in CHO cells. The results of the study 

showed there to be an increase in mAb titre when sXBP1 and BLIMP1 were up-regulated separately 

following a 12 day batch culture, in comparison to the control. An even stronger, phenotype was 

observed (3.8 fold increase in mAb titre) when both sXBP1 and BLIMP1 were co-expressed in the CHO 

line compared to the control cells. A significant reduction in viable cell density was also seen in the 

cell line compared to the control suggesting that the up-regulation turns the CHO cell closer to a 

production phenotype rather than a growth phenotype. These data suggests that factors external to 

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

as seen by the increase in titre when sXBP1 was increased alongside BLIMP1. 
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1.3.6. Limitations to the literature 

The antibody production field has been successful at identifying transcription factors and chaperones 

related to the UPR that may be predictive of mAb titre in CHO clones and has started to investigate 

whether components of these pathways can be used to generate synthetic reporters which can be 

used to monitor mAb production. However, at the time of writing this thesis there is very little 

evidence to show that these markers are predicting high titre clones that also have good product 

quality characteristics. Even less evidence is present to show that mAb product quality can be 

predicted in clones. tŜǊƘŀǇǎ ƻƴŜ ƻŦ ǘƘŜ ǊŜŀǎƻƴǎ ŦƻǊ ǘƘƛǎ ƛǎ ŘǳŜ ǘƻ ΨǇǊƻŘǳŎǘ ǉǳŀƭƛǘȅΩ ŜƴŎƻƳǇŀǎǎƛƴƎ ǎƻ 

many factors ς such as the size or charge of the mAb product. It is also difficult to pin-point whether 

the poor quality phenotypes are caused by both environmental and/or biological factors. Despite 

these challenges product quality would be an extremely important characteristic to be able to 

monitor, as quality cannot typically be monitored until a much later stage than CLD. This is problematic 

when clones that appear to have high titres are actually producing poor quality mAbs that are not 

suitable for human use, and results in the removal of the clone from final cell line selection. The 

literature does suggest that the UPR may have some effects on some areas of product quality such as 

the Ishii et al. (2014) study that showed low PDI mRNA expression resulted in higher fragmented 

product, and thus investigating this further through the use of a UPR based reporter for CLD would be 

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

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

years a multitude ƻŦ ƛƴŘǳǎǘǊȅ ΨƎƻƭŘ-ǎǘŀƴŘŀǊŘΩ ƳŜǘƘƻŘǎ ƘŀǾŜ ōŜŜƴ ŘŜǾŜƭƻǇŜŘ to monitor antibody titre 

without the need to introduce an exogenous reporter construct into the CHO genome that may have 

a negative impact on mAb production. For example, the Octet HTX (ForteBio) which utilises Protein A 

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

(Roche, 2019), or more recently the Spotlight assay used on the Beacon (BLI) (Le et al., 2018), all 

reliably measures titre whilst performing single cell cloning and thus another method of measuring 

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

future advancement of CLD, as these aspects cannot be currently measured and thus a reporter or 

assay that could measure these would in invaluable for the CLD pipeline. 
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A second limitation to the current literature field to consider pertains to the number of CHO clones 

and mAb types used in the experiments monitoring the UPR. The majority of studies have only 

followed one type of antibody in their study and used limited numbers of clones to monitor and 

manipulate the UPR (Kober et al., 2012; Prashad and Mehra, 2015; Roy et al., 2017). Whether the mAb 

type affects the tools designed in these studies is unknown therefore, and this would limit the 

adoption of the tool into CLD until its universal effectiveness is proven. Thus, it is crucial for any future 

reporter assay or tool that could monitor product titre and quality in CHO clones to be reproducible 

regardless of the mAb type. 

This thesis therefore aims to answer whether a UPR based reporter construct can be designed to 

monitor both antibody production and antibody quality across a broad panel of cell lines and antibody 

formats during cell line development. 
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1.4. Project Aims and Objectives 

The first aim of this thesis project was to identify a phenotypic fingerprint for CHO clones that produce 

both desirable quantity and quality mAb product. The characteristics explored within this thesis 

focuses on the role of protein folding of the mAbs, and in particular the role of ER stress and its 

response mechanism the Unfolded Protein Response, as guided by the literature. In order to do this a 

selection of CHO clones expressing mAbs with a variety of different product quality issues were 

investigated, and their relationship between these product quality characteristics were compared to 

the quantities of key protein folding chaperones. 

The second aim was to use the data obtained to identify a single protein folding marker that appeared 

to have a predictive capacity for product quantity and quality across the CHO clones, and design a 

reporter construct to monitor its expression throughout CHO culture. The expression of the reporter 

in the CHO host would then be monitorable during CLD at almost any stage. To do this the CHO host 

containing the reporter construct was run through a typical CLD platform using a panel of mAbs with 

different product quality issues inherent in their design. The clones were then taken through 

production studies to generate sufficient product for product quality study. The product quality and 

titre of the clones could then be correlated to the reporter expression retrospectively during CLD to 

test its effectiveness. 

 

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

¶ Establish a range of reproducible assays for monitoring the UPR and use them to identify 

differentially expressed genes, which correlate with antibody titre and product quality. 

¶ Create a panel of antibody producing cell lines with well-defined antibody titre and product 

quality characteristics, which can be used to study the host response to antibody production. 

¶ Generate a UPR reporter cell line using the Beacon and establish whether it responds to ER 

stress using a range of pharmacological stressors. 

¶ Determine whether the reporter CHO cell line can be used as an expression host, following 

transfection with the panel of the mAb constructs. Collect product quality and titre data from 

these clonal cell lines expressing the mAb to determine whether the reporter could predict 

quality retrospectively. 
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2. Materials and Methods 

 

2.1. Cell Culture 
 

2.1.1. Sub-culture maintenance of CHO Cells 

All Chinese hamster ovary (CHO) cell cultures were maintained on a 3-4 day passage routine, typically 

to a total culture volume of 30 ml in 125 ml shake flasks (Corning), in a Multitron shaking incubator 

(Infors HT) set to 140 RPM, 37 °C and 5% CO2. To count the cells, 500 µl of culture was incubated with 

500 µl of TrypleE (Gibco) for 5 minutes at 37 °C in a ViCell sample cup (Beckman Coulter). The cultures 

were counted on a ViCell XR (Beckman Coulter) under the CHO cell type, using Trypan Blue exclusion 

staining to monitor viability (Beckman Coulter). 

Cells were passaged to a density of 0.3x106 viable cells/ml, unless otherwise stated, ƛƴ D{YΩǎ 

proprietary CHO media and appropriate supplements. Table 2.1. highlights which supplements and 

selection markers were required for each cell type. 

 

Cell Line Media Addition 1 Media Addition 2 

CHO Host 8 mM L-Glutamine N/A 

Null Host 400 µg/ml Geneticin N/A 

Bispecific mAb Line 25 µM MSX  400 µg/ml Geneticin 

mAb Panel molecule 1-8  25 µM MSX N/A 

CALR and TOM20 Fluorescent Reporter Hosts 8mM L-Glutamine 400 µg/ml Geneticin 

Table 2.1. Concentration of supplements and selection markers required for cell lines in culture. L-

Glutamine (Gibco) was used as a CHO host supplementation, whilst MSX (Merck Millipore) and 

Geneticin (Gibco) were used as selection markers. 

 

2.1.2. Cell Revival 

Cryovials (Thermofisher) containing the desired cells were removed from LN2 storage and thawed in a 

water bath of 37 °C PBS (Gibco). The vial contents were added dropwise to 18 ml of pre-warmed 

culture media in a 50 ml falcon tube, and centrifuged at 180 xg for 5 minutes in a Legend HT centrifuge 

(Sorvall) with no brake. The supernatant was removed and the pellet resuspended in 20 ml fresh 

culture media. Cells were counted on the ViCell XR as described above, and further media added to 
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give a final cell concentration of 0.5 x106 viable cells/ml in a 125 ml shake flask. The shake flasks were 

incubated, and passaged three days post revival as per Section 2.1.1. 

2.1.3. Cell Freezing 

Cell lines were frozen on day 3, during their mid log growth phase, at a concentration of 1.5 x107 viable 

cells per cryovial. Cell lines were counted (Section 2.1.1.) and the desired volume of cells were 

centrifuged at 180 xg with no brake, and the supernatant discarded. The pellet was resuspended in 1 

ml of freezing media (7.5% v/v DMSO, JT Baker, in the respective culture media specified in table 2.1.), 

and aliquoted into each vial. The cryovials were placed in a Mr. Frosty freezing container (Nalgene) 

filled with isopropanol (Sigma Aldrich). Mr. Frostys were placed in a -80 °C freezer overnight and the 

following day the cryovials were moved to LN2 for long term storage. 

 

2.1.4. Monitoring mAb Titre via the Octet HTX  

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

of cell culture was centrifuged at 15,000 xg in a microcentrifuge (Eppendorf) for 4 minutes to pellet 

the cells. 80 µl of the supernatant was added to a 384 well Octet plate (ForteBio), alongside 80 µl of 

media reference control, and the required regeneration (10 mM Glycine at pH 1.5) and neutralisation 

solutions (culture media). An Octet Protein A Biosensor tray (ForteBio) was re-hydrated in a 96 well 

plate containing 100 µl of culture media for 10 minutes prior to use, and both were loaded onto the 

Octet HTX alongside the 384 well sample plate. Samples wŜǊŜ ŀƴŀƭȅǎŜŘ ƛƴ ǘǊƛǇƭƛŎŀǘŜ ǳƴŘŜǊ ŀ ΨōŀǎƛŎ 

ǉǳŀƴǘƛŦƛŎŀǘƛƻƴ ǿƛǘƘ ǊŜƎŜƴŜǊŀǘƛƻƴΩ ǘŜƳǇƭŀǘŜ ƻƴ ǘƘŜ 5ŀǘŀ !Ŏǉǳƛǎƛǘƛƻƴ ǎƻŦǘǿŀǊŜ όCƻǊǘŜ.ƛƻύ ǿƛǘƘ ǇǊŜ ŀƴŘ 

post conditioned sensors. 

!ƴŀƭȅǎƛǎ ƻŦ ǘƘŜ ǎŀƳǇƭŜǎ ǿŀǎ ǇŜǊŦƻǊƳŜŘ ǳǎƛƴƎ ǘƘŜ hŎǘŜǘΩǎ 5ŀǘŀ !ƴŀƭȅǎƛǎ ǎƻŦǘǿŀǊŜ όCƻǊǘŜ.ƛƻ). Samples 

were compared to a previously generated standard curve specific to the mAb being expressed under 

ǘƘŜ ΨDose response ς рt[ όǳƴǿŜƛƎƘǘŜŘύΩ settingΣ ŀƴŘ ǘƘŜ ōƛƴŘƛƴƎ ǊŀǘŜ Ŝǉǳŀǘƛƻƴ ŎŀƭŎǳƭŀǘŜŘ ōȅ ǘƘŜ Ψƛƴƛǘƛŀƭ 

ǎƭƻǇŜΩΦ ¢ƘŜ ǊŜǎǳƭǘƛƴƎ ǘƛǘǊŜǎ ǿŜǊŜ ŜȄǇƻǊǘŜŘ into excel, and an average mAb concentration automatically 

generated for the samples. The standard curves used to quantify mAb titre in the clonal mAb panel 1-

8 were obtained by performing a serial dilution of known concentration purified material (kindly 

provided by GSK) in HEK cells from a range of 1 - 500 µg/ml. The bispecific mAb line had a standard 

curve pre-made by GSK using the same technique. 
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2.1.5. mAb Naming Conventions 

All the constructs used in this thesis were obtained from GlaxoSmithKline, and as such have been 

anonymised for this thesis. The mAb panel used in Chapters 4, 5 and 6 were named mAbs 1-8. 

Subsequent clones expressing each mAb construct were named alphabetically e.g. mAb 1-A, mAb 1-

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

ƻƴ ŀ ΨǇƻƻǊ ǉǳŀƭƛǘȅΩ ŀǘǘǊƛōǳǘŜ ǘƘŀǘ ǿŀǎ ǎŜŜƴ ŘǳǊƛƴƎ ǘƘŜƛǊ ŘŜǾŜƭƻǇƳŜƴǘ ŀǘ DƭŀȄƻ{ƳƛǘƘYƭƛƴŜΦ The rationale 

behind the mAbs chosen can be seen in Table 2.2. 

 

 

mAb Construct Problematic Quality Rationale 

mAb 1 Prone to aggregation 

mAb 2 High molecular weight species present in Acetate and Phosphate 

mAb 3 Poor developability  

mAb 4 Control mAb used during final structure selection of project molecules 

mAb 5 Poor expressor 

mAb 6 Engineered variant of mAb 5, aiming to increase expression titres 

mAb 7  Engineered variant of mAb 5, aiming to increase expression titres 

mAb 8 Prone to dimerising and aggregation 

Table 2.2. Anonymised mAb panel naming convention, and the rationale as to why they were chosen 

as poor quality mAbs. 
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2.2. DNA Stock Production 

 

2.2.1. Transformations 

Transformations were performed using Stellar Competent Cells (Clontech). Competent cells were 

thawed on ice and mixed via pipetting. 5 ng of DNA was added to 50 µl of competent cells per 

transformation, alongside a negative control where no DNA was added, and left on ice for 30 minutes. 

The cells were heat shocked at 42 °C for 45 seconds and returned to ice for 2 minutes. 500 µl of liquid 

broth (LB) media (in house) were added to the transformations to aid recovery and incubated by 

shaking on a Climo-Shake- ISF-X plate (Kuhner) at 37 °C for 1 hour at 200 RPM. 50 µl of the 

transformation mix was spread onto an agar LB plate containing 100 µg/ml ampicillin (in house) using 

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

term storage after colony growth. 

 

2.2.2. DNA Purification: Miniprep and Maxipreps 

A single colony was selected from LB agar plates using a sterile loop (COPAN), and added to 5 ml of LB 

media containing 100 µg/ml ampicillin in a 15 ml Falcon tube and incubated overnight at 37 °C in a 

shaking incubator set to 200 RPM. 

DNA purification was performed using a QIAprep Spin Miniprep kit (Qiagen), as per the manufacturerΩǎ 

instructions. To create larger DNA stocks, 1ml of the overnight starter cultures was added to 200 ml 

of fresh LB media containing ampicillin in a 1 L vented shake flask (Corning) and incubated overnight 

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

9ƴŘƻCǊŜŜ tƭŀǎƳƛŘ aŀȄƛ Yƛǘ όvƛŀƎŜƴύΣ ŀǎ ǇŜǊ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎΦ !ƭƭ 5b! ǎǘƻŎƪǎ ǿŜǊŜ 

measured for their concentration and 260/280 quality value on a QIAxpert (Qiagen). 

 

2.2.3. Restriction Digests 

Restriction digests were performed at 50 µL volumes using restriction enzymes and buffers from New 

England BioLabs (NEB), as per the manufacturerΩs instructions. 1 µg of DNA was added to 1 µl of the 

enzymeόǎύ ƻŦ ƛƴǘŜǊŜǎǘΣ ŀƭƻƴƎǎƛŘŜ р ҡƭ ƻŦ ǘƘŜ ŜƴȊȅƳŜΩǎ ǊŜǎǇŜŎǘƛǾŜ ōǳŦŦŜǊΦ ¢ƘŜ ǎŀƳǇƭŜǎ ǿŜǊŜ ǘƘŜƴ ǘƻǇǇŜŘ 

up to 50 µl with sterile water. Digests were incubated at 37 °C for 3 hours in a T100 thermal cycler 

(BioRad). The digests were run on a 0.8 % Agarose TBE gel containing a 1:10,000 dilution of SYBR Safe 

dye (all Invitrogen), and imaged on the blue tray of a DŜƭ 5ƻŎϰ 9½ {ȅǎǘŜƳ ό.ƛƻwŀŘύ.  



Chapter 2: Materials and Methods 

39 
 

нΦоΦ LƴŦǳǎƛƻƴ ŎƭƻƴƛƴƎ ƻŦ ǘƘŜ ǊŜǇƻǊǘŜǊ ŎƻƴǎǘǊǳŎǘ ƛƴǘƻ D{YΩǎ ŜȄǇǊŜǎǎƛƻƴ ǇƭŀǎƳƛŘ 

 

2.3.1. Reporter String DNA and Plasmid Digest Preparation 

¢ƘŜ ǊŜǇƻǊǘŜǊ DCt ǎŜǉǳŜƴŎŜǎ ǿŜǊŜ ǎȅƴǘƘŜǎƛǎŜŘ ōȅ ¢ƘŜǊƳƻŦƛǎƘŜǊΩǎ 5b! DŜƴŜ {ǘǊƛƴƎǎ ǎŜǊǾƛŎŜ ŀƴŘ ǿere 

amplified by polymerase chain reaction (PCR) to increase concentration. 12.5 µl of ClonAmpHiFi PCR 

premix (Takara) was added to 0.75 µl of forward and reverse primers (10 µm), 10 µl of sterile water 

(Sigma) and 50 ng of template DNA. Table 2.3. shows the primer sequences. Initial denaturation was 

run at 94 °C for 5 minutes. 30 cycles of 94 °C for 30 seconds for denaturation, 60 °C for 30 seconds for 

primer annealing and 72 °C for 1 minute for extension were repeated. A final 10 minute extension at 

72 °C was performed before a 4 °C hold.  

hƴŜ ƻŦ D{YΩǎ ǇǊƻǇǊƛŜǘŀǊȅ ŜȄǇǊŜǎǎƛƻƴ ǇƭŀǎƳƛŘǎ ǿŀǎ ƻōǘŀƛƴŜŘΣ ǘǊŀƴǎŦƻǊƳŜŘ ŀƴŘ ƳŀȄƛǇǊŜǇǇŜŘ ŀǎ ǇŜǊ 

Section 2.2.2. An aliquot of the resulting maxiprep was linearised using a HindIII restriction enzyme 

(NEB). 2 µg of plasmid DNA was mixed with 1.5 µl of HindIII, 8 µl of CutSmart buffer (NEB) and 68.5 µl 

of sterile water, and incubated in a Thermocycler for 3 hours at 37 °C.  

To confirm amplification of the PCR products, 5 µl of the PCR products were mixed with 1 µl of loading 

buffer (NEB), and ran on a 0.8% agarose TBE gel, containing a 1:10,000 dilution of SYBR Safe stain (all 

Invitrogen). Linearisation of the plasmid was also confirmed on the same gel, with 5 µl of the vector 

digest mixed with 1 µl of loading buffer. Uncut controls were also analysed. The gel was run at 80 V 

for 1.5 hours and imaged on the BioRad Gel Doc EZ Imager using the blue tray that is used for all 

nucleic acid applications. The successful resulting bands of the digested plasmid and amplified inserts 

were extracted from the gel and purified into a 30 µl product using a QIAquick PCR Purification Kit 

όvƛŀƎŜƴύΣ ŀǎ ǇŜǊ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎtions. 

 

 

 

 

 

 

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

Primer Sequence όрΩ ǘƻ оΩύ 

CALR-GFP Forward GAAAACTACCAGCTTAATGCTGCTGAGCGTGCC 

CALR-GFP Reverse CGACTGCAGCAAGCTCCTTACTTGTACAGCTCGTCCATGC 

CALR-mOrange Forward GAAAACTACCAGCTTAATGCTGCTGAGCGTGCC 

CALR-mOrange Reverse CGACTGCAGCAAGCTCGCCTTACTTGTACAGTTCGTCC 

TOM20-GFP Forward GAAAACTACCAGCTTCTCAATGGTGGGCAGGAACAG 

TOM20-GFP Reverse CGACTGCAGCAAGCTCCTTACTTGTACAGCTCGTCC 
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2.3.2. Infusion Cloning 

The Clontech Infusion Kit (Takara) was used to insert the reporter inserts into the linearised plasmid, 

ŀǎ ǇŜǊ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎΦ рл ƴƎ ƻŦ ƭƛƴŜŀǊƛǎŜŘ ǾŜŎǘƻǊ όмΦн µl) and 50 ng of PCR product (1-1.2 

µl) were added to 2 µl of infusion enzyme and topped up to a total volume of 10 µl with sterile water. 

The samples were incubated in a 50 °C water bath for 15 minutes before placing on ice. Infused 

plasmids were then transformed into Stellar Competent cells (Takara) as per Section 2.2.1.  

6 colonies from each reporter were miniprepped (as per Section 2.2.2.) and digested to confirm 

successful cloning. 1 µl of extracted plasmid DNA from each miniprep was incubated with 1µl of 

restriction enzymes HindIII and NheI-HF (NEB), 2.5 µl of CutSmart Buffer and topped up with sterile 

water to a total volume of 25 µl. Digests were performed at 37 °C for 3 hours, followed by a 20 minute 

60 °C enzyme inactivation step. The plasmid was designed to remove the HindIII restriction site upon 

successful infusion of the gene insert. Successful infusion was therefore confirmed when only a 

linearised band was seen on the gel, created by the NheI-HF enzyme. 
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2.4. Mammalian Cell Transfections  
 

2.4.1. Transient Cell Transfection 

All transient ǘǊŀƴǎŦŜŎǘƛƻƴ ŜȄǇŜǊƛƳŜƴǘǎ ǿŜǊŜ ǇŜǊŦƻǊƳŜŘ ǳǎƛƴƎ [ƻƴȊŀΩǎ {C /Ŝƭƭ [ƛƴŜ п5-Nucleofector X L 

kit, on the 4D Nucleofector System (Lonza). One day prior to transfection, cells were passaged to a 

density of 0.8x106 viable cells/ml. On the day of transfection cells were counted on the ViCell XR, and 

5x106 viable cells per transfection were pelleted at 180 xg for 5 minutes. The supernatant was 

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

The PBS was decanted and the cells resuspended in 100 µl of Amaxa 4D Cell Line Nucleofection Buffer, 

per transfection. A nucleocuvette was filled with 10 µg of plasmid (or 15 µl of PBS for the negative 

control) and 100 µl of cells. The cells were electroporated using the CHOK1 (DT-133) program and then 

transferred to a 6 well-suspension plate (Corning) containing 4 ml of pre-warmed non-selective culture 

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

All stable transfections were performed using FreeStyle MAX (Gibco) lipid transfection. 24 hours prior 

to transfection, cells were passaged to a density of 1x106 viable cells/ml in cell culture media (~10 ml 

of cells were required per transfection). On the day of transfection the cells were counted on the ViCell 

XR and 1.5 x107 viable cells per transfection were pelleted at 180 xg for 10 minutes. The pellets were 

resuspended into 15 ml of OptiPRO SFM (Gibco) containing 8 mM L-Glutamine and added to 125 ml 

shake flasks before incubating in a shaking incubator at 37 °C, 75 RPM and 5% CO2. 

Two aliquots of 600 µl of OptiPro SFM containing 8mM L-Glutamine were pipetted into 1.5 ml sterile 

tubes (Eppendorf). 25 µl of FreeStyle MAX reagent was added to one tube and 18 µg of plasmid DNA 

to the other. The contents of the FreeStyle MAX mixture was immediately added to the plasmid DNA 

solution tube and mixed 3 times by pipetting. The solution was incubated for 15 minutes at room 

temperature to allow for lipid complexes to form. The DNA-lipid solution was added dropwise into the 

125 ml shake flasks before returning to the incubator. 

 24 hours post transfection the cells were counted on the ViCell XR and the cells centrifuged at 180 xg 

for 10 minutes before resuspending in 15 ml of D{YΩǎ ǇǊƻǇǊƛŜǘŀǊȅ culture media without L-Glutamine. 

3ml of cell culture was pipetted into 5 wells of a 6 well plate and incubated into a static HeraCell 

incubator (Heraeus) at 37 °C and 5% CO2. 48 hours post transfection, 3 ml of selection media was 

added to each well (see Table 2.1. for selection supplements).  

