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Abstract 

 

The recombinant manufacture of therapeutic monoclonal antibody (mAb) molecules 

from Chinese hamster ovary (CHO) cell cultures represents a vital supply of important 

medicines with global demand. Innovations within this recombinant manufacturing 

process that can either increase mAb yield or speed up the supply of mAb product are 

therefore very highly sought after. These innovations could come from genetic 

engineering of either the mAb expression vector or the CHO host cell. Chapters 3, 4 and 

5 of this manuscript focus on plasmid vector engineering, specifically the development 

and implementation of synthetic promoter sequences to control the transcription of mAb 

LC/HC and GS selection marker genes, replacing the conventionally-used viral 

promoters hCMV and SV40 respectively. In chapter 4 different LC/HC synthetic 

promoter pairs were used, for the first time, in the generation of stably expressing CHO 

pools. Compared to the use of conventional hCMV promoters to control LC and HC 

transcription, these synthetic promoter-containing pools consistently recovered 3 – 7 

days faster from MSX selection and in some cases produced higher mean mAb titres 

(up to 1.3-fold). In chapter 5, synthetic promoters were used for the control of GS 

transcription in stably expressing CHO pools. The synthetic GS promoter SynSV40_2 

was found to generate up to 1.9-fold higher mean cell-specific productivity (qP) when 

combined with LC/HC synthetic promoters compared to the conventional SV40 

promoter. Chapter 6 focused on finding targets for CHO host cell engineering through 

high-throughput transient transfection screening of genes acting within the endoplasmic 

reticulum (ER) for their effect on mAb production. The gene pERP1 was shown 

consistently and robustly to increase qP of mAb-expressing cells by up to 1.6-fold and 

overexpression of this gene therefore represents a novel CHO host cell engineering 

target. Overall, the work described within this manuscript led to the discovery of 

strategies for improving CHO-based recombinant mAb manufacture. 
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Chapter 1 

Introduction 

 

This chapter provides a general introduction to the manufacturing of monoclonal 

antibodies (mAbs) in CHO cells. The worldwide demand for mAb therapeutics is first 

described along with the structure and function of these molecules. The advantages of 

CHO cell factories for the recombinant manufacture of mAbs is then explained and 

alternative expression systems are compared and evaluated. The process of developing 

a mAb-expressing CHO cell line is explained in detail, with examples of innovations 

within this process. Finally, the use of synthetic promoters for control of recombinant 

gene transcription is given particular focus.  

 

1.1 Biopharmaceuticals and monoclonal antibodies 

Biopharmaceuticals are biological molecules, usually proteins, that can be used in the 

treatment of diseases and are manufactured from engineered living cells. The global 

biopharmaceutical market is ever-growing, with 112 molecules receiving regulatory 

approval for clinical use in the EU and/or the USA in the period of 2015 - July 2018 

(Walsh, 2018). This is in comparison to 60 new approvals across these regions in 2010-

2014 and 16 new approvals in 1990-1994, for example. Monoclonal antibodies (mAbs) 

are the most commonly used biopharmaceuticals. From 2015 to July 2018, 53% of all 

biopharmaceuticals receiving regulatory approval were mAbs and the total mAb sales 

value in 2017 was $123 billion (Walsh, 2018). These mAb products are used in the 

treatment of: various types of cancers; inflammatory conditions such as rheumatoid 

arthritis, crohn’s disease and psoriasis; multiple sclerosis and asthma among many other 

diseases. The clinical supply of therapeutic mAb molecules is therefore vitally 

important for patient healthcare across the globe. Consequently, any innovations within 

the mAb manufacturing process that either speed up the supply of or enable greater 

yield of therapeutic mAb, helping ultimately to drive down the cost of these drugs, are 

very highly sought after. 

           Monoclonal antibodies represent a natural tool of the adaptive immune system 

that can be recombinantly manufactured on a large scale to enable the treatment of 

disease. Naturally, B cells of the immune system will have antibodies on their cell 
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surface that are capable of binding specifically to a single antigen protein that might be 

displayed by a pathogenic cell (Marshall et al., 2018). This binding event triggers 

proliferation and differentiation of the B cell into a plasma cell that secretes vast 

amounts of that same antibody. These plasma cell-secreted antibodies can then bind 

specifically to their antigen target before recruiting other cells of the immune system to 

destroy the pathogenic cells bearing that antigen. This specificity of antibody-antigen 

binding is what makes mAbs such a safe and effective therapeutic molecule, due to the 

lack of off-target binding that could result in harmful side effects.  