The viability and counts of the cells (see Section 2.1.1.) were monitored approximately every 5 days 

until the cells had fully recovered from selection. The cells were fed fresh culture media on the days 

they were counted. 2 ml of media was removed, without disturbing the cells, and exchanged with 2ml 

of fresh selective media. Once the cells had recovered, the cultures were scaled up into a T25 flask 

(Greiner) to a total volume of 10 ml and moved to shaking incubation. 3 days post scale up the culture 

was counted again and the entire volume of the T25 culture scaled up into a 125 ml shake flask to a 

total volume of 30 ml. Once counting showed complete recovery (>95% viability in 125 ml shake flask 

culture) the pre-clonal pools were frozen into cell banks (see Section 2.1.3), before single cell cloning 

on the Berkeley Lights Beacon. 
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2.4.3. Single Cell Cloning  

Single cell cloning was performed on the Beacon Lights System (Berkeley Lights) by members of the 

Cell Line Development group at GlaxoSmithKline, under a proprietary technique. The cells were 

prepared prior to Beacon load by filtering a 5 ml sample of cell culture through a 40 µM cell strainer 

(Fisherbrand) into a 50 ml tube (Falcon) and counted on the ViCell XR. An aliquot of 5 x106 cells was 

taken and centrifuged, before resuspending in 500 µl of proprietary media. 200 µl of the culture was 

sampled into a round bottom 96 well plate (Corning) and placed into the Beacon. Load parameters 

were set to ensure each cell type was loaded into designated fields of view on the chip.  

Productivity of the cell lines was assessed after 4-5 days in culture using a Spotlight HuFc assay 

(Berkeley Lights). Upon completion the results were assessed on the Assay Analyser software, where 

cell line selection could be performed ς see relevant chapters for selection criteria. The selected cells 

were exported into flat-bottom 96 well plates (Corning) containing 200 µl of fresh media and 

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

96 well plates were imaged 0, 7 and 14 days post export on the CellMetric (Solentim) to monitor 

outgrowth. During static plate culture, the cultures were kept in a HeraCell (Heraeus) incubator at 37 

°C and 5% CO2. After two weeks in culture the contents of the 96 wells were transferred to 24 well 

plates containing 1 ml of culture media. After 5 days the 24 well plates were screened for their titre 

via the Octet HTX (see Section 2.1.4.), as well as cell count and viability on a FACS Array (BD 

Biosciences). Briefly, the cells were resuspended by pipetting and 100 µl of cell culture transferred to 

a 96 well plate containing 100 µl of TrypleE. The plate was incubated for 20 minutes at 37 °C and 1150 

RPM in an iEMS Incubator/Shaker (Thermo Labsystems). 10 µl of Flow-Count Fluorospheres (Beckman 

Coulter) and 5 µl of Propidium Iodide (BD Biosciences) were added to each well before running on a 

pre-determined FACS Array template. Fluorospheres were used to enable equal gating between 

samples with different cell counts in, and to ensure fluorescence was accurately being monitored. 

Briefly, the FACS Array was set to record 1000 bead events per well with a forward scatter (FSC) 

voltage of 80 and a side scatter (SSC) voltage of 306. The PI stain was measured on the Yellow filter 

set at a voltage of 363 (logged). The mixed fluorescence spheres were measured on the Far Red (70 

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

The contents of the 24 well plates were scaled up to 12 well plates containing 1 ml fresh culture media 

the following day. A further two days later the contents of the 12 well plates were scaled up to a 6 

well plate containing 3 ml fresh culture media. Five days after scale up to 6 well plates, the cultures 

were screened for titre and cell growth as described above and selection made for which cell lines to 

progress (selection criteria can be found in respective chapter methods Sections), to T25 shake flasks. 

The contents of the 6 well plates were added to T25 flasks containing 6 ml of culture media and moved 

into a Multitron shaking incubator (Infors HT) set to 140 RPM, 37 °C and 5% CO2. 

Two days post T25 scale up a further screen was performed for mAb titre on the Octet HTX, and cell 

growth on the ViCell XR at a 4.0 dilution in TrypleE. Further selection was performed if required. 

Cultures were scaled up to 125 ml shake flasks, by adding the contents of the T25 to 25 ml culture 

media. Following successful scale up, shake flask cultures were frozen down to create cell banks (see 

Section 2.1.3). 
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2.5. Digital Droplet PCR 
 

2.5.1. RNA Isolation and cDNA Conversion 

Total RNA was isolated from 5x106 viable cells/ml using a RNeasy Mini Kit and QiaShredder (both 

vƛŀƎŜƴύΣ ŀǎ ǇŜǊ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎΦ wb! ŎƻƴŎŜƴǘǊŀǘƛƻƴǎ ǿŜǊŜ ƳŜŀǎǳǊŜŘ ƻƴ ŀ vL!ȄǇŜǊǘ 

(Qiagen). A High Capacity RNA-to-cDNA kit (Applied Biosystems) was used to convert the isolated RNA 

ǘƻ Ŏ5b!Σ ŀǎ ǇŜǊ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘructions and quantified on a QIAxpert. The cDNA samples were 

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

 

2.5.2. Digital Droplet PCR 

A mastermix of primer, probe and reaction buffer (ddPCR supermix) was created for the plate as per 

Table 2.4. Primer and probe sequences can be found in Table 2.5. 17 µl of the mastermix was added 

to each well of a 96 well PCR plate, alongside 5 µl of the diluted cDNA sample. Distilled water was used 

as a negative control. The plate was sealed with a foil cover using a PX1 PCR Plate Sealer (BioRad). The 

plate was then vortexed and centrifuged at 250 xg for 5 minutes.  

Droplets were generated on the Automated Droplet Generator (BioRad). The necessary BioRad 

consumables were loaded into the droplet generator- pipette tips, oil cartridges, sample plate and 

collection plate. Oil droplet generation was then performed and the resulting sample plate was sealed 

with a foil lid as per above.  

PCR was performed on the resulting droplet plate on a C1000 Thermocycler (BioRad). The sample 

volume was set to 35 µl, with a heated lid set to 105 °C. For the PCR run, an initial enzyme activation 

step of 94 °C was set for 10 minutes. 40 cycles at 94 °C for 30 seconds, as well as the annealing step 

of 60 °C for 1 minute (at a ramp of 2 °C per minutes) were then completed. A final enzyme deactivation 

step of 98 °C for 10 minutes was then added, with a ramp of 2 °C per minute was performed before 

holding at 4 °C. The plate was read on a QX200 Droplet Reader (BioRad), measuring for FAM and HEX 

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

 

2.5.3. Digital Droplet PCR Data Analysis 

Once the samples are run on the ddPCR plate reader the raw data can be exported into an excel file, 

where the copies/µl of the target and the Beta-н aƛŎǊƻƎƭƻōǳƭƛƴ όʲнaύ ƻǊ ʲ-Actin reference gene for 

each sample is stored. All of the samples are run in technical triplicate to prevent any experimental or 

machine error. A plate control is also included for the experiments, as each target explored require 3 

full 96 well plates of samples. The standard deviation of the three plate replicates were calculated, 
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and if any of the individual plate values resided outside of the standard deviation error bars of the 

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

¶ The number of target gene copies in each sample are first normalised to the number of 

reference gene copies (e.g. CALR copies / 2̡M copies). 

¶ If any of the technical replicates failed, noted by a Ψbƻ /ŀƭƭΩ ǊŜŀŘƛƴƎ ŦƻǊ ŜƛǘƘŜǊ ǘƘŜ ǘŀǊƎŜǘ ƻǊ 

reference measurement then the replicate was removed from analysis. (Note: The heavy and 

light chain analysis excluded this rule, as it was expected that some cell lines would not have 

any expression of the targets. In this case, the lack of expression was confirmed when all three 

ǘŜŎƘƴƛŎŀƭ ǘǊƛǇƭƛŎŀǘŜǎ ƎŀǾŜ ŀ Ψbƻ /ŀƭƭΩ ǊŜŀŘƛƴƎ). 

¶ The technical triplicates of the normalised samples are then averaged in excel, giving a final 

value for each cell line for one biological replicate. 

¶ The same process is then repeated for the two other biological replicates. 

¶ The values for each sample from all three biological replicates are then averaged in excel to 

give the final, normalised target concentration. The standard deviation is also calculated in 

ŜȄŎŜƭ ŦǊƻƳ ǘƘŜ ōƛƻƭƻƎƛŎŀƭ ǘǊƛǇƭƛŎŀǘŜǎ ǳǎƛƴƎ ǘƘŜ Ψ{¢59±ΦtΩ ŦǳƴŎǘƛƻƴΦ ¢ƘŜ Ҍ- 1 SD value is then used 

for the error bars in graphical analysis. 

 

 

 

 

 

 

 

 

 

 

 

Mastermix Component Volume (µl per well) 

Target Gene Forward Primer (100 µM Stock) 1 

Target Gene Reverse Primer (100 µM Stock) 1 

Target Gene Probe (100 µM Stock) 1 

Reference Gene Forward Primer (100 µM Stock) 1 

Reference Gene Reverse Primer (100 µM Stock) 1 

Reference Gene Probe (100 µM Stock) 1 

ddPCR Supermix (No dUTP)(BioRad) 12 

Table 2.4. Mastermix for ddPCR reaction. 
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 Target Forward όрΩ ǘƻ оΩύ Reverse όрΩ ǘƻ оΩύ Internal Probe όрΩ ǘƻ оΩύ Ensembl Reference 

ATF4 GGTTCTCCAGCGACAAGGC ACATCCAGTCTGTCCCGGAG GGGCTCCTCCGAATGGCTGGCTGT ENSCGRT00001023390.1 

ATF6 ACACTACCAGCCCTTATGCCA GCAAGAACTGGTTGAGCAGAAGG ACAGCCTGCACCCACCAAAGGTCAG ENSCGRT00001006542.1 

-̡Actin GCCGTCTTCCCATCCATCGT TGGGGTACTTCAGGGTCAGAA GGGCGTGATGGTGGGCATGGGC ENSCGRT00001019312.1 

-̡2M AGTGGTCTGCTTGGATGCCA GGACAGATCTGACAGCTCGACT CCAGCGTCCCCCACAAGTGCAAGT ENSCGRT00015030570.1 

BIP TGCCGGCTTACTTCAATGATGC AGGATGTTCTTCTCGCCCTCT GCAGCTGCTATTGCGTATGGCCTGGA ENSCGRT00000004547.1 

CALR GACATCTGTGGTCCTGGCAC CCTGGCTGTTGTCAATTTTCACC CTGATTGTGCGGCCAGACAACACCT ENSCGRT00001025534.1 

CERS2 TCCTTCTACTGGTCCCTGCTCT GCCATGATGAGAGTCCCTGCT ACGTGGCCACCATCATTCTCCTCAGCT ENSCGRT00001016940.1 

PDI TGCTATTCCTGCCCAAGAGTGT CTTCAGGCCAAAGAACTCAAGGA CGACAGCGACCACACTGACAACCAGCG ENSCGRT00015040709.1 

XBP1 CGCTTGGGAATGGATGTGCT CTGGGGAGGTGACAACTGGG GGCCGGGTCTGCTGAGTCCGCA ENSCGRT00000013049.1 
 

Table 2.5. Primer and internal probes sequences for ddPCR, and the Ensembl reference they were designed from. Primers were obtained from Sigma Aldrich, 

and internal probes from Integrated DNA Technologies (IDT)Φ ʲ -!Ŏǘƛƴ ŀƴŘ ʲ-2M internal probes were tagged with the HEX dye as reference genes, the 

remaining target genes were tagged with FAM dye. 
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2.6. Western Blotting 
 

2.6.1. Cell Lysis Sampling 

Cell cultures were counted on the ViCell XR (Section 2.1.1.), and 5x106 viable cells per culture sample 

were aliquoted into 1.5 ml tubes (Eppendorf) for cell lysis. The samples were lysed with RIPA lysis 

ōǳŦŦŜǊ ŎƻƴǘŀƛƴƛƴƎ Iŀƭǘ tǊƻǘŜŀǎŜ LƴƘƛōƛǘƻǊ /ƻŎƪǘŀƛƭ όōƻǘƘ ¢ƘŜǊƳƻŦƛǎƘŜǊύΣ ŀǎ ǇŜǊ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ 

instructions. Briefly, the cells were spun at 2500 g for 5 minutes and the pellet washed with ice cold 

PBS twice. 1 ml of RIPA lysis buffer was added to each cell pellet, resuspending by pipetting. The 

mixture was kept on ice for 15 minutes with gentle agitation, before centrifugation at 10,000 g for 15 

minutes.  

 

2.6.2. SDS PAGE 

Samples were prepared for SDS-PAGE to a total volume of 15 µl, under both reduced and non-reduced 

conditions. 0.1 µg (4 µl) of sample was added to 3.8 µl of NuPAGE LDS Sample Buffer (Invitrogen), and 

1.5 µl of NuPAGE Reducing Agent (Invitrogen) if run under reducing conditions. The volume was made 

up to 15 µl with deionised water. The samples were vortexed to mix and heated to 70 °C for 10 minutes 

on a heat block. 

10 µl of the samples were loaded into pre-cast NuPAGE 4-12% Bis-Tris, 1 mm mini gels (Invitrogen) in 

an X-Cell SureLock gel tank (Invitrogen), containing an SDS running buffer made of NuPAGE MES 

wǳƴƴƛƴƎ .ǳŦŦŜǊ όLƴǾƛǘǊƻƎŜƴύΣ ŘƛƭǳǘŜŘ ŀǎ ǇŜǊ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎΦ р ҡƭ ƻŦ ¢ƘŜǊƳƻŦƛǎƘŜǊΩǎ 

BenchMarƪϰ CƭǳƻǊŜǎŎŜƴǘ tǊƻǘŜƛƴ {ǘŀƴŘŀǊŘ ǿŀǎ ǳǎŜŘ ŀǎ ŀ ǇǊƻǘŜƛƴ ǎǘŀƴŘŀǊŘΣ ŀƴŘ ǘƘŜ ƎŜƭ ǊŜǎƻƭǾŜŘ ŀǘ 

200 V for 35 minutes. 
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2.6.3. Protein Transfer 

Protein transfer was performed using an iBlot2 Dry Blotting System with iBlot2 transfer stack kits 

containing the PVDF membrane (both LƴǾƛǘǊƻƎŜƴύΣ ŀǎ ǇŜǊ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎΦ .ǊƛŜŦƭȅΣ ǘƘŜ 

SDS PAGE gel was sandwiched between the transfer stacks, PVDF membrane and water soaked filter 

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

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

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

After transfer the PVDF membrane was retrieved for immunostaining. Successful staining was 

confirmed by the visibility of the blue bands of the protein ladder on the membrane. The membrane 

was agitated in deionised water on a shaker plate, in the dark for 5 minutes at room temperature. The 

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

The blots were blocked in 20 ml of SuperBlock buffer (ThermoScientific) for 2 hours at room 

temperature. Unless otherwise stated all wash and incubation steps were performed in the dark, with 

gentle agitation on a Model R100 Rotatest shaker (Luckham). All antibodies used and their dilutions 

can be found in Table 2.6. The primary antibodies were diluted in SuperBlock buffer to a volume of 20 

ml and incubated with the blots at 4 °C overnight. The blots were washed 3 x with 0.05 % v/v PBS-

Tween (in house) for 5 minutes. The secondary antibodies were then diluted in SuperBlock buffer and 

20 ml of the diluted antibodies were added to each blot and incubated for 1 hour at room 

temperature. The blots were washed for three times with 0.05 % PBS-Tween and imaged on a Typhoon 

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

The images were made in ImageQuantTL software (Cytiva) and quantification performed on ImageJ 

(National Institutes of Health). To quantify the target bands, the first sample band was outlined using 

the rectangle tool and selected as the first well under the Analyze > Gels > Select First Lane command. 

{ǳōǎŜǉǳŜƴǘ ōŀƴŘǎ ǿŜǊŜ ƛŘŜƴǘƛŦƛŜŘ ǳǎƛƴƎ ǘƘŜ Ψ{ŜƭŜŎǘ bŜȄǘ [ŀƴŜΩ ŎƻƳƳŀƴŘ ŀƴŘ ǘƘŜ ƛƴǘŜƴǎƛǘȅ ǇƭƻǘǘŜŘ ŀǎ 

ŀ ŎǳǊǾŜ ǳǎƛƴƎ ǘƘŜ Ψtƭƻǘ [ŀƴŜǎΩ ŎƻƳƳŀƴŘΦ ¢ƘŜ ŀǊŜŀ ǳƴŘŜǊ ǘƘŜ ǇŜŀƪ ŦǊƻƳ ŜŀŎƘ ǎŀƳǇƭŜ ǿŀǎ ŎŀƭŎǳƭŀǘŜŘ 

with the wand tool and the quantification produced by it transferred to excel for full analysis. This 

process was repeated with the GAPDH reference bands and used to normalise the results.  

 

Primary Antibodies Manufacturer Cat No. Dilution 

Goat Anti-IǳƳŀƴ CŎḃ LƎD Jackson ImmunoResearch 109-005-008 1:5000 

Goat Anti-Human Kappa Light Chain BioRad STAR127 1:5000 

Mouse Anti-GAPDH ProteinTech 60004-1-Ig 1:5000 
    

Secondary Antibodies Manufacturer Cat No. Dilution 

Rabbit Anti Mouse, AlexaFluor488 Invitrogen A-11059 1:5000 

Donkey Anti Goat, AlexaFluor647 Invitrogen A-21447 1:5000 

Table 2.6. Primary and secondary antibodies used during western blot staining. 

 

2.6.5. Coomassie Staining 

To confirm that blot transfer was completed, the gel was washed with 20 ml of deionised water for 5 

minutes with gentle agitation. 20 ml of SimplyBlue SafeStain (Invitrogen) was incubated with the gel 

for 1 hour at room temperature, with gentle agitation. The stain was removed and replaced with 20 

ml of deionised water and incubated for a further hour under the same conditions. The gel was 

removed from the water and imaged on a EZ Gel Doc Imager (BioRad) under the white tray filter.  
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2.7. Fluorescence Microscopy 
 

2.7.1. Live Cell ER Tracker and DAPI Counter Staining 

Live cell imaging of the Endoplasmic Reticulum was performed using ER-¢ǊŀŎƪŜǊϰ DǊŜŜƴ ό.h5Lt¸ϰ C[ 

Glibenclamide) (Invitrogen). Imaging was performed on 1x106 viable cells/ml, one day post passage. 

Cells were centrifuged at 180 xg for 4 minutes and the supernatant discarded. 1 ml of ER Tracker 

diluted to 1 µM in culture media was added to the cells and incubated for 30 minutes at 37 °C. The 

cells were washed using 1 ml of pre-warmed culture media. Cells were pelleted and resuspended in 

1ml pre-warmed media to wash, before repeating the wash step. Pelleted cells were resuspended in 

1ml of culture media and 100 µl of the sample was plated into a 96 well Poly-Lysine coated plate 

(Greiner). The plate was centrifuged at 180 xg for 4 minutes to ensure the cells lay flat for imaging. 

The plate was read on the Yokogawa CV8000 as per Section 2.7.3. 

 

2.7.2. Fixed Cell Imaging 

The antibodies used for immunostaining have been summarised in Table 2.7. To fix the cells for 

immunolabelling they were counted on the ViCell XR and 50,000 cells aliquoted into a Poly-Lysine 

coated 96 well plate (Greiner). The plate was centrifuged at 720 xg for 4 minutes to ensure the cells 

had adhered to the bottom of the dish. The supernatant was removed from the wells and replaced 

with 200 µl of ice cold methanol (Merck). Cells were incubated for 20 minutes in a ς 20 °C freezer. The 

plate was centrifuged and the wells were washed twice in 200 µl of PBS (Gibco) with a centrifugation 

step between washes. Primary antibodies were diluted to their desired concentration in PBS and 100 

µl added to culture wells, vortexed to mix and incubated in the dark for 1 hour at room temperature. 

After incubation the wells were washed twice in 200 µl of PBS, with a centrifugation step between 

washes. Secondary antibodies were diluted to their desired concentration in PBS and 100 µl added to 

the wells, vortexed to mix and incubated in the dark for 1 hour at room temperature. Wells were 

washed twice in 200 µl of PBS, with a centrifugation step between washes. 100 µl of DAPI counterstain 

(Thermofisher, stock conc 10 mg/ml) diluted 1:500 was added to the wells and incubated in the dark 

for 15 minutes at room temperature. The wells were washed twice in 200 µl of PBS, with a 

centrifugation step between washes. 100 µl of PBS was added to each well and the plate spun down 

ready for imaging on the Yokogawa CV8000. 
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Antibody/Stain Antibody Type Manufacturer Cat No. Dilution 

Rabbit Anti-BIP IgG Primary Abcam ab21685 1:1000 

Goat Anti-Human IgG (H+L 

Chain), AlexaFluor488 

Conjugated 

Primary 

Thermofisher A-11013 1:1000 

Goat Anti-IǳƳŀƴ LƎDΣ CŎḃ 

Fragment Specific 

Primary Jackson 

ImmunoResearch 

109-005-008 1:1000 

Goat Anti-Human Kappa Light 

Chain IgG 

Primary BioRad STAR127 1:1000 

Donkey Anti-Goat IgG, 

AlexaFluor647 

Secondary Thermofisher A-21447 1:1000 

 

2.7.3. Imaging on the Yokogawa CV8000 

Plates were imaged on the Yokogawa CV8000 at 1 Z slice in confocal fluorescence mode, using the 60x 

water objective. Imaging parameters and wavelength settings for individual experiments will be 

discussed in the relevant chapters.  

 

2.7.4. Quantification of the fluorescence imaging 

Quantification of the images produced from fluorescence microscopy were analysed in Columbus 

software (version 2.9.1.). The images were imported into the software and a bespoke quantification 

script run on them. Briefly, the size and location of the ER and nucleus were identified via their positive 

staining for BIP and DAPI respectively. From here quantification of a variety of cell characteristics of 

the whole cell, cytoplasm and nucleus were possible. These factors included the staining intensity of 

each fluorescence filter and morphology features e.g. diameter, length and area. Once the script had 

been designed it was then run over all of the images obtained by the microscope, and the geometric 

mean for each cell characteristic was calculated by the Columbus software using the cells in each well. 

The geometric mean was achieved by measuring the product of the cellular characteristic values and 

was then divided by the number of cells identified in the sample. The geometric mean was used in 

attempts to reduce skewing of the average by any cells present in the sample that were not 

representative of the population e.g. cells undergoing late stage of mitosis or in the process of 

apoptosis. The values were then saved in a csv file for further analysis. 

 

Table 2.7. Primary and secondary antibodies used for fixed fluorescence imaging experiments. 
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2.8. PrimeFlow RNA 
 

PrimeFlow RNA (Invitrogen) uses fluorescence in situ hybridisation (FISH) to quantify specific RNA 

targets inside fixed cells. Briefly, a target specific probe set is incubated with the fixed cells, and these 

target specific probes then have their signal amplified by a set of branched DNA structures that are 

ultimately attached to fluorescent labels. The fluorescence signal can then be detected by flow 

cytometry (Invitrogen, 2017). A full explanation and schematic of the protocol can be found in Chapter 

3. PrimeFlow RNA was performed over two days, using the PrimeFlow RNA kit as per the 

ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎ (Thermofisher). Cells were seeded to a density of 0.4x106 viable cells/ml 

to a volume of 30 ml 1 day prior to experiment start. Unless otherwise started all buffers were taken 

from the PrimeFlow RNA kit and all centrifugation steps performed at 400 xg for 5 minutes followed 

by supernatant aspiration. 

 

2.8.1. PrimeFlow RNA: Day 1 

5x106 viable cells were centrifuged, and resuspended in 100 µl of FACS Staining Buffer (1% BSA, Sigma 

Aldrich, in PBS). The cells were pelleted and the supernatant removed. Fixation buffer 1 was made up 

of equal parts fixation buffer 1A and 1B, and 1 ml was added to each of the cell samples. The cells 

were vortexed to mix and incubated for 30 minutes at 2-8 °C. The cells were pelleted and resuspended 

in 1 ml of 1x Permeabilisation Buffer containing RNase Inhibitors. Samples were mixed, centrifuged 

and the addition of permeabilisation buffer, spinning and supernatant decanting repeated. 100 µl 

AlexaFluor488 conjugated Goat Anti-human IgG H+L Chain (Thermofisher, A11013), diluted to 10 

µg/ml in FACS buffer, was added to the samples and incubated for 30 minutes in the dark at 2-8 °C. A 

further 1 ml of 1x Permeabilisation Buffer was added, inverted to mix and centrifuged. Meanwhile 

Fixation Buffer 2 was diluted 1 in 8 in PrimeFlow RNA Wash Buffer, and 1 ml added to the cell pellet 

after removal of the supernatant and incubated for 60 minutes in the dark at room temperature after 

inverting to mix. 