 

Figure 1.1 – The structure of an IgG molecule 

An IgG molecule consists of two light chain (LC) polypeptides and two heavy 

chain (HC) polypeptides joined together by disulphide bonds. The LC contains a 

variable domain (VL) and a constant domain (CL) while the HC contains one 

variable domain and three constant domains (VH, CH1, CH2 and CH3 

respectively). The two HC polypeptides are joined by disulphide bonds between 

the hinge regions that connect CH1 and CH2. 
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          In mammals there are five different isotypes of antibody – IgG, IgM, IgA, IgD 

and IgE, which are distinguished by the sequence and structure of their heavy chain 

(HC) polypeptides. Of these, IgG has historically been the isotype recombinantly 

manufactured for therapeutic application. This continues in the modern era, with 27/30 

of the novel antibody therapeutics receiving regulatory approval in either the US or the 

EU between the start of 2018 and June 2020 being IgG or IgG-based products such as 

IgG-ADC (antibody-drug conjugate) (Kaplon et al., 2020; Kaplon & Reichert, 2018, 

2019). IgG molecules are heteromeric structures containing two identical HC 

polypeptides and two identical light chain (LC) polypeptides. The γ HCs of IgG 

molecules consist of 3 constant domains (CH) and a single variable domain (VH) while 

the LCs contain a single constant domain (CL) and a single variable domain (VL). IgG 

molecules contain an internal disulphide bond within each domain of the antibody as 

well as a set of disulphide bonds connecting the two HCs (known as the hinge region) 

and a single disulphide bond joins the LC CL domain with the HC CH1 domain (Liu & 

May, 2012). There are four subclasses of human IgG that differ mainly in the number of 

disulphide bonds within the hinge region - IgG1 and IgG4 molecules contain two, IgG2 

contains four and IgG3 contains eleven. Figure 1.1 illustrates the structure of an IgG 

molecule.  

1.2 CHO cell factories 

When recombinantly manufacturing mAb molecules, there are several criteria that the 

host cell expression system must meet. Firstly, the host cell expression system must be 

capable of high levels of mAb productivity. The overall yield of mAb from a 

recombinant manufacturing process is often referred to as the volumetric titre and is 

measured as the mass of mAb per volume of cell culture, e.g. grams per litre. The 

volumetric titre of a recombinant manufacturing process is essentially the product of 

two other metrics - the density of viable cells secreting mAb (viable cell density - VCD) 

and the cell-specific productivity level (qP). Both VCD and qP are important metrics 

when evaluating recombinant production processes or specific innovations within these 

processes. Due to decades of research and development of manufacturing processes, 

Chinese Hamster Ovary (CHO) cell recombinant protein volumetric titres have gone 

from ~100mg/L in the late 1980s to often being on the several g/L scale in the modern 

era (Jayapal et al., 2007). 

           Secondly, host cells must be capable of secreting mAbs with humanized N-
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linked glycosylation profiles. N-linked glycosylation is a post-translational modification 

(PTM) involving the attachment of a complex oligosaccharide carbohydrate (AKA a 

glycan) consisting of several sugar molecules to an asparagine amino acid residue of a 

protein. In IgG mAb molecules, N-linked glycosylation occurs within the CH2 domain 

of the HC. Different organisms will naturally produce different N-linked glycans. 

Human N-linked glycans are branched structures beginning with fucose and N-

acetylglucosamine sugars attached to the asparagine residue followed by mannose, more 

N-acetylglucosamine, galactose and terminating with sialic acid (Boune et al., 2020). 

CHO cells are capable of secreting proteins bearing these human-like N-glycans. 

Human-like N-glycosylation of IgG mAbs is crucial for their efficacy, stability and lack 

of immunogenicity when administered into patients.  

           Finally, for therapeutic recombinant proteins to receive regulatory approval for 

clinical use it is hugely beneficial if the host cell expression system has a history of 

safety and an extensive base of knowledge. CHO was used as the host expression 

system for manufacture of tissue plasminogen activator in 1986, the first recombinantly-

produced biopharmaceutical to receive regulatory approval (Kunert & Reinhart, 2016). 

CHO cells have continued to be the primary source of recombinant protein manufacture 

ever since, including mAbs - 84% of mAb products that received regulatory approval 

between January 2014 and July 2018 were manufactured in CHO cell lines (Walsh, 

2018). Decades of knowledge on CHO cell function has therefore been acquired as well 

as a reputation for production of safe mAb products. Later subsections of this chapter 

describe the process of generating a mAb-expressing CHO cell line.  

1.3 Alternative expression systems 

1.3.1 E. coli cell factories 

E. coli (Escherichia coli) offers some advantages as a potential factory for recombinant 

protein production. Culture of E. coli is relatively easy and inexpensive and, as with 

other bacterial species, E. coli is very fast growing compared with eukaryotic expression 

systems. The doubling time of E. coli in standard laboratory growth conditions is 

around 20 minutes whereas for CHO cells it is around 20-24 hours (Gibson et al., 2018). 