The samples were pelleted and resuspended in the residual volume by vortexing. 1 ml of PrimeFlow 

RNA Wash Buffer was added, inverted to mix and centrifuged. The wash step was repeated. The target 

probe diluent was pre-warmed to 40 °C in an Innova 4000 shaking incubator (New Brunswick 

Scientific), set to 90 RPM. The target probes were diluted 1/20 in the pre-warmed Target Probe Diluent 

to a total volume of 100 µl per sample, and thoroughly mixed by pipetting. Target probes used can be 

seen in Table 2.8. 100 µl of diluted target probes were added to the samples and vortexed to mix, 

before incubating for 2 hours at 40 °C with an inversion mix after 1 hour. 1 ml of Wash Buffer was 
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added, inverted to mix and centrifuged. All but ~100 µl of supernatant was removed, and cells 

resuspended in 1 ml of Wash Buffer containing RNase Inhibitors (diluted 1 in 100 in wash buffer). The 

samples were inverted to mix, centrifuged and all but ~100 µl of supernatant removed. Samples were 

vortexed and stored overnight in the dark at 2-8 °C. 

 

2.8.2. PrimeFlow RNA: Day 2 

The PreAmp mix, Amp mix and Label Probes that were used to amplify the signal were pre-warmed to 

40 °C in an Innova 4000 shaking incubator (New Brunswick Scientific) set to 90 RPM. After warming, 

100 µl of PreAmp mix was added to the samples, vortexed to mix and incubated for 1.5 hours at 40 °C 

in a shaking incubator. 1 ml of wash buffer was added to each sample, inverted to mix and centrifuged. 

All but ~100 µl of supernatant was removed and the wash step repeated twice. The pelleted cells were 

resuspended in 100 µl of Amp mix, vortexed to mix and incubated at 40 °C for 1.5 hours in a shaking 

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

Label probes were diluted (100x) in Label Probe Diluent, and 100 µl added to each pelleted cell sample, 

before incubating for 1 hour at 40 °C in a shaking incubator, covered in tin foil. Three wash buffer steps 

were performed, keeping the samples in the dark where possible. 1 ml of FACS buffer was added to 

each pelleted sample, inverted to mix and centrifuged. The cell pellets were resuspended in 100 µl of 

FACS buffer and passed through a FACS tube containing a 70 µm cell strainer (Falcon).  

20 µl of the filtered sample was added to a 384 well plate in triplicate. The iQue flow cytometer 

(Intellicyt) was cleaned and quality control checked as per Section 2.9. The plate was run with a sample 

sip time of 5 seconds and an additional up time of 0.5 seconds. 

 

 
 
 
 
 
 
 

 
 
 
 

Target Cat No. Fluorophore 

IgG VPKA3A9 (Custom Made) AlexaFluor750 

PDI VF1-4105104 AlexaFluor647 

BIP VF1-4104984 AlexaFluor647 

XBP1 VF10-4104855 AlexaFluor647 

Table 2.8. PrimeFlow RNA target constructs, catalogue numbers (Thermofisher Scientific) and 

bound fluorophores. 
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2.9. Flow Cytometry using the iQue Screener 

All flow cytometry experiments were performed on the iQue Screener Plus (Intellicyt), with the 

exception of cell counting during static scale up (described in Section 2.4.4.). The parameters and 

settings for individual experiments using the iQue will be discussed in the relevant chapters. A 20 

minute clean was performed upon start-up of the iQue, followed by a quality control test. Two drops 

of Intellicyt iQue Validation Beads (Intellicyt) were diluted in 300 µl of PBS (Gibco) before reading on 

the iQue under the preinstalled quality control template. After completion of the experiment a post-

plate clean (30 seconds flush, 30 seconds clean and 60 seconds water) was performed, followed by a 

20 minute shutdown clean. 
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2.10. Production Study 
 

2.10.1. Pre-Culture and Production Study Inoculation 

Fed-batch production studies were run in 250 ml shake flasks (Thomson) using a GSK proprietary 

feeding protocol. Production studies were performed on cultures after approximately 5 passages from 

revival. 4 days prior to inoculation the cultures were passaged to 0.3x106 viable cells/ml to a total 

volume of 60 ml.  

On the day of inoculation, 1 ml of the culture was sampled and 500 µl counted on the ViCell XR (as per 

Section 2.1.1.) at a 2.0 dilution in TrypleE. The remaining 500 µl was transferred to a CEDEX tube 

(Roche) and centrifuged at 15,000 xg in a microcentrifuge (Eppendorf) for 2 minutes to pellet the cells. 

The tubes were transferred to the CEDEX Bio HT Analyser (Roche) to measure metabolite 

concentration and mAb titre so that metabolite and mAb carryover after inoculation could be 

calculated. The CEDEX measured the following metabolites and mAb titre highlighted in Table 2.9, 

using the CEDEX BioAnalyser software (Roche).  

 

CEDEX Setting Metabolite Measured 

GLC3B Glucose 

GLN2B Glutamine 

GLU2B Glutamate 

IGGHB IgG (80-1600 mg/L) 

IGGLB IgG (10-80 mg/L) 

LAC2B Lactate 

LDH2B Lactate Dehydrogenase 

NH3B Ammonia 

 

1x106 viable cells/ml were inoculated into 100 ml of production media (GSK proprietary media + 25 

µm MSX), alongside 1 ml of proprietary feed. The cultures were then sampled again for ViCell counting 

and the CEDEX to obtain a baseline reading of the titre and metabolites. A further 200 µl of sample 

was aliquoted into a 1.5 ml tube (Eppendorf) from the CALR-GFP reporter host lines to quantify the 

GFP reporter expression. Cultures were kept in a Multitron shaking incubator (Infors HT) at 35 °C, 140 

RPM and 5 % CO2 for the 15 day production study. 

 

Table 2.9. Metabolite settings used on the CEDEX Bio HT Analyser, and the metabolites they measure 

for. Human IgG was first measured on the lower range setting (IGGLB) until day 6, where increasing 

titre required the higher range setting (IGGHB).  
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2.10.2. Measuring GFP expression with the iQue flow cytometer 

The cells were spun down at 720 xg for 4 minutes, the supernatant discarded and 200 µl FACS buffer 

(0.5% BSA, Sigma Aldrich in PBS) was added. 50 µl of the resuspended cells were added to a flat bottom 

96 well plate (Corning), and topped up with a further 50 µl of FACS buffer. The plate was run on the 

iQue using the BL1-H filter to measure GFP. A pre-plate shake was run for 15 seconds at 1000 RPM 

and the samples agitated after every 4th sample to stop the cells sedimenting. Each sample was read 

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

were gated for single cells, and the geometric mean for the FSC, SSC and BL1-H filter calculated. 

 

2.10.3. Production study sampling and feeding 

Culture sampling and feeding was performed on days 3, 6, 8, 10, 13 and 15 post inoculation. Cell 

counts were measured on the ViCell XR as per day 0, until day 8 whereafter a 4.0 dilution with TrypleE 

was used as cell concentrations increased. The CEDEX was used to measure metabolites as per day 0, 

and the GFP expression also monitored using the same technique until day 8, where samples were 

resuspended in 1 ml of FACS buffer as samples were more concentrated. 

A pre-determined volume of feed was added to the samples at each time point. Glucose was also 

added to the cultures where needed, adding sufficient volume to bring the glucose to the required 

concentration (7-9 g/L dependent on the feed date), using the calculated measurement on the CEDEX.  

 

2.10.4. Culture Harvest 

Culture media was harvested at day 15 of the production study so that product quality analysis could 

be performed on the mAb product. 30 ml of the culture was decanted into a 50 ml tube (Falcon) and 

centrifuged at 2800 xg for 20 minutes to pellet the cells and debris. 10 ml of the resulting supernatant 

was carefully poured into a 15 ml tube (Falcon), and the samples immediately frozen at ς 80 °C for 

storage.  
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2.11. mAb Product Quality Analysis 

Product quality analysis was performed on the samples using an automated High Performance Liquid 

Chromatography (HPLC) system and script by ChemStation (Agilent). Size Exclusion Chromatography 

(SEC) was used to measure product size, whilst Cation Exchange Chromatography (CEX) measured 

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

 

2.11.1. Sample Filtration and Purification 

Frozen media were thawed and spun at 2800 xg for 20 minutes with no brake before filtering to ensure 

any remaining cell debris was separated from the product. A Freedom EVO 200 liquid handler (Tecan) 

was used to filter the samples, using a proprietary script. Briefly, the samples were passed through a 

Unifilter 96 well plate (Whatman), and into a 48 deep well plate to a total volume of 4 ml. At the 

beginning and end of each script a maintenance clean was performed to ensure the Tecan tips were 

clean.  

The filtered samples were also purified on the Freedom EVO 200, using a MabSelect PrismA column 

(Cytiva). The filtered samples were passed through the column, and eluates of the samples were 

collected in a plastic UV-STAR 96 well plate (Greiner). The samples were eluted into individual rows of 

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

 

2.11.2. Measuring Sample Concentration and Normalisation 

After the elution was complete the plates were measured for product concentration using a Magellan 

plate reader (Tecan) on the A280 filter. As the eluates varied in concentration, only wells with a value 

above 1 in the same row were pooled into a fresh 96 deep well plate, to ensure a concentrated, 

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

measured on a Lunatic spectrometer ό¦ƴŎƘŀƛƴŜŘ [ŀōǎύ ǳƴŘŜǊ ǘƘŜ ΨǇǊƻǘŜƛƴ ǘǳǊōƛŘƛǘȅ ό!нулύΩ setting 

using the pre-determined mAb extinction coefficient. 3 µl of each sample was added to individual 

ǿŜƭƭǎ ƻŦ ŀ ΨƘƛƎƘ ƭǳƴŀǘƛŎ ǇƭŀǘŜΩΣ ŀƭƻƴƎǎƛŘŜ ŀ ǿŀǘŜǊ ōƭŀƴƪΦ The resulting concentrations were noted and 

used to calculate the dilution required to normalise the samples for HPLC analysis. 

Sample normalisation was also performed on the Freedom EVO 200. The samples were normalised 

for SEC analysis to 2 mg/ml in sterile water on the Tecan into a V bottomed 96 well HPLC plate 

(Greiner). The process was then repeated for CEX analysis, at a concentration of 1 mg/ml in mobile 

ǇƘŀǎŜ ōǳŦŦŜǊ Ψ/·-1 pH Gradient Buffer A (Thermo Scientific). The sample concentrations were 

confirmed using the Lunatic plate reader, and were then ready for HPLC analysis. 
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2.11.3. Running product quality analysis on the HPLC systems 

The SEC and CEX sample plates were sealed with a Zone Free Sealing Film (Excel Scientific) and loaded 

into their respective HPLC systems using ChemStation software (Agilent). Samples were run on the 

HPLC systems using a proprietary protocol.  

A 25 µl injection volume was used for CEX analysis, eluted over an acidic to basic gradient change in 

mobile phase, using the CX-1 pH Gradient Buffer A and CX-1 pH Gradient Buffer B (both Thermo 

Scientific). An 18 µl injection volume was used for SEC analysis, eluted over a gradient change in mobile 

phase using 100 mM Sodium Phosphate, 400mM Sodium Chloride at pH 6.8 and sterile water (both in 

house). 

 

2.11.4. Analysing the HPLC data sets 

Both CEX and SEC samples were analysed using the same technique on ChemStation software 

(Agilent). Peaks were manually identified on one representative chromatogram for each mAb type 

expressed, and copied into all other chromatograms containing the same mAb. Each individual 

chromatogram was then checked to ensure the correct peaks had been identified. The quantitative 

values obtained from the peaks were exported into an excel file. Chromatograms were visualised on 

Chromview software (ChemStation). 

 

2.12. Statistical Analysis 

All graph design and statistical analysis was performed in GraphPad Prism (version 9.2.0.), unless 

otherwise stated. Statistical analysis was performed using the most appropriate test for the data 

concerned and repeated in biological triplicate unless otherwise stated. Variation was deemed 

statistically significant when p < 0.05. Details regarding the specific tests used for each experiment can 

be found in their corresponding chapter. 
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3. Predicting mAb quality and quantity in CHO clones 

expressing a bispecific mAb using the Unfolded 

Protein Response (UPR) 
 

3.1. Introduction 

Chinese Hamster Ovary (CHO) cells are one of the most commonly used expression systems to produce 

biopharmaceutical products, being used as an expression system in 35% of all approved 

biopharmaceutical products between 1982-2014 (Walsh, 2018). CHO cells become even more 

common when focusing solely on monoclonal antibody (mAb) production, being 60% of the mAb 

ƳŀǊƪŜǘΩǎ ŜȄǇǊŜǎǎƛƻƴ ǎȅǎǘŜƳ ƻŦ ŎƘƻƛŎŜ ōŜǘǿŜŜƴ нлмн-2017 (Grilo and Mantalaris, 2019).  

The CHO expression systems high market share can be accredited to multiple factors. Their approval 

in 1987 means that CHO cells have over 30 years of demonstrated safety as an expression system, 

making marketing approval by regulatory bodies an easier step than in a less tested expression system. 

CHO cells can also perform complex post-translational modifications that are required in the correct 

folding of human proteins (Kim et al., 2012; Durocher and Butler, 2009; Walsh and Jefferis, 2006). 

Further to this, their ability to be easily grown in suspension culture paired with their ability to produce 

high quantities of exogenous protein, means CHO cells are also readily scalable into mass-manufacture 

bio-reactors to culture volumes up to 20,000 L (Jayapal et al., 2007; Merten, 2006). 

Despite these advantageous qualities, the plasticity of the CHO genome paired with the random 

integration of the mAb into the CHO genome during transfection results in CHO clones producing 

mAbs of varying quality and quantity. The CHO genome has been shown to be genetically unstable, 

with the literature showing that the number of chromosomes in CHO lineages, as well as the presence 

of chromosomal rearrangements have changed since the first isolation of the CHO line (Vcelar et al., 

2018). This plasticity has allowed for the development of modern day CHO lineages used in 

biopharmaceuticals by chemical mutagenesis, but it does mean that the variation across single cells in 

a population is apparent even after only one transfection event (Urlaub and Chasin, 1980; Reinhart et 

al., 2019). To mitigate the potential variation of mAb expression in CHO cells, regulatory bodies require 

all mAb product to be produced from a single progenitor CHO cell to ensure the mAb characteristics 

are uniform within the population (Frye et al., 2016). This is achieved by single cell cloning a population 

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

that has been derived from one progenitor cell.  
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The subsequent screening of the single cell clones initially focuses on selecting clones with the highest 

mAb titre and best growth characteristics. This early stage is referred to as Cell Line Development 

(CLD) in biopharmaceutical production (see Section 1.1.5.) (Lai et al., 2013; Tejwani et al., 2021; 

Nakamura et al., 2015). This approach has been shown to be reliable throughout the industry, with 

Porter et al., (2010) showing that selection during scale up is reliable when following cultures through 

to bioreactor study, whereby 29 cell lines that had been measured and selected for based on titre 

during shake flask culture of clonal scale up were compared to their titre expression during 10 L 

bioreactor culture. A statistically significant positive correlation was seen between the two titre 

measurements (R2 = 0.669), suggesting that the titre obtained during scale up is relevant to 

subsequent bioreactor study.  

Whilst this approach works effectively to select for high producing CHO clones, there are many other 

crucial factors that cannot be measured during the CLD culture stage, such as the quality of the mAb 

and whether the titre expression is stable over a long period of time in culture (Nakamura et al., 2015). 

These are tested much later in the production process and often results in the removal of cell lines 

that were deemed acceptable during CLD, but then appear to be problematic for these other reasons, 

causing a huge burden on time and resources. This thesis therefore aims to define a phenotypic 

fingerprint of clones expressing mAbs with favourable product titre and quality characteristics that 

can be used to select clones during early cell line development. Ultimately this would reduce the 

number of poor quality clones that would be removed after CLD, and allow a greater pool of 

potentially manufacturable clones to be progressed instead.  

Reasons for poor product quality often focuses on the final structure of the mAb product, with 

fragmentation and aggregation being two important quality issues. Fragmentation refers to any 

product that is smaller than the desired mAb format, and can affect the isoelectric point (pI) of the 

mAb product which has been in turn shown to affect the binding activity of the mAb in humans 

(Torkashvand and Vaziri, 2017). Conversely, aggregation refers to any products that are larger than 

the desired format, often from incorrect folding causing binding of the mAb product together, and is 

important as aggregated mAb can cause immunogenic responses in humans (Ishii et al., 2014). Joubert 

et al. (2012), for example, showed that when aggregated formats of 3 different mAb products were 

introduced in vitro there was an increased secretion of cytokines related to innate and T-cell immune 

responses, in comparison to the introduction of their respective mAb monomer. 

This issue of product quality and titre is exacerbated as biopharmaceutical companies begin to make 

the design of therapeutic antibody targets into more complex formats, increasing the burden on the 

CHO expression system. Novel mAb formats such as bispecifics, single domain formats and protein 
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conjugates (described in Section 1.2.6.) are coming into the forefront of therapeutic design- with two 

bispecific mAbs already gaining FDA approval in 2014 and 2017 (Mullard, 2021). Bispecific mAbs can 

target two different epitopes of target antigens ς these can be the same epitopes of the same antigen 

or two different antigens. Bispecific mAbs therefore have advantageous qualities as a drug target, such 

as the ability to induce an immune effector response, by using one mAb epitope to redirect immune 

cells to problematic antigens on the other epitope, as well as increasing the half-life of the mAb drug 

and dual-targeting the same antigen target (Zhukovsky et al., 2016; Kontermann, 2011; Kontermann, 

2012). 

Blinatumomab, a bispecific mAb fragment approved in 2014, binds to cancerous B cell targets via CD19 

receptor binding as well as simultaneously engaging cytotoxic T cells using CD3 mediated binding 

(Przepiorka et al., 2015; Topp et al., 2008). The second approved bispecific mAb, Emicizumab, is a full 

length bispecific that binds to coagulation factor IX and X and is approved for use in patients with 

Haemophilia A (Center for Drug Evaluation and Research, 2018). Haemophilia A is characterised by 

the loss of coagulation factor VIII, which is crucial for supporting the interaction of factor IX and X 

which in turn activates the rest of the coagulation cascade, that is required for successful blood 

clotting. Emicizumab therefore mimics the role of factor VIII in Haemophilia A patients preventing 

their need for exogenous factor VIII infusion (Shima et al., 2016; Kitazawa et al., 2012). These more 

complex designs bring their own challenges for CLD, as expressing a bispecific molecule for example 

can result in up to 9 different chain combinations as well as the desired format, drastically reducing 

the percentage of desired product (Carter, 2001). These potential chain combinations can be 

highlighted in Figure 1.6.  

Whilst fragmentation and aggregation can have extracellular causes such as pH (Vlasak and Ionescu, 

2011), literature has shown a link between product quality and endoplasmic reticulum (ER) folding 

capacities (Le Fourn et al., 2014; Ishii et al., 2014) and thus it was hypothesised that clones expressing 

poorer quality mAbs had impaired protein folding. Protein Disulphide Isomerase (PDI) is an enzyme 

that catalyses the formation of disulphide bonds and is a key enzyme in the folding of mAbs, with one 

study showing the overexpression of PDI resulted in an improved product secretion rate (Borth et al., 

2005). In fact, the Endoplasmic Reticulum (ER) follows a strict folding pathway for mAbs (Section 

1.2.3.), so when protein folding becomes impaired a signalling cascade known as the Unfolded Protein 

Response (UPR) attempts to return the ER folding pathway to homeostasis. The UPR is a complex, 

multi-armed pathway that is inhibited by Binding Immunoglobulin Protein (BIP) in homeostatic protein 

folding conditions (Hetz, 2012) (see Section 1.6. for the full pathway). When a build-up of misfolded 

protein occurs, BIP dissociates from the initial sensors of the UPR and instead binds to the misfolded 

proteins, thus signalling the initiation of the UPR. The UPR then activates transcription factors to 
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upregulate expression of genes involved in protein folding, and temporarily attenuate genes involved 

in protein translation (Patil and Walter, 2001; Prashad and Mehra, 2015). CHO clones with higher mAb 

titre, have been shown to have higher mRNA concentrations of key UPR markers such as BIP and 

spliced X-Box Binding Protein 1 (sXBP1) (Kober et al., 2012). In a second study, the mRNA of BIP and a 

host of other UPR proteins was more highly expressed in a high producing mAb clone compared to a 

low producing clone (Prashad and Mehra, 2015). This data suggested that higher producing clones are 

either inherently better at initiating the transcription of the UPR when a build-up of misfolded protein 

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

without a stress stimuli.  

Unfolded or misfolded protein has also been shown to be a cause of aggregated and fragmented 

protein in the CHO cell, when protein folding demands out balance the quality control processing 

capacity (Kiese et al., 2010; Torres et al., 2022). Aggregation has been negatively correlated to free 

light chain in the media, which is easily secreted out of the ER whilst free heavy chain often is retained 

inside the clone (Bhoskar et al., 2013; Borth et al., 2005).  

 

3.1.1. Chapter Aims 

The aim of this Chapter was to determine how the ER and the UPR respond to the expression of 

bispecific mAb in a panel of CHO clones, with particularly stark product quality and titre issues. 

Multiple experimental techniques were trialled for their effectiveness, reliability and ease of use. The 

bispecific clonal lines analysed in this Chapter were previously generated by GSK and had undergone 

product quality analysis before the beginning of this thesis. From here, if any correlations were found 

in the bispecific lines, the tests could be extended to other mAb types to confirm if the effects were 

universal. A bispecific molecule was chosen for preliminary investigation in the hopes that these 

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

3.2.1. Designing a clonal cell line panel for testing techniques 

A panel of clonal CHO cell lines expressing a GSK proprietary bispecific mAb molecule was used for 

initial phenotype marker detection. 10 clones were chosen with desirable and undesirable 

characteristics relating to product titre, fragmentation and aggregation (Table 3.1.). Titre and product 

quality were determined during Upstream and Downstream processing of the clonal cell line culture 

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

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Cell Line SPR (pg/cell/day) Fragment (%) Aggregate (%)

Clone A High High High

Clone B Low High Low

Clone C High High Low

Clone D Low High High

Clone E High Acceptable Low

Clone F High Low Low

Clone G High High High

Clone H Low High Low

Clone I High Acceptable Low

Clone J High High Low

Table 3.1. The mAb product characteristics of a clonal cell line panel used to investigate the relationship 

between UPR proteins and mAb product and quality.  

Clonal lines have been anonymised and are all expressing the same bispecific molecule. Specific Productivity 

Rate (SPR) (pg/cell/day) was used as a measure of titre. Aggregate (%) and Fragment (%) was measured by High 

Performance Liquid Chromatography (HPLC). Green highlights clones within the desirable production range, 

whilst orange shows properties that are out of the desirable criteria. Data was produced by GSK scientists.  
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3.2.2. Using a live ER Tracker Cell Stain to measure whole ER content 

Initial examination of the clones protein processing capacity was measured by the live cell ER stain, ER 

Tracker (Invitrogen). ER Tracker allows monitoring of the intensity and size of the ER (Sahay et al., 

2010). ER-Tracker was tested preliminarily on the CHO host, as well as clones A and B from the clone 

panel. Live, fluorescence imaging confirmed that the ER was clearly visible and quantifiable (Figure 

3.1). Quantification was measured as the geometric mean of the fluorescence intensity (gMFI) in the 

sample population. There did not appear to be any visible difference in the amount of ER between the 

CHO host and the two clones (Figure 3.1.A), and this was reflected in the quantification of the stain 

(Figure 3.1.B). The standard deviation was calculated as the variability in the cell population, therefore 

large error bars were seen in the quantification due to heterogeneity in the size of the individual cells 

and the growth phase they were in at the time. As the staining intensity and quality of the ER Tracker 

was optimised for stain concentration prior to the experiment, as well as optimisation of the 

microscopy imaging technique, it was not thought to play a factor in this variability. Although live 

stains are advantageous due to their ease in use, ER Tracker is a cell permanent dye and cytotoxicity 

caused by the BODIPY dye has been cited (Laine et al., 2017). ER Tracker cytotoxicity was therefore 

tested by incubating the Clone A culture with 100 nM and 1 µM ER-Tracker over a 4 day passage. 