Moreover, since E. coli has long been a model organism for molecular biology studies, 

many genetic tools have been developed for insertion, deletion or editing of genes in the 

E. coli genome (Jeong et al., 2013). This extensive knowledge and list of techniques 

makes generating engineered E. coli strains relatively straightforward. 
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 Examples of recently approved therapeutic recombinant proteins manufactured 

in E. coli include Myalepta, a synthetic analogue of the hormone leptin; Admelog, a 

human insulin analogue and Palynziq, a bacterial enzyme (Walsh, 2018). It has also 

been shown that E. coli are capable of recombinantly producing therapeutic antibody 

fragments that do not require glycosylation such as single chain variable fragments 

(ScFvs) and antigen binding fragments (Fabs) (Gupta & Shukla, 2017). However, E. 

coli lacks the eukaryotic protein folding and PTM machinery required to produce 

complex, humanized proteins like full antibody molecules. Synthetic N-linked 

glycosylation pathways have been engineered into E.coli, which initially produced only 

relatively simple glycan forms (Valderrama-Rincon et al., 2012). More recently, E.coli 

was engineered to produce recombinant proteins bearing more complex, human-like 

terminally sialylated N-glycans, albeit with low product yield (Zhu et al., 2020). This 

represents a promising breakthrough but further engineering is required to increase 

productivity and the product must be stringently and extensively tested to ensure a high 

level of product quality including a lack of immunogenicity. Only then could such 

engineered E.coli strains be considered as an alternative host to CHO for production of 

therapeutic molecules requiring complex, human-like N glycosylation such as mAbs. 

 Another problem with the manufacture of biopharmaceuticals in E. coli is 

contamination of the product with endotoxin, a bacterially-derived lipid that causes a 

pro-inflammatory response in humans. Removal of endotoxin during the purification 

process is both difficult and costly. E. coli strains have been specially engineered to not 

produce endotoxin in an effort to circumvent this problem (Mamat et al., 2015). 

 Finally, another drawback of the use of E. coli for recombinant protein 

production is that often high level heterologous protein expression leads to the protein 

forming insoluble aggregates known as inclusion bodies. Proteins in inclusion bodies 

can be solubilised and re-folded but this is a laborious process with generally low yield 

(Yamaguchi & Miyazaki, 2014). Alternative approaches are to try and reduce formation 

of inclusion body aggregates through overexpression of molecular chaperones or 

addition of chemical chaperones to growth media (Malekian et al., 2019). 

1.3.2 Yeast cell factories 

Yeast cells can also be used for the production of therapeutic recombinant proteins. 

Yeast cells offer robust growth in harsh fermentation conditions, meaning optimisation 

of culture parameters is less crucial than with the large-scale culture of mammalian 
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cells. Genes encoding the recombinant protein product can easily be introduced into the 

yeast cell genome through transformation of a so-called yeast integrative plasmid (Yip) 

(Spadiut et al., 2014). Many non-mAb therapeutic proteins produced recombinantly in 

yeast have received regulatory approval for commercial use. For example 

Fasturtec(EU)/Elitex(USA), a recombinant urate oxidase enzyme used to treat 

hyperuricemia is produced in the yeast strain Saccharomyces cerevisiae (S. cerevisiae) 

and Semglee, a recombinant modified form of insulin used to treat diabetes is produced 

in the yeast strain Pichia pastoris (P. pastoris) (Walsh, 2018). 

 Unlike bacterial cells, yeast cells are capable of post-translational modification 

of proteins including N-linked glycosylation. However the N-glycans that are naturally 

attached to proteins by yeast cells are high in mannose residues and are therefore not 

human-like (Spadiut et al., 2014). Potentially therapeutic antibody fragment molecules 

that lack the N-glycosylated CH2 domain of a full IgG can easily be expressed in yeast. 

For example an antigen-binding HC variable domain (a so-called “nanobody”) was 

produced recombinantly in P. pastoris and in another study a Fab, a ScFv and another 

single domain nanobody were produced in S. cerevisiae (Rahbarizadeh et al., 2006; 

Wang et al., 2021).  

 Efforts have been made to engineer yeast cells to produce human-like N-

glycans, which may then allow full-length therapeutic mAbs to be manufactured in 

these cells. For example in S. cerevisiae the enzyme α-1,2-mannosidase was expressed 

recombinantly, which led to production of glycoproteins bearing more human-like N-

glycan structures (Chiba et al., 1998). However these N-glycan structures were not fully 

humanised as they lacked several glycan residues added in human cells (or mammalian 

systems such as CHO) and the number of mannose residues in these N-glycans was also 

inconsistent. More recently, researchers have attempted to humanise the N-linked 

glycosylation pathway in P. pastoris through co-expression of multiple transgenes 

encoding specific glycosylation enzymes, successfully leading to the formation of more 

human-like N-glycans on P. pastoris-derived glycoproteins (Jacobs et al., 2009; Nett et 

al., 2011). One such glycoengineered P. pastoris strain was used to produce 1.6g/L of 

mAb displaying almost fully humanised N-glycans, lacking only the terminal sialic acid 

residues (Ye et al., 2011). The results of these studies are promising. If it can be shown 

consistently that yeast cell systems, particularly P. pastoris, are capable of robust, high-

level production of mAbs that homogenously display human-like N-glycan structures 
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then these host cell systems may in the future provide a viable alternative to CHO for 

recombinant mAb manufacture. 

1.3.3 Transgenic animals 

Another alternative method for manufacture of recombinant therapeutic proteins is the 

use of transgenic animals as production hosts. Transgenic animals are generated by 

microinjection of a genetic construct containing a transgene coding for the protein of 

interest into the genome of a fertilised oocyte. The resulting adult animal then has the 

transgene contained within every cell of its body including its germ cells, enabling the 

inheritance of recombinant protein production by the offspring (Shepelev et al., 2018). 

Traditionally this was done by random genomic integration but the differences in 

expression level between different genomic loci and the variability in the number of 

transgenes integrated meant that many transgenic animals needed to be generated before 

one with acceptably high productivity could be identified. More recently, use of site-

specific recombinases or targeted genome editing techniques such as CRISPR-Cas9 have 

enabled site-specific transgene integration, which helps to negate this variability in 

expression level. The production costs associated with recombinant protein manufacture 

from a highly expressing transgenic animal are potentially much lower than the 

production costs of manufacturing the same recombinant molecule through mammalian 

cell culture (Maksimenko et al., 2013). 

 The recombinant protein is harvested from transgenic animals non-invasively, 

most commonly through milk. Accordingly, mammary gland cell-specific promoters are 

used to drive transgene transcription (Shepelev et al., 2018). Atryn, a recombinantly-

produced human antithrombin III and the C1 esterase inhibitor Ruconest are examples 

of approved therapeutic proteins produced in the milk of transgenic goats and rabbits 

respectively (Maksimenko et al., 2013). Transgenic mice and goats have also 

successfully been used to express mAb molecules (Baruah & Belfort, 2004; Sola et al., 

1998; Zhang et al., 2009). 

 Despite the manufacturing of recombinant therapeutic antibodies through 

transgenic animals showing promise, there are also significant drawbacks. Doubts 

remain over the specificity of glycosylation and sialylation in transgenic mammals. For 

example sialic acid in transgenic goats is in a different form to that used for sialylation 

of human antibodies and this could possibly lead to immunogenicity of transgenic goat-

derived antibodies (Raju et al., 2000). Another problem with the use of transgenic 
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animals is the complication of the purification process by the presence of endogenous 

antibody that must be removed from the milk. Goat milk contains around 0.3-0.5 mg/ml 

of endogenous antibody (Maksimenko et al., 2013). Finally, the risk of zoonotic 

pathogens contaminating the final protein product is a major challenge within this field 

(Tripathi & Shrivastava, 2019). Given these doubts and complications, no recombinant 

therapeutic antibodies produced by transgenic animals have yet been given regulatory 

approval for clinical use.  

1.3.4 Insect cell factories 

Insect cells are another host expression system that can be used to produce recombinant 

proteins. Baculovirus vector systems are routinely used for the introduction of genes 

encoding recombinant proteins into insect cells. Some Baculovirus/insect cell systems 

such as MultiBac can efficiently deliver multiple heterologous genes to insect cells for 

the production of multiprotein complexes or for synthetic cellular engineering (Gupta et 

al., 2019). A baculovirus/insect cell system has been used to produce disulfide bonded 

but unglycosylated human anti-malaria vaccine candidate proteins (Lee et al., 2020; Lee 

et al., 2017). Recombinant protein therapeutics that do not require human-like N-

glycosylation have received regulatory approval for manufacture in insect cells, 

representing around 1% of all USA/EU approvals for human-use biopharmaceuticals 

(Yee et al., 2018). 

 N-glycan structures on proteins produced in insect cells are less complex than 

those on proteins produced in CHO cells, with insect cell-derived N-glycans lacking 

elongated branches and terminal sialylation (Yee et al., 2018). The less complex N-

glycan structures on recombinant proteins produced in insect cells have been shown to 

reduce circulation time of the protein in the bloodstream of animal models compared to 

the same proteins produced in mammals (Grossmann et al., 1997). Attempts have been 

made to engineer insect cells to produce more human-like N-glycan structures. For 

example, use of the MultiBac baculovirus system to simultaneously express both light 

and heavy chains of an antibody as well as two different heterologous glycotransferase 

enzymes in insect cells resulted in successful production of antibodies bearing more 

human-like N-glycans (Palmberger et al., 2012). However, these glycans were not fully 

humanised, lacking the terminal sialylation that would require expression of additional 

glycotransferases. Moreover, only ~50% of the antibodies produced contained these 

more human-like N-glycans. This incomplete and inconsistent human-like N-
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glycosylation is still far behind the acceptable standard for clinical use and more 

engineering of the baculovirus/insect cell system is required before it could be 

considered for production of therapeutic recombinant glycoproteins such as mAbs.  