Viable cell count, total cell count and viability did not appear to be affected by the addition of ER-

Tracker compared to the negative control (Figure 3.1.C.) indicating there was no negative impact to 

the cells when using the ER tracker. 
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Figure 3.1. The intensity of the ER Tracker staining was similar between the CHO clones. 
A) ER Tracker (Invitrogen) staining on three live cell populations: the CHO host and bispecific mAb Clone A and 
Clone B. 500,000 cells were taken from culture and incubated with 1 µM ER Tracker for 30 minutes before being 
washed and imaged on a Yokogawa CV8000 microscope. A CHO host negative control that was not incubated 
with ERTracker was also imaged. Scale bar = 20 µm. B) Quantification of ER Tracker intensity inside the cell 
populations (~1000 cells per cell line) by geometric mean fluorescence intensity (gMFI). ER Tracker intensity was 
measured at similar intensities in all three populations. Large error bars may be due to the heterogeneity of 
population sizes and the process of cell division (N=1). Error bars = +- 1 SD.  
C) Viable cell count, total cell count and viability in Clone A cultures incubated with varying concentrations of ER 
Tracker over 4 days in culture. Samples were measured on the ViCell XR. ER Tracker did not appear to have any 
cytotoxic effects. Negative (black), 100 nM (red) and 1 µM (blue) (N=3). Error bars = +- 1SD. 
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3.2.3. Human mAb staining showed distinct phenotypes in a high and low producer CHO 

clone when measured with immunofluorescence microscopy 

As the size of the ER itself did not appear to be different between the CHO host and the mAb 

expressing clones, measuring UPR specific targets were considered rather than the ER organelle as a 

whole. BIP was chosen as it showed the high correlative relationships with titre in previous studies 

(Kober et al., 2012) (Prashad and Mehra, 2015). BIP is also the master regulator of the UPR, and thus 

any induction of BIP would likely suggest that there was an induction of the UPR due to a build-up of 

mis-folded protein present in the cell (Prashad and Mehra, 2015).  

Immunofluorescence microscopy on fixed cells was first performed on the CHO host, Clones A and B 

to determine the localisation and levels of BIP and human IgG (Figure 3.2.). In addition, DAPI was used 

to stain the nucleus of the cells. As expected, no staining by the anti-human IgG antibody was observed 

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

both clones. However, in Clone A the staining was largely present outside of the cells in structures 

which potentially resemble extracellular aggregates. In contrast, the IgG was present predominantly 

inside the cells of Clone B, as seen in the quantification of intracellular IgG (Figure 3.2.C.). Intracellular 

IgG was in fact 2.77 fold higher in clone B than clone A. Extracellular IgG could not be quantified. Clone 

A has been defined as a high titre producer, however the IgG it produces is prone to aggregation and 

fragmentation. The exact form the fragment takes cannot be confirmed as it was not measured in the 

previous study, however as all of the clones did produce measurable mAb it can be speculated that 

the product does contain secreted heavy chain as the protein A binding used by the Octet HTX 

(ForteBio) in CLD binds to the Fc region of mAbs (Fischer et al., 2017). Thus, it appears likely that the 

clones are able to produce heavy chains, and may be present in the fragmented product. Clone B is 

classified as a low titre producer, with low aggregate but high fragmentation. Thus, the large masses 

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

BIP expression showed a localised ER staining pattern as expected. The staining appeared 

heterogenous within the populations, with the strongest visual expression in clone B. This was 

confirmed by microscopy quantification (Figure 3.2.C), with clone B showing a 2.08 fold increase in 

staining intensity compared to the CHO host. Surprisingly, the CHO host and clone B had very similar 

ǎǘŀƛƴƛƴƎ ƛƴǘŜƴǎƛǘȅΩǎΣ ǎǳƎƎŜǎǘƛƴƎ ǘƘŀǘ ǘƘŜ ¦tw ǿŀǎ ƴƻǘ ōŜƛƴƎ ǳǇǊŜƎǳƭŀǘŜŘ ŘǳŜ ǘƻ ǘƘŜ ŀŘŘƛǘƛƻƴ ƻŦ ǘƘŜ 

second plasmid. This may hint that the clone is very good at producing the high quantity of mAbs being 

translated, but is not necessarily folding them successfully enough that they maintain their monomer 

form following secretion. 
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As the quantification of the imaging was only tested over one biological replicate (~ 500,000 cells 

imaged per cell line), this result cannot be confirmed as statistically significant however. Of course, 

heterogeneity across the cells in each population may also play a part in this variation. The cells in the 

sample may be in different growth phases, and thus are not all necessarily focusing on protein 

production. As the intensity of the stain was normalised to the size of the cell, the effects of cell 

division have been mitigated where possible, however a tool that can quantify the staining intensity 

of individual cells may be beneficial. 
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A)

B)

C)

Figure 3.2. Large amounts of extracellular IgG was seen in clone A, a highly aggregated clone. 
A) Fluorescence microscopy images on three fixed clonal cell line populations, measured on a Yokogawa CV8000 

microscope. 500,000 cells from each culture was fixed and stained for BIP and human IgG. BIP shown in red, 

human IgG in green and DAPI nuclear staining in blue. Clone A has greater extracellular mAb staining, and clone 

B has greater intracellular mAb staining, indicated by white arrows (N=1). Scale bar = 20 µm. 

B) Product quality table showing mAb titre and product quality for Clones A and B. C) Quantification of the 

intracellular BIP and IgG staining in the three clones as measured by Columbus software, version 2.9.1 (N=1). A 

minimum of 1000 cells were used for quantification per sample. 
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3.2.4. Quantification of UPR targets with PrimeFlow RNA 

The microscopy-based experiments suggested that there may be differences in the folding and 

expression levels of the IgG molecules between each clone. Thus, it may be of interest to determine 

what is happening in these clones at the molecular level. Thus, it was decided to quantify the UPR 

pathway and intracellular IgG levels using a transcriptomic based approach.  

PrimeFlow RNA was used to measure intracellular IgG, BIP and PDI transcripts. PrimeFlow RNA is based 

around fluorescence in situ hybridisation (FISH) and flow cytometry. A probe is designed to a specific 

mRNA target which is then hybridised to the fixed cells and the signal amplified by a series of branched 

DNA structure steps followed by the addition of a fluorescent label to the probe (schematic in Figure 

3.3.A.). BIP and PDI probes were obtained directly from Thermofisher, whilst a custom made IgG probe 

ǿŀǎ ŘŜǎƛƎƴŜŘ ǘƻ ŀ ŎƻƴǎŜǊǾŜŘ ǊŜƎƛƻƴ ƻŦ ǘƘŜ LƎD ƘŜŀǾȅ ŎƘŀƛƴ ǎǇŜŎƛŦƛŎ ǘƻ D{YΩǎ ǇǊƻǇǊƛŜǘŀǊȅ Ƴ!ō 

sequences (see Table 2.8.). The technique was confirmed to be binding specifically to the targets by 

the addition of increasing concentrations of the chemical stressor Tunicamycin to CHO host culture. 

Tunicamycin inhibits N-linked glycosylation, resulting in mis-folded protein folding that becomes 

blocked in the ER (Tordai et al., 1995). Tunicamycin was incubated in the cultures for 4 hours before 

performing BIP RNA quantification via PrimeFlow RNA. The concentration of BIP RNA showed to 

increase as the amount of Tunicamycin (and therefore ER stress) increased, suggesting that the 

response was specifically binding to the BIP RNA (Figure 3.3.B.). 

RNA transcripts of BIP, PDI and human IgG in the panel of bispecific cell lines were measured in the 

cell lines 1 day post passage, in biological triplicate (Table 3.1.). PDI and BIP transcripts were labelled 

in separate experiments. The binding of IgG probe was shown to be specific to the IgG target RNA as 

the CHO host control was negative for IgG RNA compared to the expressing clones (Figure 3.3.C.). 

Results were performed in biological triplicate. PrimeFlow RNA quantification was measured by the 

geometric mean fluorescence intensity (gMFI) of the bound fluorescent label probes, however when 

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

IgG RNA transcript staining intensity (gMFI) ranged from 2,711 - 1,750,000 across the experiment, with 

replicate 2 having the greatest average fluorescence intensity out of all of the replicates. The average 

replicate 2 intensity was in fact almost 50 x fold greater than replicate 2, and over 400 x fold increase 

than replicate 3. To account for this variability in intensity scores at different replicates the values 

were normalised to the CHO host.  
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Figure 3.3. PrimeFlow RNA was able to successfully detect IgG RNA transcripts although the biological 
reproducibility was very low. 
A) Schematic diagram showing the principles of PrimeFlow RNA. A pair of gene specific probes are added to the 
sample, followed by complementary pre-amplifiers and amplifiers to increase the signal. A final label probe is 
added containing AlexaFluor specific dyes that can be measured by flow cytometry. Diagram adapted from 
Invitrogen, 2017. B) BIP RNA transcripts were increased in the CHO host with increasing Tunicamycin incubation 
as measured by PrimeFlow RNA on the iQue flow cytometer (N=3). Error bars =+- 1SD. C) IgG RNA gMFI intensity 
in all Clones A-J and the CHO host. IgG RNA was at background levels for the CHO host suggesting that the IgG 
PrimeFlow probe was specific (N=3). Error bars = +- 1SD. Quantified on the iQue flow cytometer. D) IgG RNA 
transcript gMFI intensities of Clone D, Clone E, and Clone F (N=3). The three replicates vary greatly between each 
other indicating this technique is not reproducible. Quantified on the iQue flow cytometer.  

A) B)

C) D)
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After normalisation the RNA transcripts of PDI, BIP and IgG in the samples were correlated to the 

previously calculated SPR (pg/cell/day), Fragment (%) and Aggregate (%) (See Section 3.2.1.). 

tŜŀǊǎƻƴΩǎ Ǌŀƴƪ ŀƴŀƭȅǎƛǎ ǿŀǎ ǳǎŜŘ ŦƻǊ all correlation analysis as the data passed a Shapriro-Wilk 

normality test. BIP showed a significant, strong correlation with fragment (%) (r =0.902, p < 0.01) 

(Figure 3.4.A.). Neither SPR (pg/cell/day) nor aggregate (%) showed any correlation with BIP RNA 

expression. PDI transcript expression however was moderately negatively correlated to the fragment 

(%) in the final mAb product (r= -0.644, p = 0.045, Figure 3.5.A). A correlation matrix heat map 

highlighted all of the non-significant correlations not discussed for the BIP and PDI RNA studies against 

product titre and quality (Figure 3.4.B. and Figure 3.5.B respectively). No correlation was seen with 

aggregate (%) in the final mAb product, as well as a non-significant SPR positive correlation. This 

suggests that PDI has a correlative link to the product being fragmented, where an increased PDI 

reduces the likelihood of fragmentation. As the chaperone activity of PDI to catalyse disulphide bonds 

is important to ensure fully folded product (Weissman and Kimt, 1993), this led to the hypothesis that 

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

Interestingly, the correlation between IgG RNA and SPR over the two separate experiments 

(measuring BIP and PDI respectively) varied, despite using the same probe sets for measuring IgG. IgG 

RNA was only significantly correlated to the SPR (pg/cell/day) in the BIP study (r of 0.89, p < 0.05). The 

PDI study in comparison had only a moderate positive, and non-significant correlation for IgG RNA 

against SPR (r= 0.53, p = 0.119). Whilst variation is expected over different experiments it was 

surprising that the two correlations were so dissimilar from each other. This combined with the 

inconsistency of the measured concentrations from each biological replicate, threw the reliability of 

PrimeFlow RNA as a technique into doubt. Instead, a different RNA quantification technique could be 

used to confirm that the PrimeFlow trends towards BIP and PDI transcripts to predict titre and product 

quality. 
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A)

B)

Figure 3.4. The levels of BIP RNA are positively correlated to fragment (%) when measured using PrimeFlow 
RNA in the clonal cell panel. 
5x106 viable cells/ml were fixed for PrimeFlow RNA experimental conditions (N=2). The final samples were 

measured on an iQue flow cytometer. Clones have been coloured to be representative over each graph in figure 

3.4-3.6. A) BIP RNA transcript intensities normalised to the CHO host in each triplicate, and correlated to SPR 

όǇƎκŎŜƭƭκŘŀȅύΣ ŦǊŀƎƳŜƴǘ ό҈ύ ŀƴŘ ŀƎƎǊŜƎŀǘŜ ό҈ύΦ tŜŀǊǎƻƴΩǎ Ǌŀƴƪ ŀƴŀƭȅǎƛǎ ǿŀǎ ǳǎŜŘ ǘƻ ƳŜŀǎǳǊŜ ǘƘŜ ŎƻǊǊŜƭŀǘƛƻƴΦ 

Statistical significance p <0.05. B) Correlation matrix monitoring the BIP and IgG RNA transcripts against all three 

mAb product variables. Red= Perfect 1.0 positive correlation, blue = perfect -1.0 negative correlation. Statistically 

significant correlations were set at p <0.05, and underlines in the matrix. 
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A)

B)

Figure 3.5. The levels of PDI mRNA are negatively correlated to fragment (%) using PrimeFlow RNA in the 
clonal cell panel. 
5x106 viable cells/ml were fixed for PrimeFlow RNA experimental conditions (N=3). The final samples were 

measured on an iQue flow cytometer. Clones have been coloured to be representative over each graph in figure 

3.4-3.6. A) PDI RNA transcript intensities normalised to the CHO host in each triplicate, and correlated to SPR 

όǇƎκŎŜƭƭκŘŀȅύΣ ŦǊŀƎƳŜƴǘ ό҈ύ ŀƴŘ ŀƎƎǊŜƎŀǘŜ ό҈ύΦ tŜŀǊǎƻƴΩǎ Ǌŀƴƪ ŀƴŀƭȅǎƛǎ was used to measure the correlation. 

Statistical significance p < 0.05. B) Correlation matrix monitoring the PDI and IgG RNA transcripts against all three 

mAb product variables. Red= Perfect 1.0 positive correlation, blue = perfect -1.0 negative correlation. 
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3.2.5. Quantification of UPR RNA targets with Droplet Digital PCR 

Due to the significant variability in the PrimeFlow experiments, digital droplet Polymerase Chain 

Reaction (ddPCR) was employed as an alternative technique to investigate UPR RNA targets in the 

bispecific clone panel. ddPCR is a branch of quantitative PCR (qPCR) that has the ability to calculate 

absolute quantification of nucleic acids, without the need of standard curves. In ddPCR the sample is 

fractionated into ~20,000 droplets using an oil emulsion, before performing PCR with a fluorescent 

probe that binds to the target of interest (Hindson et al., 2013). The fractionated sample ddPCR is 

beneficial over PrimeFlow RNA as a housekeeper gene such as -̡Actin can be used to normalise the 

data using a second fluorescent label (Dhiman et al., 2020). Here, RNA was isolated from the cultured 

samples in biological triplicate (samples were collected from the same cultures over consecutive 

passages) and converted to cDNA for use in ddPCR (Section 2.5.). The concentration of the target 

transcript was normalised to the concentration of the reference transcript, in technical and biological 

triplicate.  

As ddPCR is a higher throughput method, two additional UPR targets were also investigated using 

these samples: XBP1 and ATF6. Both targets are directly activated during the UPR pathway (Section 

1.3.2.) and thus any response seen could be indicative of a UPR response. In addition, the levels of the 

ER-resident Ceramide Synthetase 2 (CERS2) was also measured. This protein may be predictive of 

undesirable CHO clones as it was shown to increase mAb titre in CERS2 knocked down clones (Pieper 

et al., 2017). CERS2 was also tested by ddPCR here therefore to see if non-UPR based targets may be 

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

The expression of the target genes normalised to the ̡-Actin reference, showed a clear difference in 

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

the targets were between 1.22 and 2.75 fold higher in the host than in the averaged clones, and with 

much larger error bars. This was likely due to the nature of the CHO host, compared to the clones that 

were derived from one progenitor cell. The CHO host was derived from a single progenitor cell when 

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

the CHO host are likely to have occurred since cloning. CERS2, XBP1 and ATF6 transcripts had fewer 

copy numbers per µl compared to the BIP and PDI group - as can be seen by the scale bars of the 

graphs (CERS2, XBP1 and ATF6 ranged between 0.00-0.05, whilst BIP and PDI ranged between 0.00-

0.25). This could suggest that overarching chaperones and folding enzymes such as BIP and PDI were 

more abundantly transcribed than specific components of the UPR. Zhang et al. (2016) highlights this 

plasticity using RNA-Seq, whereby over 80 mutations reached the accepted confidence level for 

significance in a mAb expressing CHO clones after 150 population doublings. When considering the 

CHO host is not cloned in the same manner, it would explain why such a difference in expression was 
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seen in this study. Of course, it is not known whether the RNA expression seen in this study is 

necessarily representative of final protein expression levels for all of these chaperones, and this would 

have to be further analysed via western blot. 

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

was calculated (FƛƎǳǊŜ оΦсΦ/ΦύΦ CƻǳǊ ƻŦ ǘƘŜ tŜŀǊǎƻƴΩǎ Ǌ ŎƻǊǊŜƭŀǘƛǾŜ ǘŜǎǘǎ ǎƘƻǿŜŘ ŀ ǎǘŀǘƛǎǘƛŎŀl significance 

(p < 0.05, underlined in the correlation matrix figure). Three of which were stating a positive 

correlation between two different transcript analyses. XBP1 strongly, positively correlated to BIP and 

ATF6 expression (r= 0.85 and 0.83 respectively), as well as ATF6 and BIP (r= 0.80). Further to this, the 

correlation matrix showed a moderate positive correlation (> 0.40) r value for all of the transcript 

combinations, albeit not significantly, with the exception of CERS2 that on the whole showed little 

ŎƻǊǊŜƭŀǘƛƻƴ ǘƻ ǘƘŜ ƻǘƘŜǊ 9w ƳŀǊƪŜǊǎΦ /9w{нΩǎ Ƴŀƛƴ ŦǳƴŎǘƛƻƴ ƛǎ ǘƻ ŎŀǘŀƭȅǎŜ ǘƘŜ ǎȅƴǘƘŜǎƛǎ ƻŦ ǾŜǊȅ ƭƻƴƎ 

chain ceramides (Yamaji et al., 2016), and as such is not directly regulated by the unfolded protein 

response. A lack of correlation in CERS2 expression to titre and quality therefore suggests that overall 

transcription in the clones is not causing the correlations with the UPR, and instead the UPR is up-

regulated specifically.  

The final correlation seen within the ddPCR data was between PDI and Fragment (%) (r= -0.625, 

p<0.05, Figure 3.6.D.). This was almost identical to that of the PrimeFlow technique (Figure 3.5., r= -

0.644). This data therefore bolstered the idea that PDI could potentially monitor fragmentation of the 

product during CLD, under the hypothesis that high PDI activity or transcription is required to catalyse 

the disulphide bonds necessary for fully folded mAb as previously stated.  
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Figure 3.6. RNA transcripts for markers of the UPR pathway were successfully quantified by ddPCR. 
A) RNA traƴǎŎǊƛǇǘ ǉǳŀƴǘƛŦƛŎŀǘƛƻƴ ƻŦ /9w{н όDǊŜȅύΣ ·.tм όǊŜŘύ ŀƴŘ !¢Cс όōƭǳŜύ ǘǊŀƴǎŎǊƛǇǘǎΣ ŀŦǘŜǊ ƴƻǊƳŀƭƛǎŀǘƛƻƴ ǘƻ ŀ ʲ-Actin reference transcript (N=3). Error bars = +/ - 1 SD. 

B) RNA transcript quantification of BIP (grey) and PDI (red), measured as per A. The two graphs were separated to highlight the y axis. C) Correlation matrix, plotting each of 

the RNA transcripts against the product quality and titre data previously obtained from GSK. Coloured on a scale with a perfect positive corelation in red, to a perfect negative 

correlation in blue. Highlighted correlations were statistically significant (p <0.05). D) Correlation plot showing the negative relationship between PDI copies/µl and Fragment 

(%) of Clones A-J of the resulting population. Clones have been coloured to be representative over each graph in figure 3.4-3.6. 

 

A) B)

C) D)
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3.3. Discussion 

mAb expressing CHO cell clones are well-known for their heterogenic nature (Kaas et al., 2015; Vcelar 

et al., 2018), and much literature has been published characterising clones for desirable mAb quality 

and quantity characteristics such as titre, aggregate (%) and fragment (%). To this end this thesis aimed 

to generate a reporter assay or biosensor that could be used to quickly identify clones with a desirable 

phenotypic fingerprint which corelated with the quality and quantity mAb they produced. This Chapter 

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

the correct folding of proteins in the ER, and the UPR response when this folding is not completed 

properly. The folding of the protein was focused on as a wealth of literature shows a correlative link 

between a clones protein folding capacity and its ability to produce high titre clones. There has been 

very little evidence however to its link to producing high quality clones, and thus this study aimed to 

ǎŜŜ ƛŦ ǉǳŀƭƛǘȅ ǎǳŎƘ ŀǎ ŀƎƎǊŜƎŀǘŜ ŀƴŘ ŦǊŀƎƳŜƴǘ ŎƻǳƭŘ ōŜ ƳƻƴƛǘƻǊŜŘ ōȅ ǘƘŜ 9wΩǎ ŦƻƭŘƛƴƎ ŎŀǇŀŎƛǘȅ ŀƴŘ ǘƘŜ 

UPR, as well as titre. To do this a panel of CHO clones expressing a bispecific mAb with particularly 

stark aggregate and fragment percentages were measured for their ER capacity and folding 

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

Initial investigation focused on the size of the ER, using an ER Tracker live cell stain. Professional mAb 

expressing plasma cells have a well characterised expansion of the ER (Goldfinger et al., 2011), and 

thus it was suggested that high producing CHO clones may show the same expansion of the ER 

compared to the CHO host. The results of the ER Tracker study however showed that the size of the 

ER alone is not indicative of mAb titre, in fact the ER size is not increased in mAb expressing lines 

compared to the CHO host (Figure 3.1.). ER Tracker was tested in a previous study, and similarly 

showed no difference in ER tracker intensity between a CHO host and two mAb expressing cell lines 

when measured by flow cytometry (Reinhart et al., 2014). This suggests that merely the size of the ER 

is not a suitable tool for monitoring antibody production, and the addition of the mAb plasmid does 

not increase the size of the /IhΩǎ 9wΦ ¢ƘŜ ǳǎŜ ƻŦ 9w ¢ǊŀŎƪŜǊ ŀǎ ŀ ǘƻƻƭ ŦƻǊ CLD could also be problematic 

as a cell permanent dye. The ER tracker did not show any cytotoxic effects in the shake flask cultures 

(figure 3.1.C.), unlike a previous study had stated. The cell type used, as well as the concentration and 

incubation of ER Tracker used in this study was much lower than that of the Laine et al. (2017) study 

that reported cytotoxicity when using BODIPY present dyes. However, despite the CHO cells appearing 

to be unaffected by the ER Tracker in culture, the cells used in CLD are often much more fragile than 

those that have already undergone the CLD process, where transfection and single cell cloning 

techniques are often performed in small cell volumes within a high stress environment. Due to the 

inability to identify desirable clones and the potential for cytotoxicity in early clonal populations 
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therefore, the ER Tracker was not pursued as an option for monitoring mAb titre and quality in early 

CLD. 

An alternative method for measuring the folding and biosynthetic capacity of the ER is to measure 

specific protein targets, rather than monitoring the organelle as a whole. This is potentially 

advantageous as more molecular and mechanistic understanding of the pathways can be investigated. 