 Another problem associated with using baculovirus/insect cells for recombinant 

protein production is that viral replication leads to host cell lysis which in turn causes 

contamination of the culture with cellular debris, host cell proteins and baculovirus 

particles, making the product purification process both costly and challenging (Yee et 

al., 2018). This has necessitated ongoing engineering efforts to either delay insect cell 

lysis by overexpressing anti-apoptotic proteins or to prevent active viral replication in 

insect cells by deleting baculovirus genes involved in viral replication. Additionally, it 

recently came to light that recombinant protein-producing insect cell lines are often 

infected with adventitious viruses (Geisler & Jarvis, 2018). This created doubt over the 

safety of therapeutic proteins produced in insect cells and led to the urgent isolation of 

insect cell lines that are free of adventitious viruses. These problems along with the 

current inability of insect cells to generate human-like N-glycan structures are the 

reasons that they are a relatively minor producer of recombinant protein therapeutics. 

1.3.5 Plant cell factories 

Transgenic plant cells, either in the form of plant cell suspension cultures or whole 

plants, can be used as expression hosts for recombinant protein production. Plants are an 

attractive proposition due to their relatively cheap, uncomplicated and easy to scale-up 

cultivation processes (Tripathi & Shrivastava, 2019). The human enzyme 

glucocerebrosidase, known commercially as ELELYSO®, received regulatory approval 

for recombinant production in carrot cells in 2012. ELELYSO® continues to be used to 

treat type 1 Gaucher’s disease and represented the first major regulatory approval of a 

biopharmaceutical manufactured in a transgenic plant (Fox, 2012). Since then, many 

other plant-produced biopharmaceuticals have entered into clinical trials (Owczarek et 

al., 2019).  

 Although plant cells are capable of N-glycosylating recombinant proteins, these 

plant N-glycan structures differ from human N-glycan structures through the presence 

of β1,2-xylose and core ɑ1,3-fucose residues. These plant-derived glycosylation 

residues have immunogenic potential, with specific antibodies against these residues 

detected in the sera of humans and laboratory animals (Gomord et al., 2005). These 

differences in plant and human N-glycan profiles have necessitated efforts to engineer 
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plant cells to produce N-glycan structures lacking these plant-specific residues. For 

example, RNA interference (RNAi) technology was used to silence expression of 

glycotransferase enzymes β1,2-xylosyltransferase and ɑ1,3-fucosyltransferase in a 

N.benthamiana cell line (Strasser et al., 2008). This RNAi-engineered cell line was used 

to produce anti-West Nile virus mAbs that lacked β1,2-xylose and core ɑ1,3-fucose N- 

glycan residues and instead contained human-like N-glycan structures with high 

homogeneity (Lai et al., 2014). 

 The major drawback of using plant expression systems for biopharmaceutical 

production is their high manufacturing costs due to low product yield and expensive 

downstream purification. Antibody titre will seldom exceed 100µg/g fresh material in 

transgenic whole plants or 100mg/L in tobacco cell suspension culture, for example 

(Schillberg et al., 2019). In contrast, CHO cell suspension cultures are capable of 

producing antibody at the g/L scale. It is relatively simple to scale-up transgenic plant 

cell suspension culture or transgenic whole plant cultivation and thereby overcome 

these low production yields. However, this increase in host biomass places more 

pressure on downstream protein extraction and purification processes. These 

downstream protein product recovery steps are difficult and costly compared to the 

equivalent procedures for CHO production platforms, especially for transgenic whole 

plants whereby both insoluble plant debris and soluble host cell protein must be 

removed. As a result of these expensive purification processes, the cost of 

manufacturing a human antibody in tobacco plants was estimated to be €1,137/g. By 

contrast, purified antibodies produced in CHO cells generally have a cost of goods of 

around US$200/g (Schillberg et al., 2019). 

1.4 Expression, assembly and secretion of an IgG mAb within a CHO cell 

Expression of the component LC and HC polypeptides of an IgG, assembly of these 

polypeptides into the full IgG structure and secretion of this IgG from the CHO cell is a 

multi-step process. Initially, following entry of the exogenous DNA construct coding 

for the IgG LC and HC into the nucleus of the cell, these genes will be transcribed 

through their promoter sequence to generate mRNA. These mRNA molecules will then 

be exported from the nucleus through nuclear pores into the cytoplasm where they will 

be attached to ribosomes for translation. 

 As with all proteins destined for cellular secretion, LC and HC polypeptides are 

directed into the endoplasmic reticulum (ER) and this occurs in a co-translational  
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manner, in a process known as co-translational translocation. Briefly, following the 

emergence from the ribosome of the ~20 amino acid sequence at the very N-terminus of 

the polypeptide, referred to as a signal peptide, a complex known as the signal 

recognition particle (SRP) recognises and binds this signal peptide, pausing translation 

(Zimmermann et al., 2011). The SRP then targets the mRNA-ribosome-signal peptide 

complex to an ER membrane channel called a translocon. This leads to the resumption 

of translation and, concurrently, the passing of the nascent polypeptide chain through 

the translocon and into the lumen of the ER. 

 The lumen of the ER is where folding and assembly of the LC and HC 

polypeptides into a full IgG mAb structure occurs. This is a complex process involving 

many molecular chaperone and foldase components. One of the key components is the 

molecular chaperone BiP (binding immunoglobulin protein), around which other 

components form a complex including other chaperones (e.g. GRP94), co-chaperones 

(e.g. ERdj proteins) and isomerases (e.g. Cyclophilin B) among others (Jansen et al., 

2012). BiP, along with associated proteins, binds to both LC and HC polypeptides 

immediately upon their entry into the ER lumen and stabilises these folding 

intermediates (Feige et al., 2010). While BiP will form transient interactions with other 

IgG domains, the interaction with the CH1 domain of the HC is more stable. BiP is only 

released from the CH1 domain when a LC binds to the HC, which is an important 

quality control mechanism in the assembly process (Vanhove et al., 2001). Protein 

disulphide isomerase (PDI) enzymes are another key component of IgG assembly in the 

ER as these enzymes catalyse the formation of disulphide bonds (Ellgaard & Ruddock, 

2005). Fully assembled IgG molecules possess both intrachain and LC-HC interchain 

disulphide bonds and these are essential to the structure of the molecule (figure 1.1).  

 Another important CHO cell process in the production of an IgG is N-linked 

glycosylation - a post-translational modification in which a complex glycan is attached 

to an asparagine amino acid residue within the CH2 domain of the HC. The human-like 

N-glycans produced by CHO cells are branched structures beginning with fucose and 

N-acetylglucosamine residues attached to the asparagine followed by mannose, more N-

acetylglucosamine, galactose and terminating with sialic acid residues (figure 1.2) 

(Boune et al., 2020). This process begins in the ER, with the transfer of a glycan 

containing two N-acetylglucosamine residues, nine mannose residues and three glucose 

residues to the asparagine by the oligosaccharyltransferase complex. This glycan is then 

trimmed by three other ER-located enzymes: glucosidases I and II and endo-
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mannosidase, removing three glucose residues and a mannose residue. The fully 

assembled IgG with this N-glycan attached is then moved in transport vesicles to the 

Golgi apparatus for further maturation of the N-glycan. In the cis-Golgi, the enzymes 

mannosidase 1A and 1B remove another three mannose residues. In the medial-Golgi 

the enzymes GlcNAc transferase I, mannosidase II, GlcNAc transferase II and α-1,6-

fucosyltransferase act sequentially to add an N-acetylglucosamine residue, remove two 

further mannose residues, add another N-acetylglucosamine residue and add a fucose 

residue respectively. Finally, in the trans-Golgi, galactosyltransferase adds two 

galactose residues and then sialyltransferase adds the two terminating sialic acid 

residues. 

 The fully assembled, N-glycosylated IgG is then packaged into a secretory 

vesicle and transported along microtubules to the plasma membrane of the CHO cell 

(Donovan & Bretscher, 2015). This vesicle will then fuse with the plasma membrane, 

releasing the IgG contents into the extracellular culture media. Figure 1.2 provides an 

illustrative overview of the different CHO cell processes involved in IgG production 

described above. 

1.5 The IgG mAb manufacturing process in CHO: from gene to product 

The following subsections describe the different steps involved in stable CHO cell line 

development, the industrial scale culturing of stable CHO cell lines and the downstream 

purification of secreted IgG mAb. The flow chart displayed in figure 1.3 summarises 

these different steps and includes typical timelines. In total, from IgG-encoding DNA to 

purified product, the process will typically take around 12 months (Agostinetto et 

al.,2022; Bandaranayake & Almo, 2014; Kelley, 2020). 

1.5.1 Expression vector engineering 

The vector of choice to transfer genes coding for the therapeutic protein product to the 

genome of CHO cells is plasmid DNA. Typical plasmid vectors used for IgG mAb 

expression in industry contain 3 genes capable of being expressed in CHO: that of the 

LC, the HC and a selection marker. The selection marker is used to select for cells that 

have successfully integrated the vector into their genome and is discussed later in this 

chapter.  