Immunofluorescence microscopy was employed to monitor BIP, a master regulator of the UPR. The 

fixed immunofluorescence imaging of BIP and IgG showed differences between the CHO host and two 

different mAb expressing clones (Figure 3.2.A). IgG was present in both clones, with intracellular 

staining being more intense in the low-producer cell line. One possible explanation for this observation 

is IgG was being produced but not being efficiently secreted, highlighting a potential bottleneck in the 

ER. BIP staining was also greater in this cell line, further suggesting that there may be an increased 

stress phenotype in the poor expressor. As it is has been shown that heavy chain is retained within 

the ER (Lee et al., 1999; Bole et al., 1986), it could be hypothesised that this build up is predominantly 

heavy chain that is yet to be paired to the light chain, although further study would be required to 

confirm this. Whilst both clones in this study were bispecific mAbs, the clonal differences may indicate 

a similar production bottleneck at the ER for the lower producing cell line. This data was similar to an 

imaging study that compared a standard format IgG and a bispecific mAb, where the bispecific clone 

had an exacerbated ER phenotype compared to the standard format IgG clone. Co-localisation of the 

mAbs to the Golgi apparatus was also measured in the study, and was heavily reduced in the bispecific 

line compared to the standard IgG format, again suggesting that the mAb was not progressing through 

the secretory pathway as efficiently as the conventional mAb (Mathias et al., 2018). The Clone A mAb 

product was also known to be highly aggregated, and the immunofluorescence image showed high 

concentrations of extracellular IgG staining which potentially indicated mAb aggregates. If confirmed 

as aggregates this could be a useful predictor tool for aggregate, where a sample of culture media 

could be easily fixed and stained with a directly conjugated anti-human IgG antibody before reading 

on a high-throughput plate reader. In order to do this more cell lines with known aggregation 

propensity would have to be investigated using this technique. The extracellular staining seen in the 

figure would have to be confirmed as aggregates however, with one method used in the literature 

being the BIS-ANS stain. BIS-ANS is a fluorescent probe that changes its emission spectra upon 

interaction with hydrophobic sites of proteins (Bothra et al., 1998), and has been shown to measure 

to the same order of aggregate as the gold-standard HPLC technique (Paul et al., 2015; Paul et al., 

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

that the BIS-ANS stain may not reliably identify all of the aggregate accurately as an assay used in CLD.  
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As the BIP staining appeared to be related to IgG expression in the fixed cell imaging, BIP and IgG RNA 

transcripts were quantified in the full clone panel using PrimeFlow RNA. PDI was also explored as a 

key enzyme that folds the disulphide bonds of IgG (Borth et al., 2005). The results in this Chapter 

showed that the PrimeFlow RNA could specifically measure the targets as a concentration dependent 

expression of BIP was seen in the CHO host after incubation with Tunicamycin, a known chemical ER 

stressor (Figure 3.3.B). The target designed for IgG was also shown to be specific as no fluorescent 

signal was observed in the host negative control (Figure 3.3.C.). A significant negative correlation was 

seen between PDI staining intensity and fragment (%), as well as a significant positive correlation 

between BIP staining intensity and fragment (%). Similar trends have been seen previously, with low 

PDI mRNA being a characteristic property of clones producing high levels of fragment (Ishii et al., 

2014). 

The reliability of the PrimeFlow RNA technique was brought into question when comparing the 

staining intensity of the immediate biological replicates in the IgG stained samples - an average 400 x 

fold change was seen between the samples of replicate 2 and 3 for example (figure 3.3.D.). It is not 

fully understood why such variation was seen with the technique; however it is hypothesised that the 

sheer number of wash steps and manual pipetting in the protocol affected the number of cells in each 

sample, resulting in an inconsistent concentration of probes and fluorescent labels present across 

samples and therefore the availability for binding was not consistent. Despite being a relatively new 

technique PrimeFlow RNA has shown a wide variety of uses in the literature from the detection of 

bovine viruses in bovine lymphoid cells (Falkenberg et al., 2017), to detecting specific miRNA 

disparities in human innate lymphoid cells dependent on sex (Malmhäll et al., 2020). Only one journal 

article has cited the use of PrimeFlow RNA in CHO cells however, where it was used to monitor heavy 

and light chain RNA transcripts (Pekle et al., 2019). The paper correlated product titre of a panel of 

CHO clones with heavy chain expression by four different quantification methods: PrimeFlow RNA, 

western blotting, intracellular protein staining by flow cytometry and qRT-PCR. All four of the 

techniques showed a similar positive trend with titre, and when PrimeFlow RNA quantification was 

compared to the flow cytometry protein staining quantification there was a correlation. This paper 

suggests that the PrimeFlow was as reliable as more traditional techniques. It did not however show 

the margin of error for each technique, or suggest whether the protocol was undertaken manually or 

automatically and as qPCR is a tried and tested method for RNA quantification it was decided that this 

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

ddPCR did successfully replicate the negative correlation between PDI RNA expression and fragment 

(%) measured in the PrimeFlow experiment (Figure 3.5.D.). The positive BIP correlation was not 

replicated however, with ddPCR instead showing a non-significant relationship with fragment (%). The 
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repetition of the PDI result, and in a more robust technique (ddPCR), suggested that PDI could be 

useful for monitoring mAb fragment (%) at an early stage in CLD without the need to wait for HPLC 

studies. Further UPR markers, ATF6 and XBP1, as well as the non-UPR marker CERS2 were also 

investigated. A correlation matrix was then performed on the quantified transcript and product 

quantity and quality data. It was interesting to note that out of the four significant correlative results 

seen, three of them were stating a positive correlation between different transcript analyses. XBP1 

strongly and positively correlated to BIP and ATF6 expression (r= 0.85 and 0.83 respectively), as well 

as ATF6 and BIP expression (r= 0.80). This was not surprising, as the XBP1 regulates BIP levels, and 

ATF6 is regulated by BIP in the UPR pathway (Hetz, 2012), and thus an increased BIP expression would 

result in an increased UPR response. This has been shown in the literature by (Prashad and Mehra, 

2015) with a higher producer cell line having greater BIP and XBP1 expression than a lower producer 

clone (Prashad and Mehra, 2015). Despite the overall up-regulation of the UPR, the copy number of 

BIP and PDI was greater than CERS2, ATF6 and XBP1 in the clones, even after Beta-Actin normalisation 

(Figure 3.6.A. and B.). The over-arching folding enzymes and chaperones (BIP and PDI) may therefore 

be preferentially up-regulated in the clones compared to the downstream UPR effectors. A similar 

picture was seen previously by Kober et al. (2012) using RT-PCR, which showed that BIP mRNA 

concentration had an approximate 400 % maximum increase in expression compared to CHO DG44 

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

ddPCR proved to be much more reliable than PrimeFlow RNA when measuring biological replicates. 

The suggested relationship between PDI and fragment (%) made the UPR an attractive option for 

designing a reporter assay or sensor for predicting quality in the CHO clones. As ddPCR requires a 

substantial sample size to isolate enough RNA for quantification (5x106 viable cells per sample), and 

requires cDNA manufacture before running the ddPCR, it is not a suitable technique for quick 

screening during the earliest stages of CLD when cultures are scaled up from only a singular progenitor 

cell. Similarly the time restrictions for screening cell lines would also be impacted using this technique, 

therefore a simpler and more retained technique is required for use during CLD when considering later 

steps. 

 

3.3.1. Limitations of the study and future work 

The data presented in this chapter suggests that PDI and potentially BIP may be useful markers of 

product titre and quality in relation to this Bispecific molecule. However, there are some limitations 

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

more extreme product quality phenotypes than a standard mAb format. Most of the literature in the 
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field also follows this pattern, with studies often testing multiple clones expressing the same mAb. It 

is crucial to test different mAb constructs in CHO cells if this project aims to design an assay or reporter 

for use in CLD over different projects, where the mAb structure or format may heavily differ. The 

second limitation to this study is that the mAb chosen was a bispecific molecule. The use of a bispecific 

mAb could be argued to be a good starting molecule as it shows a more extreme quality phenotype 

than a standard format mAb due to the number of chain combinations possible (Carter, 2001) and 

therefore give a more obvious UPR phenotype that could be refined when testing standard mAb 

formats. Bispecific are also becoming more prevalent in the literature, as they become more 

commercial. The phenotypes they present with are unlikely to be representative of other mAb 

formats, however. In the panel used here for example, two of the clones showed over 25% of the mAb 

product to be aggregated. These two data points heavily swing the correlation plots. This figure is 

much higher than that of other proprietary standard format mAbs tested at GSK, where > 3 % 

aggregate would not be tolerated and thus is not necessarily representative of the current mAb 

pipeline for CLD. 

Designing a panel of cell lines expressing mAbs with different product quality characteristics could 

overcome these limitations and result in a more novel and in-depth study compared to the current 

literature. In Chapter 4 multiple clones for each mAb type will be produced and ddPCR RNA transcripts 

monitored for them all, ultimately enabling identification of genes involved in the UPR in cell lines 

producing high quality mAbs, which could then be used to develop a tool to aid with cell line selection 

of those desirable clones. 
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4. Monitoring the Unfolded Protein Response (UPR) in 

CHO clones expressing a panel of different mAb 

constructs 
 

4.1. Introduction 

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

for predicting product titre and product quality, the next aim was to test these results and techniques 

with a greater number of mAb constructs. The Unfolded Protein Response (UPR) was focused on as 

the target pathway for mAb titre prediction, as evidence from Chapter 3 suggested there to be a link 

between the two. A substantial amount of the literature has also shown that the expression of certain 

UPR components such as Binding Immunoglobulin Protein (BIP) and Calreticulin (CALR) are correlated 

to high titre clone identification (Kober et al., 2012; Prashad and Mehra, 2015). Despite this, little 

evidence is available to link UPR expression to high quality clones. 

All prior experimental techniques used in Chapter 3 had been studied in cell lines expressing one single 

ōƛǎǇŜŎƛŦƛŎ Ƴ!ō ŦƻǊƳŀǘΦ ²Ƙƛƭǎǘ ŜȄǇǊŜǎǎƛƻƴ ƻŦ ǘƘƛǎ Ƴ!ō ǿŀǎ ƻŦ ǳǎŜ ŘǳŜ ǘƻ ǘƘŜ ΨŜȄǘǊŜƳŜΩ ǇƘŜƴƻǘȅǇŜǎ ǎŜŜƴ 

with regards to poor quality and low titre, it was not relevant to the classical monospecific mAb format 

which are currently the most commonly seen mAb format to pass through cell line development (CLD). 

Further to this, any reporter construct or assay that may be produced from this thesis must be 

reproducibly accurate regardless of the mAb target or format type. Most of the current literature in 

the field typically use CHO clones expressing only one, or a handful of mAb constructs. As these studies 

then show correlations with varying strengths in their relationship between marker expression and 

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

different mAb constructs. 

mAbs also typically have their own inherent product quality issues. Whilst efforts are made to choose 

CHO clones that express the least amount of poor quality mAb possible with the best production 

characteristics, sometimes the presence of poor quality mAb product, such as truncated or aggregated 

product, cannot be completely removed from the CHO clones. These characteristics are also typically 

impossible to measure at such an early stage as CLD, due to the low concentration of mAb product 

available to measure. 

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

producing high quality and high titre product regardless of the mAb construct expressed, it was crucial 
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to test different mAb constructs during the process of testing which UPR target would be suitable for 

reporter design. To this end, the structure and target of the mAbs needed consideration. mAbs can be 

classified dependent on the type of heavy and light polypeptide chain that is expressed, and which 

determines the functional activity of the antibody (Schroeder Jr et al., 2010). The light chain can be 

ǇǊŜǎŜƴǘ ƛƴ ǘǿƻ ŎƭŀǎǎŜǎΥ YŀǇǇŀ όˁύ ƻǊ ƭŀƳōŘŀ ό˂ύΦ ¢ƘŜ ƘŜŀǾȅ ŎƘŀƛƴ ƻƴ ǘƘŜ ƻǘƘŜǊ ƘŀƴŘ Ŏŀƴ ōŜ ǇǊŜǎŜƴǘ ƛƴ 

ŦƛǾŜ ŎƭŀǎǎŜǎΥ !ƭǇƘŀ όʰύΣ 5Ŝƭǘŀ όʵύΣ 9Ǉǎƛƭƻƴ όʶύΣ DŀƳƳŀ όʴύ ŀƴŘ aǳ ό˃ύ (Harkness, 1970). All current 

therapeutic mAbs express the Gamma heavy chain as they have a well-characterised effector function 

and prolonged half-life compared to other heavy chain types (Wang et al., 2007), although the light 

chains can be either Kappa or Lambda. The Gamma heavy chain can then be broken down into further 

sub-classes (IgG 1-4), which differ in the length of the hinge region and the number of disulphide bonds 

generated during mAb folding (Vidarsson et al., 2014; Wang et al., 2007). Thus even similar standard 

format mAbs can be different from each other, let alone different format mAbs, and present specific 

challenges to the CHO host. This has been highlighted in Hussain et al., (2021), which compared the 

expression of three full-length IgG1 molecules in a proprietary CHO host with the expression of three 

corresponding Fab molecules. Following transfection fewer pools recovered, albeit non-significantly, 

in each of the full-length molecules in comparison to their respective Fab fragments suggesting that 

the expression of the Fab fragments posed less of a burden on the cells. The average productivity of 

the top 12 recovered pools per molecule were significantly higher in all of the full-length IgG1 pools 

compared to their Fab comparators however. Despite this, when the productivity was normalised to 

the number of molecules produced by each cell per day, two of the Fab pools produced significantly 

higher product than their corresponding full length IgG1. Taken together the Hussain et al., (2021) 

paper therefore potentially suggested that the size of the molecule, alongside the complexity of its 

folding and post-translational modification requirements can all impact the efficiency of protein 

production, and highlighted how any tool generated in this thesis needed to be robust enough to 

consider these affects.  

In order to predict these characteristics, clonal CHO cell lines expressing a panel of different mAb 

constructs had to be generated. These mAbs were all of a standard, monomer format but targeted 

different antigens and had different product quality issues inherent in their mAb structure. Further 

information about these mAbs can be found in Table 2.2. The process was performed as per a typical 

CLD platform process (Introduction 1.1.5.). Briefly, the CLD platform is the first time in which mAb is 

expressed in the CHO host. As the CLD platform varies greatly between biopharmaceutical companies 

it is difficult to determine an exact CLD protocol, and often are not readily publishable. An example 

protocol of the CLD platform at GlaxoSmithKline can be found in Section 2.4. Briefly, following 

transfection of the mAb into the CHO host and recovery, the cells are isolated into single cell clones 
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to establish a cell population arising from a single progenitor cell. During single cell cloning, the top 

producing cell lines are selected for further progression ensuring that only mAb expressing cell lines 

are used in the production process. As a result of random integration during transfection, the clones 

each have specific titre and growth characteristics. The highest mAb producing clones with the most 

suitable growth profiles for bio-reactor culture are therefore selected for as the clonal populations are 

scaled up.  

Single cell cloning was performed on the BeǊƪŜƭŜȅ [ƛƎƘǘǎ .ŜŀŎƻƴΣ ŀǎ ǇŜǊ D{YΩǎ ǘȅǇƛŎŀƭ ǇƭŀǘŦƻǊƳ 

protocol. The Beacon is a microfluidics culture platform that uses opto-electropositioning (OEP), 

combined with microscopy to manipulate and assay single cells on a nanofluidic chip (Berkeley Lights, 

2022; Le et al., 2020). The addition of the Beacon to the CLD platform not only results in a much 

enhanced ability to select for high producing clones at an early time point, but the capability to use 

fluorescent imaging provides an opportunity to select clones based on additional properties. Thus, it 

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

 

4.1.1. Chapter Aims 

To monitor the effects of the UPR on mAb titre, the UPR was quantified in the clones generated in this 

Chapter and correlated to the titre of the clones to confirm whether they had predictive capabilities. 

Unfortunately, most product quality characteristics cannot be measured at such an early stage during 

CLD due to the fragility of the clones following export and the small concentrations of mAb that is 

produced by low cell numbers. This indeed shows how important a predictive capability of product 

quality would be at an early CLD stage, and thus product quality will be measured in the generated 

clones in later Chapters of the thesis.  

This Chapter aimed to generate a panel of clonal cell lines, each expressing one of 8 different mAb 

constructs with different titre and quality issues, found inherently in their mAb structure during the 

design process. Upon the successful production of the clonal lines, ddPCR would be used to monitor 

the UPR pathway to understand whether it can predict the best possible clones for use in CLD. Whilst 

this chapter focuses on titre, which is already easily monitored during cell culture, the ability to predict 

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

clone selection. 

 

 

 



Chapter 4: Results 

86 
 

4.2. Results 

 

4.2.1. The mAb panel was successfully transfected into the CHO host, but showed varying 

recovery following MSX selection 

Stable cell lines were generated in order to monitor the levels of the UPR in CHO clones expressing 

different mAb constructs (See Section 2.1.5. for mAb constructs). To do this, the mAb plasmids were 

individually transfected into the CHO host via lipid-based transfection. The resulting transfected pools 

were then selected for by the addition of methionine sulphoximine (MSX) to the media 48 hours post 

transfection, whereby only cells that had successfully integrated glutamine synthetase (GS) gene 

would survive (Section 2.4.2.). The addition of MSX selection did successfully select for the mAb 

expressing lines as the PBS transfected negative control, and the GFP positive control transfections 

did not recover as noted by their drop in viability and viable cell count (Figure 4.1.A. and 4.1.B.). The 

GFP positive control was obtained from the Lonza nucleofection kit (Section 2.4.1.), and did not 

contain a GS selection gene. The mAb panel transfected clones all recovered. Following the expected 

drop in viabilities between 12 and 16 days post transfection, all clones fully recovered by 

approximately week 4 post transfection (average 96.8 % viability and a 1.08 x106 cells/ml viable cell 

count across the mAb expressing populations). 

The pre-clonal pools were measured for their growth and viability 29 days post transfection to ensure 

successful recovery of the cultures. The viable cell count (x106 cells/ml) and viability (%) of the pre-

clonal pools was measured on the ViCell XR. The viability was similar across the pre-clonal pools which 

showed at least 90 % viability (Figure 4.1.C.), whilst the viable cell count varied across the clones more 

substantially (Figure 4.1.D). The pools expressing mAbs 4 and 8 had lower cell counts than the rest of 

the pools, with the mAb 4 pool in fact having a 1.3 fold lower cell count than mAb 6 which had the 

highest counts. mAb expression was also confirmed and quantified using the Octet HTX and showed 

that all 8 pre-clonal pools were expressing at varying concentrations (Figure 4.1.E.). Interestingly mAbs 

3 & 4 showed much higher titres than the other clones, and mAb 8 was particularly low in titre. To 

curtail the effects of cell counts, the productivity (pg/cell) was measured; calculated by normalising 

titre to the viable cell count (Figure 4.1.F.). Here, the patterns seen in the titre data were generally 

maintained, with mAb 3 and 4 still showing a much higher productivity than the other pre-clonal pools. 

Table 4.1. shows the mAb constructs expressed, and highlights that mAb 4 was used as a good 

expressor control molecule which may explain why its titre and productivity was high, of course this 

does not explain why mAb 3 also had high titre and productivity as it was chosen for its poor 

developability. As the populations were pre-clonal at this stage it was difficult to determine whether 
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this was solely caused by the molecule expressed itself of if there was a transcriptional cause for this 

as well. 

As these pools were obtained by random integration the cells did not have a uniform expression of 

the mAb due to variation in gene copy number, integration location into the genome and whether the 

full plasmid was present. It is possible that only the GS gene on the plasmid was successfully 

introduced into the CHO genome, and so titre was not measurable as the heavy and/or light chains 

not expressed. Due to this population heterogeneity, little could be inferred from this data in regard 

to the effect of the mAb type on the CHO host. Experimental techniques like single cell imaging could 

also be used to infer more about the pre-clonal pools, such as whether the expression of UPR 

chaperones can be a predictor of titre. In this study, the pre-clonal pools were instead cloned to 

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

mAb 1 Prone to aggregation 

mAb 2 High molecular weight species present in Acetate and Phosphate 

mAb 3 Poor developability  

mAb 4 Control mAb used during final structure selection of project molecules 

mAb 5 Poor expressor 

mAb 6 Engineered variant of mAb 5, aiming to increase expression titres 

mAb 7  Engineered variant of mAb 5, aiming to increase expression titres 

mAb 8 Prone to dimerising and aggregation 

Table 4.1. Anonymised mAb panel naming convention, and the rationale as to why they were chosen 

as poor quality mAbs (repeated from table 2.2). 
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A)

B)

C)

E)

D)

F)

Figure 4.1. Recovered mAb pool titre and productivity were different dependent on the mAb type expressed.  
A) Viability (%) and B) viable cell count (x106 cells/ml) of the pre-clonal CHO pools post transfection with the mAb panel as measured on the ViCell XR. Selection was added 2 
days post transfection. A GFP positive control (green) and PBS negative control (red) did not recover following selection as expected, as neither transfections contained a GS 
selection gene. C) Viability (%) D) Viable Cell count (x106 cells/ml) E) Titre (mg/L) and F) Productivity (pg/cell) of the pre-clonal pools following recovery 29 days post 
transfection. Cell counts were measured on the ViCell XR and mAb titre on the Octet HTX (N=1). 
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4.2.2. Single cell clones were monitored for titre on the Beacon, and showed similar average 

titres to their pre-clonal pool titres 

Following successful recovery post-transfection, the pre-clonal pools generated were single cell cloned 

on the Beacon System (BLI), to obtain clonal populations derived from one single progenitor cell. The 

pre-clonal reporter cell lines were loaded and cultured as per Section 2.4.3. Briefly, the cell cultures 

were loaded onto a nanofluidic chip containing 1750 nanopens (Figure 4.2.A.). A single cell was loaded 

into each individual pen to ensure that the resulting clonal population that grew on the Beacon were 

derived from one single cell. Following 4 days culture on chip, the cell lines were assayed for growth 

ŀƴŘ Ƴ!ō ǘƛǘǊŜΦ ¢ƘŜ ŎŜƭƭ ƴǳƳōŜǊǎ ǿŜǊŜ ŎƻǳƴǘŜŘΣ ŀƴŘ Ƴ!ō ǘƛǘǊŜ ǿŀǎ ƳŜŀǎǳǊŜŘ ǳǎƛƴƎ .[LΩǎ ǇǊƻǇǊƛŜǘŀǊȅ 

Spotlight assay. The resulting clone productivity could then be calculated from the results (Pen 

Productivity = Spotlight Au Score / Cell Count). The average number of cells per pen varied depending 

on the mAb construct expressed in the CHO host (Figure 4.2.B.), and ANOVA analysis showed there to 

be a significant different across the means (F = 16.5, p < 0.0001). Growth was particularly affected by 

the expression of mAb 8, which showed a significant difference in means compared to every other 

mAb type expressed following a post-hoc Tukey test (p < 0.0029 in relation to all other mAb type 

expressed). 

The average Spotlight assay score (Au Score) per mAb type expressed (Figure 4.2.B.) was again 

significantly different across the mAb types as determined by ANOVA (F= 140.0, p < 0.0001), and the 

multiple comparisons post-hoc Tukey test showed a significant difference between each mAb 

comparison apart from between mAbs 1, 5, 6 and 7 which all had very similar means. As expected 

from the use of transfection by random integration, some individual clones expressing mAbs 2, 3 and 

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

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

When the titre was normalised to the number of cells in the pen to obtain productivity, a different 

picture emerged across the clones. The productivity was still significantly different across the means 

when measured by ANOVA (F= 8.479, p < 0.0001), but the clonal distribution was split into two 

different groups. One population within each mAb type expressed showed a high productivity, and a 

second population showed a much lower productivity (Figure 4.2.B.). The differentiation between the 

two populations was shown in the growth of the clones, with the top group having high titres but very 

poor cell outgrowth and thus despite initially appearing more desirable, suggested that these clones 

would not grow in culture after Beacon export. This highlighted the importance of looking at all three 

measurements (Spotlight Au score, cell number and productivity) when selecting cells for export. 
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To understand whether the Beacon Au score was sufficiently accurate at monitoring mAb titre during 

single cell cloning, the average titre from the pre-clonal pools (Figure 4.1.E.) were correlated to the 

average Beacon Au score for each mAb type expressed (Figure 4.2.C.). A positive, but non-significant 

correlation was seen (r = 0.647, p = 0.083) suggesting that the two titre techniques were relatively 

comparable with each other as expected. The data appeared to be mostly skewed by mAb 8, which 

had a much higher pre-clonal titre than Spotlight score. mAb 8 also had the poorest out-growth and 

titre on the Beacon and one of the poorest during pre-clonal scale up suggesting that there may be 

difficulty in expression due to the inherent mAb 8 sequence. mAb 8 was chosen for the panel as it had 

shown a propensity to dimerise and aggregate in early culture studies, and thus this may have had an 

effect on the CHO cell growth and mAb expression. 