 The light and heavy chain genes will typically be housed within separate 

expression units on the plasmid, with each expression unit containing multiple genetic 
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components that help to enable strong, constitutive expression. The first of these 

components is a promoter, which is positioned upstream of the gene and binds 

transcription factors in the nucleus to enable a high rate of transcription. The human 

cytomegalovirus major immediate early promoter (hCMV-MIE, referred to hereafter as 

hCMV) is the most widely used promoter to control both LC and HC transcription. The 

promoter from the endogenous Chinese Hamster elongation factor 1α (EF1α) gene is 

also occasionally used (Brown et al., 2014; Deer & Allison, 2004). More recently, 

synthetic promoters have been constructed to control recombinant gene transcription in 

CHO cells (Brown et al., 2017; Brown et al., 2014; Johari et al., 2019). Synthetic 

promoters will be discussed in detail throughout this manuscript. 

 Different mammalian cell types will have their own unique composition of 

tRNA molecules and therefore anti-codons. As a result of this, genes used for mAb 

expression are typically codon optimised for Chinese hamster in order to maximise 

translation rate of the mRNA (Wang & Guo, 2020). This codon optimisation is a service 

routinely offered by gene synthesis companies. Translation rate is also increased by the 

insertion of an intron into the recombinant LC and HC genes, which aids transport of 

mRNA from the nucleus to the cytoplasm (Tange et al., 2004).  

 The 3’UTR (untranslated region) sequence immediately downstream of the open 

reading frame stop codon, also known as the terminator, is required to both stabilise the 

mRNA molecule and to encourage dissociation of the RNA polymerase II, thus 

terminating the transcription process. This role is typically taken up by the Simian Virus 

40 (SV40) late polyA sequence in industrial mAb expression vectors, although the 

terminator sequences from the human growth hormone, bovine growth hormone and 

Herpes Simplex virus thymidine kinase genes have also been used (Wang & Guo, 

2020). 

 In some cases the LC and HC expression units will be flanked by expression 

enhancing elements (EEEs) that function to promote the formation of open and 

transcriptionally active chromatin around the transgenes. This is achieved through the 

prevention of transcriptionally repressive epigenetic marks such as DNA methylation or 

histone deacetylation, which promote formation of structurally closed heterochromatin 

that is largely inaccessible to transcription factors. Examples of EEEs are UCOEs 

(ubiquitous chromatin opening elements), MARs (matrix attachment regions) and 

insulators (Nematpour et al., 2017). 

 Finally, plasmid vectors also contain a bacterial origin of replication and an 
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antibiotic resistance gene driven by a bacterial promoter. During amplification of a 

plasmid vector in E.coli prior to transfection into CHO, these two components enable 

propagation of the plasmid and selection of E.coli containing the plasmid respectively 

(Wang & Guo, 2020). 

1.5.2 Transfection of expression vector 

After preparing the plasmid vector for expression of the recombinant mAb genes, the 

next step in the process is transfection of this vector into the CHO host cell line. Several 

different transfection methods are available to introduce plasmid DNA into the host cell 

line. Chemical reagents such as the cationic lipid Lipofectamine (ThermoFisher 

Scientific) or the cationic polymer polyethylenimine (PEI) form complexes with the 

negatively charged DNA and these chemical-DNA complexes enter the cell via 

endocytosis (Islam et al., 2014; Karmali & Chaudhuri, 2007). Electroporation is another 

commonly used method. During electroporation, an electrical pulse is applied to cells 

which disrupts the cell membrane potential and generates temporary pores in the 

membrane through which plasmid can enter the cell (Nakamura & Funahashi, 2013). 

The Nucleofector technology (Lonza) is a specialised form of electroporation that can 

offer higher transfection efficiencies than traditional electroporation due to the use of 

pre-optimised electrical parameters and cell type specific buffer solutions (Maasho et 

al., 2004). Transfection procedures utilising these methods can be classified into two 

main types: transient or stable. 

1.5.2.1 Transient transfection of expression vector 

In transient transfection, the plasmid vector is generally not linearized (i.e. is left 

circular) and does not need to code for a selectable marker protein, nor is any selection 

agent added to the transiently transfected culture to select for cells that have 

incorporated the expression vector into their genome. As a result, during transient 

expression procedures the plasmid is mostly maintained extrachromosomally. 

Transiently transfected cultures will express for several days only, during which 

plasmid is gradually diluted within the cell population as it is lost during cell division. 

 Transient transfection enables inexpensive, short-term production of relatively 

small amounts of developmental material for pre-clinical efficacy and toxicology 

studies (Daramola et al., 2014). The transient transfection process also enables 

evaluation of process parameters and potential innovations before committing to an 

expensive, long-term stable cell line generation process. For example, it may become 



26 
 

clear from transient expression that use of one particular variant of a vector component, 

such as a promoter or a terminator sequence, leads to superior product titre compared to 

use of another variant. Similarly, transient expression of a gene may reveal that this 

gene enhances mAb productivity, making it a potential new target for stable CHO host 

cell line engineering.  