10 cell lines per mAb type were selected for export off the Beacon for static scale up and future 

experimental work. CLD scientists at GSK would typically not choose a clone for export if it contained 

less than 15 cells in the pen, as clones with any less tend to not recover during static scale up. Those 

clones were removed from selection. As such interesting grouping of phenotypes were seen in the 

productivity data it was decided that 7 of the lines per mAb type with the best Au scores, and 3 of the 

clones with the worst Au scores would be chosen for export. By exporting 3 non-producing clones it 

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

static scale up.
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A)

B) C)

.ŜŀŎƻƴ /ƘƛǇ

bǳƳōŜǊ ƻŦ ǇŜƴǎ ǿƛǘƘ ŀ ǎƛƴƎƭŜ ŎŜƭƭ ŀǘ ƭƻŀŘ /ƘƛǇ ƛƳŀƎŜ ǎƘƻǿƛƴƎ {ǇƻǘƭƛƎƘǘ ŀǎǎŀȅ ǎǘŀƛƴƛƴƎ

Figure 4.2. Titres of the clones varied dependent on the mAb type during single cell cloning on the Beacon, but still correlated to pre-clonal titres. 
A Left) Image of the Berkeley Lights Beacon OptoSelect nanofluidic chip. Beacon chip image obtained from Berkeley Lights (Berkeley Lights, 2022). A Middle) Representative 

schematic showing the number of pens that contained a single cell during Beacon loading, pens have been coloured by the mAb type they are expressing mAb 5 (blue), mAb 

6 (red) and mAb 7 (yellow). Gaps represent pens with no cells at load. A Right) Representative Beacon chip image of the Spotlight assay. More intense Spotlight staining 

highlights a higher titre in the pen. B) Results of the Beacon Spotlight assay performed prior to cell selection and export. The cell count, Spotlight titre assay score (Au Score) 

and subsequent productivity of each pen has been shown, separated by mAb type. The mean per mAb type has been added to each graph as a horizontal line. C) Correlation 

plot showing the relationship between the pre-Ŏƭƻƴŀƭ Ǉƻƻƭ ǘƛǘǊŜǎ ŀƴŘ ǘƘŜ ƳŜŀƴ ǊŜǎǳƭǘƛƴƎ {ǇƻǘƭƛƎƘǘ !ǳ ǎŎƻǊŜ ŦƻƭƭƻǿƛƴƎ ŎǳƭǘǳǊŜ ƻƴ ǘƘŜ .ŜŀŎƻƴΦ tŜŀǊǎƻƴΩǎ Ǌ ŀƴŀƭȅǎƛǎ ǊҐ лΦсптΣ p 

=0.083 (N=1).  
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4.2.3. Clone productivity was affected by the static scale up stage 

Following Beacon export, the cells were taken through static scale up from 96 well plates to 24 well 

plates, 12 well plates and finally to 6 well plates before inoculating into T25 flasks for shaking 

incubation (Section 1.1.5.). The number of clones per mAb type were further triaged to 6 clones from 

the original 10 as some clones did not recover following export. The 6 clones were chosen by titre 

during early static culture scale up and consisted of the 4 highest titre clones, 1 clone that was not 

producing any measurable mAb and 1 clone that was expressing the lowest amount of titre above 0. 

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

average viable cell count of the clones varied by mAb type at both the 24 well scale up stage and the 

shake flask stage (Figure 4.3.A.) suggesting the effect of the mAb itself may need to be considered 

when making decisions based on cell growth at the earliest time point of scale up. The productivities 

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

was consistently the most productive mAb type (Figure 4.3.B.).  

It was of interest to see whether the titres and productivities of the clones measured on the Beacon 

by the Spotlight assay then correlated to the titres and productivities at the end of scale up (Figure 

4.3.C.). The titres and productivities at these two CLD stages showed a strong positive correlation to 

each other (r = 0.713 and r = 0.715 respectively, p < 0.0001 for both). This suggested that the Beacon 

Spotlight assay could reliably predict high producing clones at the end of CLD, giving confidence to the 

method. As the productivity looked to be correlated at both time points, it was then questioned 

whether this productivity varied at all over the scale up process. The productivity of all 52 clones was 

plotted over time (Figure 4.3.D.) and showed a surprising change. Although the 24 well and shake flask 

stage were similar in productivities, there was actually an increase between the 24 well and 6 well 

stage. After the 6 well stage, the productivity then plummeted to its lowest value at the T25 stage 

before recovering at shake flask. This phenotype was retained in all of the clones, regardless of the 

mAb type. It was hypothesised that the initial increase at 6 well stage was caused by the cells recovery 

following export from the Beacon, and then the sudden drop caused by the cells movement from static 

culture to shake flask culture where the cells had to re-adapt. In this study the Beacon titre and 

productivities were most predictive of the shake flask culture stage of CLD which was unexpected as 

the Beacon represents a low cell number, static culture condition, similar to that of the 24 well scale 

up stage.  
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Figure 4.3. Clone productivity fluctuated over each scale up time points, but remained relatively similar to the Beacon Au score. 
A) Viable cell count (x106 cells/ml) of the clones at the 24 well and shake flask stage of scale up, split by mAb type measured on the ViCell XR. Average values are included as 

horizontal lines. Non-producing cell lines are highlighted in red. B) Productivity (pg/cell) of the clones at the 24 well and shake flask stage of scale up, split by mAb type. 

Average values were included as horizontal lines. Productivity was measured by normalising the titre, as measured on the Octet HTX by the viable cell count. Non-producing 

cell lines are highlighted in red. C) Correlation plot measuring the relationship between the Beacon Au Score and shake flask titre (mg/L), and the Beacon and Shake Flask 

productivity (pg/cell). Non-producing cell lines are highlighted in red. Correlation was measured by a Spearman r test. Significance was set at p < 0.005. D) Productivity 

(pg/cell) change of the clones throughout scale up stages, as coloured by mAb type. Graphs were split into two for clarity between the 8 mAbs.  

A) B)

C) D)
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 4.2.4. A negative correlation was seen between titre and the expression of pro-recovery 

UPR chaperones, but no correlation was seen with pro-apoptotic chaperones. 

As the sub-culture of 52 cell lines and their subsequent collection of cell lysates for the ddPCR 

experiments were labour intensive, the number of clones progressed for further study were reduced 

to 24. The progressed clones were those expressing mAbs 1-4, as these had the most diverse range of 

product quality issues and expressed the widest panel of mAb targets. Unfortunately one of the 24 

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

Results of Chapter 3 showed that there had been a negative relationship with clone titre and UPR 

chaperone expression, and the most reliable methods of monitoring the UPR was via digital droplet 

PCR (ddPCR, BioRad)ς specifically mRNA quantification. The 23 clones expressing mAbs 1-4 were 

therefore quantified for their expression of UPR stress markers as per Section 2.5, during shake flask 

sub-culture, post static scale up and correlated with the titres that they produced. Four markers of 

the protein folding pathway and the UPR were measured specifically: BIP, CALR, PDI and ATF4. These 

markers were chosen based on the data obtained in Chapter 3 and for their specific role in the protein 

folding pathway. PDI was chosen for the significant correlation it showed with fragment (%) (Chapter 

3.6.D.), as well as BIP due to its role as the master regulator of the UPR. CALR, was also investigated 

here for the first time in the study, to investigate whether the protein quality chaperone expression 

also affected mAb titre and quality. Finally, the pro-apoptotic UPR transcription factor, ATF4, was 

investigated as it was of interest to see whether the UPR was exhibiting a specific UPR response 

phenotype geared towards folding recovery, or if a more non-specific phenotype was activated that 

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

The 23 clones were cultured over a 4 day passage, and every 24 hours the samples were counted for 

their cell growth and viability, their titre obtained and a sample of culture taken for RNA isolation. The 

isolated RNA was then converted to cDNA and the transcripts of the UPR chaperones were measured 

using ddPCR following normalisation with a 2̡M reference transcript (Section 2.5.). The relationship 

between the UPR chaperone transcripts and the titre of the clones on the fourth day in culture can be 

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

A significant, moderate negative correlation was immediately apparent between the clone titre with 

the three pro-recovery chaperones: CALR (Figure 4.4.A., r = -0.514, p = 0.012), BIP (Figure 4.4.B., r = -

0.486, p = 0.019) and PDI (Figure 4.4.C., r = -0.522, p = 0.011). No relationship was seen however with 

the pro-apoptotic transcription factor ATF4 (Figure 4.4.D., r = -0.053, p = 0.809). This suggested that 

the clones capable of producing the highest titres of mAb have a lower transcription of the UPR 

components compared to those producing low titres. This was somewhat surprising, as the previous 
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literature describes opposing evidence to the relationship between UPR expression and mAb titre. Le 

Fourn et al. (2014) for example, have shown a similar relationship to the results here, whereby cell 

lines expressing low titres of a mAb construct have a higher expression of BIP during cell culture than 

a high producing clone counterpart. Kober et al. (2012) on the other hand, showed that BIP mRNA was 

positively correlated to mAb titre in clonal CHO lines, whereby the low producing clones had low BIP 

expression. 

The strength of the negative correlation was moderate, and thus whether this is a strong enough 

correlation to confirm a biological relationship could be questioned. Increasing the number of clones 

would help to answer this, particularly if clones with higher titres than those recorded already could 

be included to increase the diversity of the sampling. This negative correlation was less clear when the 

clones were split by mAb type, with some mAb types retaining the negative correlation throughout 

ddPCR study e.g. mAb 1 and 4 (green and purple respectively, Figure 4.4.). Others showed fluctuations, 

such as the expression of PDI in the mAb 3 (blue) clones. This may be due to the small sample sizes 

per mAb type, or it may suggest that the mAb type, and thus its product quality attributes, may affect 

UPR expression. 

The second observation was that the UPR elicits a very specific response to ER stress in the clones, 

rather than a blanket expression of all three pathways, as the ATF4 pro-apoptotic pathway did not 

show the same relationship as the pro-recovery markers. This was expected as the clones all grew in 

culture, as shown by the high viable cell counts in the clones during scale up (Figure 4.3.A.). It would 

be interesting to repeat the experiment in cell lines that are not growing well in culture to see if ATF4 

is indeed then activated. 

Nevertheless, it is important to note for biopharmaceutical production that clones that direct 

themselves towards ATF4 mediated apoptosis would not be suitable for large scale mass-

manufacture. It was also interesting to see that the pro-recovery markers measured did not appear to 

have a big influence on the strength of the correlation and suggests that each component is as 

important to consider as the others. This data therefore suggests that any of the BIP, CALR or PDI 

markers would be suitable candidates for reporter construct design as they all showed a significant, 

negative correlation with titre in the mAb panel.  
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Figure 4.4. CALR, BIP and PDI mRNA transcript expression was negatively correlated to mAb titre in the 23 
mAb expressing clones, but ATF4 mRNA transcript expression was not correlated.  
A) CALR B) BIP C) PDI and D) ATF4 mRNA expression was measured in the 23 mAb expressing clones using digital 
droplet PCR (ddPCR) after 4 days in culture in technical and biological triplicate. The transcripts were correlated 
with their respective titres, measured on the Octet HTX (N=3). Clones were coloured by mAb type expressed: 
mAb 1 (green), mAb 2 (red), mAb 3 (blue) and mAb 4 (purple). Spearman rank analysis was performed to monitor 
the relationship significance. Significance was set at p < 0.05. 
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4.2.5. The non-producing CHO clones showed varying phenotypes of ER stress levels over 4 

day sub-culture 

Despite this overall negative correlation between mAb titre and pro-recovery UPR targets suggesting 

that the UPR would be a good target for reporter construct design, when the ddPCR data was 

interpreted over each time point of the 4 day sub-culture some interesting phenotypes in the non-

producing clones were observed.  

As mentioned above, of the 23 clones progressed for ddPCR assessment, 5 of the clones were not-

producing any measurable mAb titre. These clones were found in each of the mAb type expressed, 

and were kept on for further study to ensure that within the panel of clones there was a range of 

expression profiles included in the quantification of the UPR components. The inclusion of non-

producing clones therefore would incorporate the most extreme titre phenotypes into the study and 

could be used to help progress the reporter construct. Their non-expression was confirmed when the 

clones did not produce measurable titre during scale up, highlighted by a single clone in each mAb 

type (Figure 4.3.B.).  

When the non-producing clones were measured via ddPCR for their UPR mRNA transcript quantity 

alongside the high-producing clones, interesting phenotypes were seen. The expression of BIP, PDI, 

CALR and ATF4 mRNA transcripts were measured every 24 hours across the 4 day passage study, and 

split by mAb type expressed (Figure 4.5). The non-producing clones of mAb 1 and 2 (named mAb 1-B 

and mAb 2-B: named after their mAb type expressed followed by their order of export alphabetically), 

showed expression levels in line with those of their respective high-producing clones for all four UPR 

transcripts measured. The remaining non-producing clones of mAb 4 and to a lesser extent in mAb 3 

(mAb 3-D, mAb 4-B and mAb 4-F) on the other hand showed elevated concentrations of BIP, PDI and 

CALR in comparison to their high producing clone counterparts. This suggested that these three non-

producing clones that have consistently shown no expression were undergoing high levels of ER stress, 

despite not producing mAb. It was hypothesised therefore that these 3 clones may actually be 

producing single or fragmented chains. To confirm this an imaging study was performed on all 23 of 

the CHO clones, staining for intracellular human IgG. 
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Figure 4.5. Variation in the expression of UPR component transcript quantities were seen over 4 days in the 
non-producing CHO clones. 
A) BIP B) PDI C) CALR and D) ATF4 mRNA transcript expression in the 23 clonal mAb lines over the 4 day passage, 

as measured by ddPCR (BioRad). Non-producing clones were highlighted in red, whilst producing clones were 

shown in black. Transcripts were normalised to a ̡ 2M reference transcript. BIP, PDI and CALR were more highly 

expressed in the non-producers expressing mAb 4 than their equivalent high producing clones (N=3). Error bars 

= +- 1 SD. 



Chapter 4: Results 

100 
 

4.2.6. The highly-stressed non-producing CHO clones had mAb present inside the cell 

The 5 non-producing lines were investigated further to understand why 3 of the clones were showing 

a heavily increased UPR stress response, whilst the other 2 were not. Despite the clones not producing 

any measurable titre, they did survive the whole CLD process in media containing MSX selection. It 

was hypothesised therefore that these clones had successfully integrated the plasmid into their 

genome and were expressing the Glutamine Synthetase (GS) gene required to survive MSX selection 

(Chapter 1.1.3.) but the integration of the mAb heavy and/or light chain had not been successful or 

was truncated and was therefore causing translational and protein-folding stress on the clone. 

Fixed cell immunofluorescence imaging was employed to confirm this hypothesis (Section 2.7.2). The 

23 clonal lines were fixed and stained for anti-human IgG (specific to both the heavy and light chain) 

to predict whether the gene sequences were integrated into the genome and were being made into 

protein. An anti-BIP antibody was also employed to confirm the increased UPR phenotype seen in the 

ddPCR study. The intensity of the intracellular IgG and BIP staining was quantified for each of the 23 

ŎƭƻƴŜǎ ǳǎƛƴƎ /ƻƭǳƳōǳǎ Řŀǘŀ ŀƴŀƭȅǎƛǎ ǎƻŦǘǿŀǊŜ όǾŜǊǎƛƻƴ нΦфΦмΦύΣ ŀƴŘ ǘƘŜ ǘǿƻ ƛƴǘŜƴǎƛǘȅΩǎ ŎƻǊǊŜƭŀǘŜŘ 

against each other using Pearson R analysis (Figure 4.6.A.). The cell lines that were chosen off of the 

Beacon for their high titre phenotypes showed a very strong positive correlation for intracellular IgG 

and intracellular BIP expression (r = 0.918, p < 0.0001). The 5 non-producer clones also showed the 

same positive correlation between intracellular BIP and IgG expression (r= 0.955, p < 0.05), but with a 

shift in increased BIP expression. A second graph showing the same data, but coloured by the mAb 

type expressed was also plotted to consider whether the mAb type expressed had an effect on the 

correlation (Figure 4.6.B.). Here, the same negative correlation appeared to be retained in all of the 

clones expressing the same mAb type. As hypothesised, 3 of the clones stained positive for 

intracellular IgG expression (Figure 4.6.C.). The intracellular staining was also quantified (Figure 4.6.D). 

These 3 clones were the same clones that had high ddPCR expression of the pro-UPR markers BIP, PDI 

and CALR. As the anti-human IgG antibody used was directed against heavy and light chain, it could 

not be confirmed whether the clones were expressing both chains, individual chains or truncated 

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

Of course, the fact that these clones were not producing measurable titre on the Beacon and during 

scale up meant that they would unlikely ever be encountered by CLD as they would not be selected 

for in the first place. However, the fact that they stained positive for IgG was interesting as it suggests 

that any form of intracellular imaging of mAb using an antibody non-specific to either chains would be 

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

be considered as an assay tool in the future. 



Chapter 4: Results 

101 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

/ƭƻƴŜ мπ. /ƭƻƴŜ нπ. /ƭƻƴŜ оπ5 /ƭƻƴŜ пπ. /ƭƻƴŜ пπC

I
ǳ
Ƴ
ŀ
ƴ
 
L
Ǝ
D

όI
Ҍ[
 
/
Ƙ
ŀ
ƛ
ƴ

ύ

A)

C)

D)

B)

Figure 4.6. A strong positive correlation was seen between BIP and IgG fluorescence in the high producing 
clones, whilst some non-producing clones showed positive IgG expression. 
Clones secreting antibodies tended to have higher levels of intracellular IgG and BIP. The 23 clonal, mAb 

expressing cell lines were fixed and stained for human BIP and IgG. The clones were then imaged on a Yokogawa 

CV8000 microscope and quantified for their intensity staining of each marker using Columbus software (version 

2.9.1.). A) Correlation between the BIP and IgG intracellular staining. Clones were highlighted black if they 

showed measurable titre during scale up, and red if they were non-producing. Pearson R correlation was used 

to analyse the relationship between the two staining intensities, and statistical significance was set at p < 0.05. 

B) The same correlative data as panel A, but coloured by mAb type and shaped to non-producing and high 

producing clones to highlight the effect of different mAb expression on the correlation. C) Anti-human IgG 

staining of the 5 non-producing clones, coloured by their mAb type expressed D) the quantified intracellular 

intensity of BIP (grey) and IgG (red) staining of the non-producing clones. Error bars = +- 1SD. 
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4.2.7. The highly stressed, non-producing mAb clones only express the mAb heavy chain  

The 3 clones that showed intracellular IgG staining despite not producing measurable titre (Figure 

4.7.A.), were confirmed to be producing only a single mAb chain via a multitude of further 

confirmatory tests. Fixed imaging was repeated on the lines but this time using anti-human heavy 

chain and anti-human kappa light chain specific antibodies in attempts to distinguish between the 

chain types. The quantification of the imaging study showed that the three non-producing clones with 

high BIP stress (Clones 3-D, 4-B and 4-F) had high staining concentrations for mAb heavy chain but not 

light chain (Figure 4.7.A.). The two non-producing, non-stressed clones on the other hand showed no 

positive staining for either chains. This suggested that the stressed non-producers therefore were 

successfully producing heavy chain protein, but had no light chain protein to form fully folded and 

secreted mAb product. As heavy chain cannot be secreted from the ER without the attached light 

chain (Hendershot et al., 1987), this may explain why the clones were highly stressed. As imaging 

quantification was previously shown to be produce large error margins (Section 3.2.2.), the staining 

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

in the stressed non-producers (Figure 4.7.B.). Interestingly, the non-stressed 2-B clone did appear to 

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

seen during western blotting of the non-producing clones under reduced conditions (Figure 4.7.C.). 

As these studies were directed at the protein level it was questioned whether these stressed non-

producing clones actually had any light chain present inside them and may have just never been folded 

correctly and thus the final mAb product could not be folded correctly. To test this, ddPCR was 

employed as per Section 2.5. to quantify mRNA expression of the heavy and light chain in the non-

producing cƭƻƴŜǎ όCƛƎǳǊŜ пΦтΦ5ΦύΦ ¢ƘŜ ƴǳƳōŜǊ ƻŦ ƘŜŀǾȅ ŎƘŀƛƴ Ƴwb! ŎƻǇƛŜǎκ˃ƭ ƛƴ ǘƘŜ ǎǘǊŜǎǎŜŘ ŎŜƭƭ ƭƛƴŜǎ 

was 2.83 fold higher than in the non-ǎǘǊŜǎǎŜŘ ŎƭƻƴŜǎ όмлΦн ŀƴŘ оΦсм ŎƻǇƛŜǎκ ˃ƭ ǊŜǎǇŜŎǘƛǾŜƭȅύΦ ¢ƘŜǎŜ 

quantities were still much lower than any of the 18 high producing clones that were also measured 

ŦƻǊ ƘŜŀǾȅ ŎƘŀƛƴ Ƴwb! όфтΦрр Ƴwb! ŎƻǇƛŜǎκ ˃ƭ ƻƴ ŀǾŜǊŀƎŜΣ Řŀǘŀ ƴƻǘ ǎƘƻǿƴύΦ ! ǎŜŎƻƴŘ ƻōǎŜǊǾŀǘƛƻƴ 

from the ddPCR study, reiterated that the high copies of light chain present in the non-stressed clone 

2-B seen after flow cytometry analysis, with 39.05 copies/˃l of mRNA quantified by ddPCR in the clone 

compared to all of the other non-producer lines (average 2.74 copies/l˃). Again, the copy numbers 

were still relatively low compared to the high producer clones (average 161.08 copies/˃ l, data not 

shown). Interestingly the fold increase in heavy chain quantification for RNA was not as great as the 

heavy chain quantification for the DNA quantification, suggesting that the effect on production may 

be bottlenecked more greatly at the protein expression stage. All of these studies taken together 

provide solid evidence that the light chain has been lost in all of the non-producing clones apart from 

clone 2-B, and the heavy chain expression has been lost in clones 1-B and 2-B. 
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Figure 4.7. Multiple experimental methods confirm that only clones 3-D, 4-B and 4-F are expressing the heavy 
chain, whilst clone 2-B may express low copy numbers of the light chain.  
Heavy (grey) and light chain (red) protein expression in the non-producing clones was measured and quantified 

by A) immunofluorescence imaging, B) flow cytometry and C) western blotting under reduced conditions. The 

CHO host was also tested in this study for reference. D) mRNA transcripts of heavy and light chain were 

measured by ddPCR following normalisation to a ̡2M housekeeping transcript (N=1). Error bars where present 

= +/ - 1 SD. 
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4.2.8. The heavy chain only producing clones still attempt to fold the heavy chain as 

evidenced by heavy chain homodimer presence in the cell lysate 

As the non-producing clones appeared to be surviving and growing alongside the high-producing 

clones without any negative effect on growth, it was questioned as to whether the UPR was activated 

by the heavy chain expressing clones to cope with the protein that could not be secreted. It was also 

questioned as to whether the clones producing individual chains remained in monomer form, or if the 

clone was attempting to fold the mAbs where possible. To do this, western blots were performed on 

all 23 of the clone lysates under non-reducing conditions as per Section 2.6. Non-reducing conditions 

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

reference was used. 

The resulting western blots performed under non-reducing conditions showed that all of the high-

producer clones contained the fully-folded mAb (~150 kDa) and various intermediate formats of the 

heavy and light chain that had yet to complete folding (Figure 4.8). The non-producers on the other 

hand did not show bands in the 150 kDa region as expected. Clone 1-B that showed neither chain 

expression with only the GAPDH control band. Clone 2-B, that expressed only the light chain, 

contained a single 25 kDa light chain band. The three non-producer clones with heavy chain expression 

(mAb 3-D, 4-B and 4-F) however showed a 50 kDa heavy chain monomer band, and surprisingly a ~100 

kDa heavy chain dimer band. This result was interesting as it showed that these clones were still 

attempting to fold the mAb product despite having no light chain to bind to the homodimer. mAb 

folding starts with the bonding of two heavy chains into a homodimer configuration, before the 

addition of the two folded light chains to the homodimer (Chapter 1.2.3.). This suggests therefore, 

that the clones are still attempting to make this mAb despite not having the light chain to do so. This 

heavy chain homodimer cannot be exported from the ER like the light chain can be (Hendershot et al., 

1987), and thus may explain why the clones are under stress as referenced by the increased UPR 

chaperone expression (summarised for the non-producers in Figure 4.9.). The light chain only 

expressing clone (mAb 2-B) does not undergo this stress however as the light chain can be freely 

secreted from the cell without the heavy chain. 
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Figure 4.8. Western blots showed variation in expression of heavy chain and light chain across the 23 clonal 
cell lines. 
Western blots were performed under non-reducing conditions on a 4-12 % BIS-Tris 1.0 mm protein gel following 

cell lysate extraction using RIPA lysis buffer. A fully folded mAb monomer should be ~ 150 kDa (comprised of 2x 

25 kDa light chains and 2x 50 kDa heavy chains). The non-producing clone 1-B did not express either chain, whilst 

clone 2-B expressed only the light chain. Non-producer clones 3-D, 4-B and 4-F expressed only the mAb heavy 

chain. Heavy chain dimerisation is also apparent in these three clones as seen by the ~100 kDa band, despite the 

lack of light chain. 
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Figure 4.9. Summary of the expression of UPR transcripts in the non-producing clones measured by ddPCR. 
Pro-recovery UPR chaperones are more highly expressed after 4 days in culture, in the non-producing clones 
that are expressing the heavy chain only (mAb 3-D, 4-B and 4-F) than the clones not expressing either chains 
(mAb 1-B) or only the light chain (mAb 2-B). mRNA expression of UPR chaperones was measured and quantified 
by ddPCR (BioRad) and day 4 quantification has been shown here (Figure 4.6). PDI and ATF4 mRNA expression 
was consistently expressed across the non-producing clones, regardless of whether they were expressing mAb 
chains or not. BIP mRNA expression however was increased in all 3 of the clones expressing only the mAb heavy 
chain. CALR was also increased to a lesser extent in clones 4-B and 4-F, but not 3-D (N=3). Error bars = +- 1 SD. 
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4.3. Discussion 

Significant progress has been made in the literature to identify gene and transcript targets that can 

help to identify good quality and quantity mAb expressing CHO clones. Most analysis has been 

performed on the CHO host expressing only one, or a handful, of typical format mAb constructs, 

however. These studies then often find correlations with varying strengths in their relationship 

between marker expression and titre. This raises significant questions therefore regarding whether 

these relationships are reproducible across many different mAb constructs, which are always adapting 

in their target and design. Further to this, mAb constructs are also becoming more atypical in their 

format, with the additions of fusion proteins and different chain arrangements not seen in nature 

becoming common place and potentially causing extreme folding stress phenotypes. These complex 

mAb formats bring about additional product quality issues with them such as their propensity to 

aggregate and fragment. To combat these limitations, this chapter has aimed to monitor some of the 

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

ŎƻƴǎǘǊǳŎǘǎ ǘƘŀǘ ŜŀŎƘ ƛƴƘŜǊŜƴǘƭȅ ƘŀǾŜ ΨǇǊƻōƭŜƳŀǘƛŎΩ ǘƛǘǊŜ ŀƴŘ ǉǳŀƭƛǘȅ ǇƘŜƴƻǘȅǇŜǎΦ !ǎ ǇǊƻŘǳŎǘ ǉǳŀƭƛǘȅ 

cannot be measured at such an early stage during CLD this Chapter has focused on the titre of the 

clones, before discussing quality in later Chapters. Any correlations that were seen with quality and 

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

The expression of the mAb constructs in the CHO host at the pre-clonal stage showed an interesting 

variation in titres and productivity related to the mAb type expressed (Figure 4.1. C-F.). This suggested 

that the mAb sequence, and thus what it is targeting, itself may have an impact on the titre values 

likely to be seen over the clones, and the viable cell growth of the pre-clonal pools following recovery 

from selection. The mAb titre at the pre-clonal stage and the average Spotlight assay by subsequent 

cloning on the Beacon then showed an interesting correlation. It was reassuring to note that a strong 

correlation was seen between the two, as it confirmed the efficiency of the Spotlight assay as a marker 

of titre during single cell cloning. One outlier was mAb 8 that did not share an equal relationship 

between the two techniques. The pre-clonal titres appeared much higher than the Beacon Spotlight 

assay, suggesting that either the clones expressing mAb 8 were not producing during single cell 

cloning, potentially due to stress, or that one of the techniques was inaccurate. It is hypothesised that 

this is due to a lack in mAb binding affinity in the Spotlight assay or in the Protein A Octet sensors. This 

could be due to the sequence of mAb 8 in particular, and how it interacts with the assays. This may 

need to be taken into consideration when using these techniques in the future but is out of the scope 

of this thesis due to the proprietary nature of the mAb constructs. Another interesting observation 

regarding the productivities of the mAb constructs was between mAbs 5, 6 and 7. mAb 6 and 7 had 

been engineered by GSK scientists from the parental mAb 5 construct in an attempt to see increased 
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titres when expressed in CHO cells. No sustained pattern of increased titre was seen in either 

engineered variant across the pre-clonal pool titres, the Beacon Spotlight assay or the clonal cell line 

titres. Thus any changes made from the parental molecule did not improve productivity. 

Once the clonal lines had been generated, the correlation between the UPR and titre was investigated. 

The results of the correlation between titre and BIP and PDI mRNA transcripts in this chapter had a 

similar negative trend of the PrimeFlow and ddPCR data in Chapter 3. This suggested that the 

relationship seen between the UPR and titre covered a plethora of different mAb constructs and could 

be a reliable tool for monitoring mAb titre regardless of the mAb type. As the same relationship was 

observed between BIP, PDI and the newly investigated CALR after ddPCR quantification (Figure 4.4.), 

it appears that the response is an overall increase in UPR in poor producing clones. As there was no 

ǊŜƭŀǘƛƻƴǎƘƛǇ ōŜǘǿŜŜƴ ǘƛǘǊŜ ŀƴŘ !¢Cп ƘƻǿŜǾŜǊΣ ǘƘƛǎ ƛǎ ƭƛƪŜƭȅ ǎǇŜŎƛŦƛŎ ǘƻ ǘƘŜ ΨǊŜŎƻǾŜǊȅΩ ŀǊƳǎ ƻŦ ǘƘŜ ¦twΣ 

as opposed to the apoptotic arm. It does suggest that whichever specific UPR marker is used for the 

design of the reporter construct is not necessarily important as long as it is within the recovery 

response pathway of the UPR. As a result, a difficult decision would be needed when deciding which 

final marker would be used for the reporter construct/assay. As BIP plays multiple roles in the folding 

of protein, from binding to nascent polypeptides that are produced in homeostatic conditions, to 

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

construct (Feige et al., 2010; Cao and Kaufman, 2012). 

 

4.3.1. The negative relationship between UPR expression and titre was the opposite of that 

seen in the literature 

The negatively correlated relationship seen between the UPR markers and titre via ddPCR was 

surprisingly the opposite to what the majority of the literature has so far shown. One study showed 

the same relationship as this study; with Le Fourn et al. (2014) measuring high BIP protein expression 

in poor expressing clones than in higher expressing clones, via western blot. Whilst this gave 

confidence to the data shown here, the study did not measure RNA transcripts. Other studies that 

have measured the mRNA transcripts of UPR markers, in a similar fashion to this study, have then 

shown the opposite relationship to this study - a positive correlation between the UPR and titre (Kober 

et al., 2012; Prashad and Mehra, 2015). Why this study therefore shows the opposite to this is 

unknown and would require further study to understand why this has occurred. As there appears to 

be conflicting evidence in the literature about the relationship, it may suggest that the true 

relationship is actually affected by different factors. Examples of the differences in the experiment 

between this study and the Prashad and Mehra (2015) and the Kober et al. (2012) studies include the 
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type of CHO lineage and selection pressure used, the length of the culture, the type and number of 

mAb constructs used and the number of CHO clones investigated. All of the factors that may have had 

an effect on the difference in results between this study and the literature has been discussed fully in 

Chapter 7.  

 

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

with BIP 

An unexpected outcome of this study was seen when imaging was employed to measure the 

relationship between intracellular BIP and intracellular IgG - whereby an inverse relationship was seen 

between mAb titre and BIP mRNA transcript expression via ddPCR (Figure 4.4.B.), and intracellular BIP 

protein and intracellular IgG (Figure 4.6.A.). It is hypothesised that this change in relationship is due 

to the mAb form that was measured in each study. In the ddPCR study the mAb was measured in the 

form of secreted titre (mg/L), whilst in the imaging study the quantification of intracellular IgG was 

measured. It is hypothesised therefore that noticing large quantities of intracellular IgG is actually 

suggestive of bad titre characteristics in the clones, as it suggests that the mAb is not being secreted 

efficiently from the cell and thus a high expression of BIP occurs from the resulting ER stress. This 

relationship was also shown in Chapter 3 (Figure 3.2.) whereby a known high producing CHO clone 

had lower quantities of intracellular mAb, compared to a known low producer that had a 2.08 fold 

increase in intracellular mAb staining. Similarly, Mathias et al. (2020) ǎƘƻǿŜŘ ǘƘŀǘ ǿƘŜƴ ŀ ΨŘƛŦŦƛŎǳƭǘ ǘƻ 

ŜȄǇǊŜǎǎΩ Ƴ!ō ǿŀǎ ǘǊŀƴǎŦŜŎǘŜŘ ƛƴǘƻ ŀ /Ih Ƙƻǎǘ ǘƘŜ 9w ƳƻǊǇƘƻƭƻƎȅ ǿŀǎ ƘŜŀǾƛƭȅ ŀƭǘŜǊŜŘΣ ǎƘƻǿƛƴƎ ƳƻǊŜ 

individual, spherical structures rather than the diffuse staining of the ER of a CHO clone expressing a 

standard format mAb. These spherical structures localised to mAb light chain staining suggesting that 

the ER phenotype seen was caused by the presence of mAb. The staining intensity of the clones 

expressing the difficult to express mAb was not compared to the standard format mAb clone, but it 

does give further evidence to suggest that the morphology of the ER and the presence of mAb inside 

the clone may be a useful diagnostic tool for clonal selection, as well as highlighting how this problem 

may be exacerbated as more complex mAb formats arise. If the hypothesis that high intracellular mAb 

staining is an indicator of poor expression is correct it may give an interesting argument for the role 

of the secretome in the CHO clones, as well as successful protein folding. The secretome has been 

previously suggested to be implicated in clonal productivity, with Kol et al. (2020) showing that 

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

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

rather than it being a biological response, whereby the analysis is incorrect or not specific enough to 
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accurately measure the transcripts. This has been confirmed to not be the case however, at least in 

part, by an extended investigation into the technique. This was first confirmed with the data from the 

study of heavy and light chain via ddPCR (Figure 4.7.D.). When the values of heavy and light chain 

measured by ddPCR were correlated together, a strong positive correlation (r = 0.881, p < 0.001) was 

seen between the two (Appendices Figure 1.A.), which would be expected as the heavy chain and light 

chain were expressed at a 1:1 ratio on the same plasmid, and thus as long as successful integration 

had occurred in the clones there should have been a positive linear relationship between the two. This 

was further confirmed when the ddPCR quantified heavy and light chain values were correlated to the 

observed titre of the clones, also measured during the study (Appendices Figure 1.B.). Two positive 

correlations were observed against titre (r = 0.7885 and r = 0.805 for heavy and light chain 

respectively, both p < 0.0001). This result gave further evidence to ddPCRs accuracy as a technique, as 

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

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

then questioned as to why such an opposite relationship was seen between the quantification of BIP 

and intracellular IgG in the imaging study (Figure 4.6.A.) and BIP ddPCR quantification and mAb titre 

in the same cell lines (Figure 4.4.B.). It was hypothesised that it was due to regulation occurring in the 

ER post RNA translation. To explore this, the values of the ddPCR heavy and light chain expression 

were plotted against the concentrations of intracellular IgG imaging in the clones (Appendices Figure 

2.), as well as ddPCR quantified BIP and intracellular imaging quantified BIP (Appendices Figure 3.A.). 

Neither heavy nor light chain ddPCR expression correlated to the quantification of intracellular IgG 

imaging by microscopy (r = 0.268, p = 0.216 and r = 0.112, p = 0.612 for heavy and light chain 

respectively). BIP expression did moderately positively correlate on the other hand (r = 0.655, p = 

0.0009). The imaging quantification was also shown to be accurate and reliable, as when quantification 

was repeated using flow cytometry, a positive relationship was seen between the two studies 

(Appendices Figure 4.). 

As a result of these brief studies it does suggest that both the ddPCR and imaging quantification are 

reliably quantifying transcripts and proteins, as seen by the correlations with BIP, but the difference 

seen between measuring intracellular IgG and secreted product was causing the inverse relationship 

seen in this thesis. This can be confirmed by correlating the mAb titre and IgG imaging values obtained 

in the study, showing no relationship between the two techniques (Appendices Figure 3.A., r = 0.149, 

p = 0.499).  
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4.3.3. Non-producing clones often expressed individual mAb chains 

Whilst the results of the non-producing cell lines are not useful for the development of a reporter for 

CLD as they would not typically be exported from the Beacon in the first place, their expression of 

mRNA transcripts related to protein folding do hint at the complexity of the UPR and protein stress in 

CHO cells. The fact that BIP, CALR and PDI are all more highly expressed in the non-producing clones 

that do have evidence of single heavy chain expression (Figure 4.9.) shows how CHO cells initiate the 

UPR to adapt with stress. It also shows how the cells are unaffected by the expression of the light 

chain singularly, which can be freely secreted out of the ER (Bhoskar et al., 2013). Of the three UPR 

markers, PDI showed the least fold change in expression between the non-producers with mAb heavy 

chain only (mAb 3-D, mAb 4-B and mAb 4-F) and the non-producers with no mAb heavy chain (mAb 

1-B and mAb 2-B). It could be speculated therefore, that PDI is not necessarily recruited in the UPR as 

heavily as other markers or that there are less disulphide bonds present that need catalysing. Despite 

the increases of CALR, BIP and PDI, the complete lack of ATF4 expression in these clones suggests that 

even this heavy chain build up is not enough to elicit an apoptotic or reduced growth response, and 

asks the question of how much sustained, mis-folded protein is actually required to initiate apoptosis. 

Single cell cloning on the Beacon requires cells to have grown within the culture time it used for, and 

therefore it could be suggested that clones with slower growth have not been included in this study 

to prove this. As clones with slower growth are not desirable for mass manufacture however, and this 

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

The study of the non-producers for their expression of the heavy and light chain was also useful for 

confirming the specificity of the ddPCR experimental technique. The heavy and light chain expression 

in the clones was measured by four techniques - ddPCR, immunofluorescence imaging, flow cytometry 

and western blot (Figure 4.7.). All four techniques showed very similar expression characteristics in 

the non-producing clones. Particular clarity of expression was seen in the western blotting under non-

reduced conditions (Figure 4.8.), which showed the expression of the mAb heavy chain in its unfolded 

and homodimeric folded form in the non-producers expressing only the heavy chain. The ddPCR data 

showed the same result as the western blot image and its subsequent quantification, showing that 

the ddPCR data obtained was reliable and specific to the target of interest following normalisation to 

the 2̡M housekeeping transcript. This is particularly important in the context of the ddPCR studies 

measuring for UPR components, which did not have a knockout control, as the data obtained was used 

to make decisions based on the future reporter construct due to their high throughput nature and 

more quantitative results. 

As there is now clear evidence to show that the UPR is up-regulated in poorly expressing CHO clones 

in this study, chapter 5 will focus on the design and expression of a UPR-based reporter construct for 
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use in CHO lines expressing the same panel of mAbs used in this study. The reporter construct will 

then be tested for its ability to predict mAb titre and quality in clonal mAb expressing cell lines 

throughout the CLD process. 
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5. Designing an ER resident fluorescent organelle 

reporter to monitor mAb production throughout Cell 

Line Development (CLD) 
 

5.1. Introduction 

Historically, cell line development (CLD) has been synonymous with vast numbers of mAb expressing 

CHO cell lines scaled up from low culture volumes, triaging at each scale-up stage based on growth 

and productivity. Intense experimental procedures such as the transfection of a host cell line with a 

gene of interest (GOI), followed by single cell cloning often leaves these cells extremely fragile and 

sensitive to disturbance during recovery. Subsequent static scale-up involves low numbers of cells as 

the cell lines are expanded until they reach larger volumes in shake flasks. It is therefore critical that 

the screening techniques used to triage cell lines during scale-up uses either the least volume of cells 

manageable or can be performed on cultures without the need for sampling. Suitable screening 

techniques are also required to be rapid and high-throughput to allow a multitude of cell lines to be 

analysed and selected within short timeframes. As previously demonstrated in Chapter 3, this makes 

sampling techniques such as PrimeFlow RNA and ddPCR that can take multiple days to run and analyse, 

impossible to use as a screening tool in CLD.  

In order to develop a tool to monitor mAb titre and product quality throughout CLD, which enables 

rapid screening at early stages, a fluorescently tagged unfolded protein response (UPR) reporter 

construct was designed. The use of a fluorescent reporter allows cells to be monitored live throughout 

all stages of CLD from imaging static culture plates post transfection and post Beacon export, single 

cell cloning on the Beacon or sampling during shake flask culture by flow cytometry. By having the 

opportunity to monitor this as early as possible, the best cell lines can be chosen quickly, reducing 

costs and resource, with a greater range of higher quantity and quality clones at the same time. 

Similarly, fluorescence could be monitored further into Upstream processes, where 15 day production 

studies are performed, as well as shake flask cultures that monitor stability in cultures of increasing 

generations. Transient fluorescence techniques like the ER Tracker dye tested in Chapter 3 are not 

able to monitor mAb titre or quality over a long period of time. Instead, it was decided that a 

fluorescence based reporter construct would be more beneficial for CLD as it would be continuously 

expressed and monitored throughout CLD.  
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As the data in Chapter 3 and 4 highlighted that the unfolded protein response (UPR) is correlated with 

product titre and quality, it was decided to design a reporter construct which may respond to the UPR. 

Fluorescently tagged UPR reporters have been described previously in the literature. For example, a 

dual RFP/GFP fluorescent reporter construct was generated which is alternatively spliced by XBP1 

under conditions when IRE1 is activated by chemical stressors (Roy et al., 2017).  

Chemical stressors can induce stress along the secretory pathway, mimicking the effects of mAb 

expression and as such are often used in the literature. Examples of chemical stressors include 

Tunicamycin and Brefeldin A. Tunicamycin is a mixture of homologous nucleoside antibiotics that were 

first isolated from Streptomyces lysosuperificus. Tunicamycin inhibits N-linked glycosylation, 

preventing core oligosaccharide addition to nascent polypeptides. Protein folding therefore becomes 

blocked in the ER, and as such Tunicamycin has become a common drug used to elicit and monitor ER 

stress (Tordai et al., 1995; Roy et al., 2017). Brefeldin A on the other hand inhibits protein transport 

from the ER to the Golgi apparatus by inhibiting vesicle COP-I association to the Golgi membrane 

(Chardin and McCormick, 1999). Thus, here proteins are folded correctly but cannot translocate past 

the ER. 

The Roy et al. (2017) reporter study focused on transient transfection of the reporters into mAb 

expressing cell lines however, which results in differences in reporter copy number transfected into 

cells across the population. Thus, the intensity of the reporter, and the availability of UPR components 

to interact with varying numbers of reporter levels can impact on the quantification abilities of the 

reporter. The effect of different mAb constructs, each with different problematic characteristics is also 

not well represented in the literature.  

To generate a novel reporter tool that investigates the ER, calreticulin (CALR) was chosen to be 

fluorescently tagged. Calreticulin is an ER luminal protein, retrieved by the ER by the presence of a 

KDEL retention signal. It has many recognised functions, but one of its earliest discovered roles was 

its ubiquitous storage of Ca2+ in the ER (Krause and Michalak, 1997). CALR has also shown to function 

as an N-linked glycosylation chaperone in the ER. CALR binds to proteins that have yet to be trimmed 

of their glucose residues that were added during N-linked glycosylation. CALR binding prevents these 

proteins from being translocated to the Golgi until the glucose has been trimmed, or alternatively 

marking it for degradation, if the glucose is not removed (High et al., 2000; Ellgaard et al., 2003; 

Molinari and Helenius, 1999). Calreticulin was chosen namely for this function in ensuring N-linked 

glycosylation, with which incorrect N-linked glycosylation can have a negative effect on product 

quality, from Fc effector function and mAb binding to the mAbs pharmacokinetics (PK) (Boune et al., 

2020). It was also one of the markers identified by the ddPCR data to be correlated to mAb titre, and 
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was increased in clones with an imbalanced heavy chain: light chain ratio (Figure 4.5.). Finally, 

Calreticulin has also been successfully tagged with GFP in other organisms such as Dictyostelium and 

rat pancreas (AR42j) cells όaǸƭƭŜǊπ¢ŀǳōŜƴōŜǊƎŜǊ Ŝǘ ŀƭΦΣ нллм; Avezov et al., 2015), giving confidence 

that CALR could be tagged in CHO cells without effecting the proteins form or function. Calreticulin 

was chosen over BIP due to its singular UPR role as a quality-control chaperone. Whilst BIP is increased 

in response to ER stress it also inhibits the UPR in homeostasis and binds to nascent protein and thus 

the multi-purpose role of the reporter meant that the results of the expression could not be solely 

based on the UPR.  

A mitochondrial reporter was also designed to confirm localisation could be measured in smaller 

organelles and to see whether the reporter response was specific to the ER. Whilst many studies have 

focused on the ER, one study has also shown that the membrane potential of mitochondria in high 

producing clones is higher than in low producing clones (Chakrabarti et al., 2019). Translocase Of Outer 

Mitochondrial Membrane 20 protein (TOM20) was selected as the protein to tag as it is localised to 

the mitochondrial membrane and has been successfully tagged previously in Normal Rat Kidney Cells 

(NRK) and rat neuronal cells (Wang et al., 2015; Cho et al., 2017). Both CALR and TOM20 were tagged 

with GFP via two, quadruple glycine-serine linkers (GGGGS) (Figure 5.1) and cloned ƛƴǘƻ ƻƴŜ ƻŦ D{YΩǎ 

proprietary expression plasmids containing a geneticin resistance gene. CALR was also tagged to 

mOrange, to give a second wavelength option for the Beacon, and to give the option of transfecting 

both reporters together. 

 

 

 

 

 

 

 

Figure 5.1. Schematic of the fluorescent organelle reporter constructs prior to being cloned into a proprietary 
GSK plasmid. 
The organelle specific protein was tagged to GFP or mOrange via a double Glycine, Serine (GGGGS) linker. The 
ǎŜǉǳŜƴŎŜǎ ǿŜǊŜ ǎȅƴǘƘŜǎƛǎŜŘ ōȅ ¢ƘŜǊƳƻŦƛǎƘŜǊΩǎ 5b! DŜƴŜ {ǘǊƛƴƎǎ ǎŜǊǾƛŎŜΦ ¢ƘŜ ŦǊŀƎƳŜƴǘǎ ǿŜǊŜ inserted into a 
GSK proprietary plasmid containing a Geneticin selection marker. A) The Endoplasmic Reticulum reporter was 
based on the Calreticulin protein. B) The Mitochondrial reporter was based on the translocase of the outer 
mitochondrial membrane 20 (TOM20) protein. 
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5.1.1. Chapter Aims 

The aim of this Chapter was to design and test a fluorescently tagged UPR based reporter construct 

that could be used to generate a reporter host cell line. The reporter cell lines should express the 

reporter consistently across the population of cells and the intensity of the reporter respond to 

changes in biosynthetic capacity (e.g. when cells were expressing mAb). In addition, the potential of 

using a mitochondrial membrane based reporter construct was explored, to determine if 

mitochondrial activity affects mAb production in CHO clones and to be used as an ER-specific control.  

The reporter host was then transfected with the same panel of mAbs used in Chapter 4, to understand 

whether the reporter can be used to monitor titre of different mAbs, with different problematic 

characteristics and product quality issues (Table 2.2.). This Chapter focuses on the ability to predict 

mAb titre during CLD, as quality cannot be determined until greater concentrations of mAbs have been 

obtained - typically after the clones are cultured in a production study for 15 days. This product quality 

analysis will therefore be performed in Chapter 6. 
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5.2. Results 

 

5.2.1. The fluorescently tagged reporter proteins are localised to the Endoplasmic 

Reticulum and Mitochondria following transfection into the CHO Host 

The three reporter constructs were transfected separately into the CHO host, and selected for using 

Geneticin (Section 2.4.1. and 2.4.2.). Following recovery the pre-clonal pools were confirmed for 

successful stable integration of the reporter constructs into the CHO host genome by live cell imaging 

(Figure 5.2.). The cells were transferred to a Poly-Lysine coated 96 well plate, and spun down to ensure 

flat imaging (Section 2.7.3.). Expression of the CALR-GFP and TOM20-GFP reporter plasmid was 

localised to the ER and mitochondria respectively, shown by organelle specific fluorescence (Figure 

5.2.A.). CALR-mOrange was also successfully localised to the ER. As expected, cells transfected with 

the reporter construct grew successfully under geneticin selection whereas the negative control, not 

transfected with DNA, did not recover and was discarded after 18 days (Figure 5.2.B.). This successful 

localisation and growth following selection recovery indicates that the cells were not impacted by the 

addition of the constructs. 

Despite undergoing selection, the population had a diverse range of reporter expression intensities 

(Figure 5.2.A.), and many of the cells in each population were not positive for reporter expression, 

perhaps as a result of gene silencing of the exogenous reporter construct DNA. In order for these 

reporter constructs to be used as a tool for cell line selection it is imperative that differences in 

fluorescence intensity reflect characteristics of mAb titre and product quality and are not simply 

inherent within the host population. To ensure this, the pre-clonal lines stably expressing each 

reporter construct were single cell cloned to create three clonal host cell lines expressing each of the 

reporters homogeneously. From this mAb could be transfected into the newly generated host. Figure 

5.3 shows a schematic of this experimental plan. 
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Figure 5.2. CALR-GFP, CALR-mOrange and TOM20-GFP all fluoresced in the CHO host, and localised to the ER 
and mitochondria respectively. 
A) Live cell imaging of the CHO host showed successful reporter transfection following recovery from stable 

transfection. Pre-clonal populations were positive for each reporter; however expression was heterogenous in 

the population. 500,000 cells were sampled 31 days post transfection, after the cultures had recovered to > 95% 

viability. Images were taken on the Yokogawa CV8000. Scale bar =20 µm.  

B) CHO clones transfected with the reporter constructs dropped in viable cell count (cells x106/ml) and viability 

(%) following the addition of geneticin selective media. The population increased over time as successfully 

transfected clones recovered in the presence of the selective media. Viability and viable cell count was measured 

on the ViCell XR, up to 30 days post transfection with the fluorescent organelle reporters. Negative control 

transfected with PBS only. Selection was added 2 days post transfection. 
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Figure 5.3. Experimental plan for the development of host cell lines expressing the fluorescent reporters.  
As the reporters needed to be expressed at the same copy number, and location within the CHO host genome, 
the reporter was stably transfected (transfection 1) and single cell cloned on the Beacon. A single, positive clone 
for each reporter construct was chosen during scale up to generate a reporter host cell line. DNA sequences 
expressing mAbs of interest could then be transfected into the new reporter host cell line, that was expressing 
the same reporter consistently throughout the population (transfection 2). These pre-clonal pools could then be 
single cell cloned to obtain stably transfected mAb reporter cell lines. 
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5.2.2. Generation of clonal CALR-GFP, CALR-mOrange and TOM20-GFP expressing host lines  

Following successful recovery post-transfection, the pre-clonal reporter pools generated were single 

cell cloned on the Beacon System (BLI), to obtain clonal populations derived from one single 

progenitor cell. The pre-clonal reporter cell lines were loaded and cultured as per Section 2.4.3.  

Following four days culture on the Beacon, images of the reporter cell lines were taken on the Beacon 

using the FITC (GFP) and TexasRed (mOrange) filters. Expression of the CALR-GFP reporter was very 

clear, with the GFP signal concentrated in the perinuclear region of the cell in the majority of the pens 

(Figure 5.4. A). As seen previously (Figure 5.2.A), there was a range in expression levels of the reporter 

constructs in the pre-clonal pool across the pens on the Beacon. GFP intensity and cell size varied 

across the pens, as well as within the pens themselves in some clones. The TOM20-GFP signal was 

more difficult to see and the average staining intensity was much lower than the equivalent CALR-GFP 

populations, apart from in one pen where the mitochondrial targeting had possibly been lost and the 

GFP expression was cytoplasmic (third pen in the TOM20-GFP reporter, Figure 5.4. A; bottom row). 

This lack of distinction between the TOM20-GFP expressing cell lines is likely due to the smaller nature 

of the mitochondria, as localised imaging was seen in the higher resolution pre-clonal imaging (Figure 

5.2.A). Unlike the CALR-GFP, the CALR-mOrange signal was far weaker and appeared almost diffuse 

(Figure 5.4. A; middle row). This may have been due to the mOrange not emitting and exciting at the 

exact same wavelength required for the TexasRed filter available on the Beacon.  

16 pens for each prospective host cell line were selected for export based on growth and homogenous 

expression within the clonal population. Following export and recovery, the reporter cell lines were 

scaled up and based on growth and continuing expression of the reporter construct, a final cell line 

was selected for each reporter: CALR-GFP host, CALR-mOrange host (not shown) and TOM20-GFP 

host. As mentioned above, the images obtained from the CALR-mOrange cell lines on the Beacon were 

not optimal. Furthermore, the Beacon Spotlight assay, which enables an on-chip titre assay to be 

performed, requires use of the TexasRed filter. Use of the CALR-mOrange host would therefore 

prevent this titre assay being run if this host were to be included as a selection tool during cell line 

development. Given this, the CALR-mOrange host was not progressed further as a potential selection 

tool. The two clones chosen for the CALR-GFP and TOM20-GFP host line had consistent expression on 

the Beacon (* pens in Figure 5.4.A.), and showed considerable growth on the Beacon. The reporter 

was measurable during static scale up by live, fluorescence microscopy (Figure 5.4.B.), although 

expression was variable as cultures still had low viabilities during recovery (Figure 5.4.C.).
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Figure 5.4. The generation of clonal reporter host lines on the Beacon, and the subsequent scale up of the CALR-GFP and TOM20-GFP host cell lines. 
A) Example of beacon pen images taken using the FITC filter (GFP reporters) and TexasRed filter (mOrange reporter) after 4 days culturing on the Beacon. * pens = final clone 
chosen to be the reporter host cell lines. B) Live, fluorescence imaging of the CALR-GFP and TOM20-GFP reporter host cell lines during static culture recovery using a Yokogawa 
CV8000 microscope, taken at the 24 well stage. Scale bar = 20 µm. C) Viable cell count (x106/ml) and viability (%) of the CALR-GFP and TOM20-GFP reporter host cell lines 
during static and shaking culture recovery measured with a ViCell XR. Viable cell count and viability increased consistently with increased scale up volumes for the CALR-GFP 
reporter host line. The TOM20-GFP reporter host line increased until 6 well scale up, before dropping slightly as cultures were moved from static culture to T25 shaking 
culture. 
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5.2.3. The expression of the reporters is retained during culture and does not impact the 

health of the CHO host 

In order for the CALR-GFP host or the TOM20-GFP host to be a feasible tool for use in cell line selection 

it is necessary that expression of these reporters does not impact the performance of the CHO host 

cell line which may later impact expression of mAb proteins. During the selection of the reporter host 

cell lines, geneticin was required for selection of cell lines which had integrated the reporter plasmids 

into their genome during transfection and subsequent stable cell line generation. The presence of 

geneticin however would be an extra stress on the cell lines that would noǘ ōŜ ǇǊŜǎŜƴǘ ƛƴ D{YΩǎ 

platform CHO host, and thus when comparing the suitability of the reporter host this would have to 

be taken into consideration. Ideally, the geneticin would be removed from the culture media to keep 

the cell lines without impacting expression of the reporters. To investigate this, the CHO host, CALR-

GFP host and TOM20-GFP host were grown in the presence or absence of geneticin selection and the 

subsequent impact on growth and GFP expression monitored.  

Live cell imaging of the reporters in culture at passage 1 and passage 8 showed that the GFP reporter 

was still consistently expressed in both the CALR-GFP and TOM20-GFP reporter host cell lines and thus 

removal of geneticin did not cause the loss of the reporter expression (Figure 5.5.A. and B). 

The effect of geneticin removal was then analysed in the CHO host and the reporter hosts. The removal 

of geneticin also did not have a negative effect on the growth of either of the reporter host cell lines. 

The viable cell count of the CHO host was consistently lower when in presence of geneticin, and the 

viability was also much lower (between 79-93%) compared to the CHO host in non-selective conditions 

(>99%) (Figure 5.5.C). This was expected as the CHO Host did not contain a geneticin resistance gene. 

However, despite the lack of a geneticin resistance gene, the CHO host was still able to survive and 

multiply under selection, albeit at a much reduced viability (Figure 5.5.C). This may have contributed 

to the earlier finding that some of the reporter cell lines were able to grow on the Beacon but did not 

exhibit any fluorescence. The removal of selection to both the CALR-GFP and TOM20-GFP reporter 

lines had a positive effect on viability, with the average viability increasing by 2.33% and 2.71 % for 

the CALR-GFP and TOM20-GFP reporters respectively. Similarly, the viable cell count was increased in 

both reporter cell lines in the absence of geneticin. Overall, these results indicated that removal of 

geneticin from the reporter host media may increase, albeit marginally, both growth rate and viability 

of these hosts.  

The growth of the reporter host cell lines without geneticin was also compared to the CHO Host, to 

confirm that the addition of the reporter did not affect cell growth. The viable cell count, viability and 

doubling time over 8 passages did not show any clear differences between the 3 cell lines. The TOM20-
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GFP reporter host did have a consistently larger diameter compared to the CHO Host, with an average 

diameter over the 8 passages being 15.3 and 14.9 microns respectively (Figure 5.5.D). It was unclear 

as to why the TOM20-GFP reporter host was larger, particularly as it did not appear to be visually 

larger than the CALR-GFP reporter host on the Beacon (Figure 5.4.A.). It was suspected therefore to 

be a phenotype of the particular clone chosen following scale up as cells recovered back into 

suspension culture. 
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Figure 5.5. Removal of geneticin selection does not impact the expression of CALR-GFP or TOM20-GFP but 
improves the growth of the reporter cell lines. 
GFP and brightfield live cell imaging of the cultures after A) 1 passage and B) 8 passages without geneticin 
selection. GFP is still present in all of the reporter cells despite removal of selection. Images were taken on a 
NyONE Scientific plate reader. C) Viable cell count and viability of the CHO host (black), CALR-GFP host (red) and 
TOM20-GFP host (blue) with (triangle) and without (circle) the presence of geneticin selection. The CHO host did 
not contain the geneticin resistance gene, and showed a reduced viable cell count as a result. D) Growth 
characteristics of the reporter hosts compared to the CHO host, in non-selective media. Coloured as per panel 
B. L-R: Viable cell count (x106/ml), viability (%), doubling time (hours) and diameter (microns). Counts were 
measured on the ViCell XR. 
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5.2.4. CALR-GFP reporter expression is retained, and can be seen during mitosis 

Although reporter expression was confirmed to be retained in culture with low resolution live imaging 

on a NyOne plate reader (Figure 5.5.A), high resolution imaging was also performed to confirm that 

the reporter expression would continue in cells undergoing mitosis in non-selective media. For this 

fluorescence time lapse imaging was used on the live cell populations at 10 minute intervals, and the 

images further confirmed the retention of the CALR-GFP reporter expression throughout mitosis 

(Figure 5.6.A.). Three cells actively underwent mitosis during the ~5 ½ hour time lapse experiment. 

The process of mitosis took approximately 20 minutes. The CALR-GFP reporter can still be seen during 

anaphase in one cell line (Figure 5.6. B). TOM20-GFP reporter mitosis was not captured during the 

time lapse imaging, although expression of the reporter was still evident (data not shown). 
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Figure 5.6. CALR-GFP reporter expression is retained in the host cell line during mitosis.  
A) Time lapse images taken on a Yokogawa CV8000 microscope. Scale bar = 20 µm. Images were taken at 10 
minute intervals. Images from every 4th interval has been shown here for the ease of visualisation. Dividing cells 
are highlighted in the first image taken 40 minutes after initial incubation in the microscope. Corresponding 
arrows show the time point at which they undergo mitosis. B) Time lapse images of the CALR-GFP host shown 
here after 20 minutes; one cell undergoes mitosis within the 20 minute time period. GFP expression is still seen 
during anaphase. 
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5.2.5. Reporter host responds to chemically induced ER stress 

Following confirmation that the CALR-GFP and TOM20-GFP hosts were successfully being expressed 

within the host cell line without impacting its performance, it was necessary to assess their use as a 

reporter in detecting stress within the cells. To understand whether the expression of a mAb resulted 

in an ER stress response, the GFP phenotype in response to ER stress had to be first characterised. The 

chemical stressors Tunicamycin and Brefeldin A were employed for this, these two chemical stressors 

were chosen as they affect different parts of the protein folding and secretory pathway.  

To determine whether the CALR-GFP and TOM20-GFP reporter host cell lines respond to UPR stress, 

the cell lines were incubated in the presence or absence of Tunicamycin or Brefeldin A for 24 hours in 

D{YΩǎ ǇǊƻǇǊƛŜǘŀǊȅ CHO host culture media. Live fluorescence images of the cultures were taken after 

6 and 24 hours incubation, as well as quantification of the GFP intensity by flow cytometry. 

Within 24 hours, the effects of Tunicamycin and Brefeldin A could be seen (Figure 5.7.A. and B.). Under 

normal culture conditions the reporter cells were similar in size with typical blebbed or ruffled cell 

membranes in the majority of the population. The GFP expression was also co-localised to the 

organelle targets. The addition of Tunicamycin did not stop reporter organelle co-localisation, but GFP 

was also present within the membrane ruffles unlike the normal conditions, in both cell lines. GFP 

fluorescence intensity did appear to be greater in the CALR-GFP reporter host compared to the normal 

culture conditions, whereas the TOM20-GFP reporter host looked the same.  

The addition of Brefeldin resulted in the complete loss of the blebbed membrane in the majority of 

the population as seen in the brightfield images. Again, the CALR-GFP reporter host had a much more 

intense GFP expression compared to the cultures in the absence of Brefeldin A, and whilst it was co-

localised to the ER, it appeared distorted with a heavy halo shaped presence around the cell 

membranes (Figure 5.7.A.). The GFP expression from the TOM20-GFP reporter host however did not 

look obviously different to the normal conditions (Figure 5.7.B). 

The visual observations were confirmed quantitatively using an iQue flow cytometer (Figure 5.7.C. and 

5.7.D). The average intensity of the CALR-GFP reporter host was 2.22 fold higher than that of the 

TOM20-GFP host in the normal culture conditions at both time points, likely due to the larger surface 

area of the ER. There was no significant difference between GFP intensity in the TOM20-GFP reporter 

in the normal conditions compared to the populations kept in Tunicamycin or Brefeldin A after 6 hours 

incubation. Again, after 24 hours incubation there was no significant change in GFP intensity between 

the Tunicamycin incubated cells and the normal control culture. The addition of Brefeldin A did result 

in a significant reduction in GFP intensity compared to the normal conditions. 
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The CALR-GFP host had a significantly increased GFP intensity when incubated with Brefeldin A at both 

time points, compared to the normal conditions (Figure 5.7.C.). Interestingly however, the CALR-GFP 

reporter host showed an initial significant reduction in GFP intensity when incubated with 

Tunicamycin compared to the control, before increasing in GFP expression after 24 hours. !ǎ /![wΩǎ 

main function in the ER lumen is to bind to proteins that have a misfolded glycan profile during N-

linked glycosylation, and Tunicamycin inhibits N-linked glycosylation the increase in GFP expression 

after 24 hours was not surprising. Further study would be required to confirm that the response was 

specific to the chemical addition, and not by means of another stress factor. Questions could also be 

asked at to whether a different mechanism of action was at work, as the CALR-GFP reporter was 

expressed over a constitutive promoter, rather than the protein specific promoter. Previous literature 

however has also shown that Calreticulin is upregulated in HeLa cells when incubated with 

Tunicamycin, both when looking at endogenous CALR expression and upon addition of an exogenous 

plasmid and promoter (Yang et al., 2019). Further analysis would be needed to further investigate this. 

The slight reduction in expression of CALR-GFP after 6 hours of Tunicamycin incubation was surprising 

however, as the UPR can temporarily attenuate translation via the PERK pathway (Figure 1.7.) (Walter 

and Ron, 2011), it is hypothesised that this initial reduction may have been an initial response to the 

addition of Tunicamycin. Despite this, the study does suggest that the CALR-GFP reporter host is 

capable of monitoring a stress response via the intensity of the reporter expressed, and whilst it may 

reduce in expression initially, the likely phenotype is to be an increased GFP intensity in the presence 

of constant stress. 
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Figure 5.7. Effects of Tunicamycin and Brefeldin A on the CALR-GFP and TOM20-GFP reporter host cell lines. 
A-B) Fluorescence and brightfield imaging of CALR-GFP and TOM20-GFP host cell lines after 24 hours incubation 
in either media, media containing 1ug/ml tunicamycin, or media containing 1ug/ml brefeldin A. Images captured 
using a Yokogawa CV8000 microscope. Scale bar= 20 µm. C-D) GFP intensity of the fluorescent reporter 
measured by flow cytometry (N=3), on an iQue flow cytometerΦ {ǘǳŘŜƴǘΩǎ ǘ ǘŜǎǘ ǿŀǎ ǇŜǊŦƻǊƳŜŘ ƻƴ ǘƘŜ 
Tunicamycin and Brefeldin A cultures against the normal condition control. P value ns= non-significant, * <0.05 
and ** <0.01. Error bars = +- 1SD.  
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5.2.6. CALR-GFP and TOM20-GFP reporter expression increases after transient transfection 

with plasmids expressing antibody  

Given that the CALR-GFP reporter host cell line could successfully be used to measure chemically 

induced ER stress using Tunicamycin and Brefeldin A, it was of interest to see whether mAb expression 

resulted in the same phenotype. The reporter expression would need to be measurable at any stage 

of the CLD pipeline to be a useful selection tool. This was therefore tested, by transiently transfecting 

the reporter hosts with mAbs 3, 4 and 7 from the mAb panel (Table 2.2). Two negative controls were 

also measured: a PBS transfected control and non-transfected control. The CHO host was also 

transfected with a constitutive GFP plasmid, and mAb 4 as positive control. mAb 4 was chosen as it is 

known to be a high expressor control mAb. The cells were then analysed on 1 day and 7 days post 

transfection for growth, reporter expression and mAb titre. 

Cell viability (%) in all of the cultures remained high 1 day post transfection (95.6 % average), but 

dropped to 72.4 % after 7 days in culture (Figure 5.8.A.). As the untransfected controls also dropped 

in viability it most likely caused by the exhaustion of nutrients from the media or the toxic build-up of 

metabolites. To confirm this, the concentration of waste metabolites such as Lactate and Ammonia 

could have been measured. The CHO host had a higher viable cell count than the two reporter lines 1 

day post transfection, but after 7 days left in 6 well culture, all cultures had over 1 x106/ml cells (Figure 

5.8.B.). The mAb transfected cultures were all producing measurable titres by day 7 (0.74 ς 1.62 mg/L), 

however some were measurable as early as 1 day post transfection (up to 0.36 mg/L, Figure 5.8.C.). 

mAb expression was further confirmed with positive IgG staining on the iQue flow cytometer, in all 

mAb transfections at both timepoints (Figure 5.8.D.). 

As expected, GFP was not measurable in the CHO host, apart from the cultures transfected with the 

constitutive GFP plasmid. A trend was seen in GFP reporter intensity in both reporter hosts, with 

higher intensities in the mAb transfected cell lines, compared to the non-transfected and PBS 

transfected controls (Figure 5.8.E.) (an average 1.47 fold increase in CALR-GFP expression in the mAb 

transfected populations compared to the PBS control). Despite the TOM20-GFP reporter not 

significantly increasing in response to chemical stressors, an increase was observed in response to 

transient mAb transfection at the exact same fold increase as the CALR-GFP reporter populations (1.47 

fold increase). The transfection procedure did not affect reporter intensity, as similar intensities were 

recorded in the non-transfected control, suggesting that the increase in GFP expression was caused 

by the expression of the mAb molecule and/or the plasmid it was expressed in. The type of mAb 

expressed also did not affect the intensity of the reporter, suggesting that the response could be 

monitored with any plasmid containing a mAb construct. 
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The reporter GFP intensities had large error bars across the replicates, making it difficult to accept the 

results seen in the experiment. The large error is thought to be due to the heterogeneity of the pre-

clonal pools post transfection. Despite this, it did give early evidence that the sudden addition of a 

mAb construct that requires complex protein folding pathways causes stress to the cell immediately 

after its addition. To understand if this is a true biological reaction that is retained throughout culture, 

the reporter GFP expression will have to be monitored throughout a full CLD campaign, from the 

transfection to generation of single cell clones.  
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Figure 5.8. Reporter expression was increased 24 hours post transient transfection with mAb constructs.  
The three host lines were transfected with mAb constructs via electroporation and monitored 1 day (grey) and 
7 days (red) later (N=3). The transfected cells were measured on the ViCell XR for their A) Cell viability (%) and 
B) Viable cell count (cells x106/ml). C) mAb titre (mg/L) was monitored on the Octet HTX. D) Reporter GFP 
expression (gMFI) and E) IgG Intensity (gMFI) were measured on the iQue flow cytometer. Error bars =+-1 SD. 
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Figure 5.8. (Continued) Reporter expression was increased 24 hours post transient transfection with mAb 
constructs.  
The three host lines were transfected with mAb constructs via electroporation and monitored 1 day (grey) and 
7 days (red) later (N=3). The transfected cells were measured on the ViCell XR for their A) Cell viability (%) and 
B) Viable cell count (cells x106/ml). C) mAb titre (mg/L) was monitored on the Octet HTX. D) Reporter GFP 
expression (gMFI) and E) IgG Intensity (gMFI) were measured on the iQue flow cytometer. Error bars =+-1 SD. 
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5.2.7. CALR-GFP and TOM20-GFP reporter localisation remains visible on the Beacon after 

mAb transfection 

The CALR-GFP reporter expression was increased during chemical stress induction and immediately 

after transient transfection with mAb in the CALR-GFP reporter host, suggesting that it may be 

monitoring ER stress. To confirm that this prediction could be useful during a CLD pipeline the CALR-

GFP reporter host had to be run through a typical CLD workflow where the CALR-GFP expression could 

be monitored throughout. As the TOM20-GFP reporter host did not show an increase in reporter 

expression during chemical stress induction it was decided to not take the TOM20-GFP reporter host 

line through the CLD pipeline.  

The CALR-GFP host cell line was stably transfected with the mAb panel (Table 2.2.) and following 

recovery and selection these pre-clonal cell lines were loaded and cultured on the Beacon as per 

Section 2.4.3. Clonal cell lines showed an overall consistency in the localisation of the reporter and cell 

size (Figure 5.9.A.). However, the intensity of the reporter varied between different pens, suggesting 

that the CALR-GFP may be responding to differences in the folding environment of the ER potentially 

caused by differences in the levels of antibody expression between clones.  

The Beacon titre measurement (Au score) and productivity (QP) cannot be directly compared with 

previous experiments, as variation is present between the chips, culture times and Spotlight assay 

reagent lots. The general trend here was the same as the Spotlight titre assay measured in the mAb 

expressing CHO clones in Chapter 4. mAbs 1-3 had the higher Au scores, whilst mAbs 5-7 had much 

lower Au scores. 96 cell lines were exported, ensuring that clones expressing a range of mAb types 

were chosen with a range of Au scores to obtain good and bad producing cell lines. 
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Figure 5.9. Single cell cloning of the CALR-GFP reporter host transfected with a panel of mAb constructs.  
A) Selection of CALR-GFP reporter host line pens imaged on the Beacon 6 days after load on the FITC filter. Pens were expressing different mAb constructs. Reporter intensity, 

cell counts and cell sizes varied across the pens. B) Spotlight Au score (*1000) for each of the 96 exported mAb lines after 6 days in culture on the Beacon, divided into the 

mAb construct. Mean Au score also shown. C) Productivity (Qp, *1000) of the 96 exported mAb lines after 6 days in culture on the Beacon, divided into the mAb construct. 

Mean Qp also shown. Qp was obtained by dividing the Au score by the cell number. 
































































































