1.5.2.2 Stable transfection of expression vector 

During stable transfection procedures, on the other hand, plasmid vectors are generally 

linearized using a restriction enzyme before transfection in order to increase the 

efficiency of genomic insertion. This stably transfected plasmid will encode a selectable 

marker protein and transfected cells are cultured with a selection agent added to the 

culture medium. This way, only those cells that are expressing the selectable marker 

over a prolonged period and therefore must have incorporated the vector into their 

genome, are capable of dividing. Selectable markers and selection agents are discussed 

in detail in the next subsection.  

1.5.3 Selection of cells that have incorporated the expression vector into their genome 

A selection system is required to select for cells within the transfected population that 

have incorporated the expression vector construct into transcriptionally active sites 

within their genome. One such system that is commonly used in the biopharmaceutical 

industry is the glutamine synthetase (GS) selection system (Cockett et al., 1990). 

Glutamine synthetase is a key enzyme in the synthesis of glutamine, an amino acid that 

is critical for cell propagation within culture. Therefore, if cells transfected with a 

plasmid vector containing the GS selection marker gene are cultured in medium lacking 

glutamine then only those cells in which the plasmid has inserted into a transcriptionally 

active genomic location will be capable of efficient propagation. In order to increase the 

selective pressure, i.e. to increase the GS expression level required for a cell to 

propagate, methionine sulfoximine (MSX) is added to the transfected cell culture 

(Harfst & Johnstone, 1992). MSX is a specific inhibitor of GS, meaning that following 

its addition to culture, a cell must produce more GS to overcome this inhibitory effect. 

The addition of MSX is often described as a gene amplification event, whereby the cell 

population will become enriched with cells that have duplicated the vector-derived GS 

gene within their genome. Crucially, because the recombinant mAb genes are linked to 

the selection marker gene by proximity, any duplication event is extremely likely to also 
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duplicate these mAb genes. This will ultimately lead to that cell being more productive. 

 Similar, alternative selection systems exist such as the dihydrofolate reductase 

(DHFR) system (Kaufman & Sharp, 1982). DHFR catalyses the conversion of 

dihydrofolate to tetrahydrofolate, an essential co-factor in the synthesis of nucleotides 

and certain amino acids. In this case the selection agent used to increase selective 

pressure is methotrexate (MTX), through binding to and inhibiting DHFR. Addition of 

MTX to cells transfected with a DHFR-containing plasmid vector leads to gene 

amplification as with MSX in the GS selection system. Many biopharmaceutical 

companies favour the GS system over DHFR and doubts over the efficacy of the 

DHFR-MTX system have been discovered. For example it has been shown that 

transfected cells can adapt to be resistant to MTX in ways other than through 

amplifying DHFR expression, such as through reducing cell permeability to MTX or 

through DHFR structure-altering mutations that reduce affinity to MTX (Flintoff & 

Essani, 1980; Kim et al., 2001). 

1.5.4 Single cell isolation and screening 

Once a pool of stably expressing recombinant CHO cells has been established, single 

cells must be isolated from this pool before screening of the subsequent monoclonally-

derived populations. Production of biopharmaceuticals from monoclonally-derived 

populations is a requirement for approval from drug regulatory bodies (Priola et al., 

2016). This is because the polyclonal pool of transfected cells will be highly 

heterogeneous both phenotypically and genotypically, due to both the pre-existing 

heterogeneity within a host CHO cell population before transfection as well as the 

random and highly variable genomic integration of the mAb expression vector (Lewis et 

al., 2013; Pilbrough et al., 2009). Use of such a heterogeneous pool in a mAb 

manufacturing process would lead to changeable and unpredictable results in terms of 

product titre and quality. 

 The monoclonally-derived cell line chosen for manufacture must meet several 

important criteria, such as high productivity, high growth rate, a stable level of 

productivity over time and high product quality (Le et al., 2015). Clones meeting all of 

these criteria at once can be rare events within the heterogeneous transfected cell 

population. 

 Traditionally, single cells were isolated by multiple rounds of limiting dilution, 

however this is a laborious and low-throughput process (Priola et al., 2016). Moreover, 
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this technique does not allow any selective isolation of high producers over low 

producers, which would help to reduce the number of clones that need to be screened. 

High-throughput methods capable of more selective isolation were therefore developed 

such as fluorescence-activated cell sorting (FACS) based protocols whereby affinity 

matrices are used to capture the secreted protein at the cell surface and this cell surface 

protein is then detected and approximately quantified through use of fluorescently-

labelled antibodies (Black et al., 2011). Similarly, the ClonePix system allows fully 

automated clone picking through culture of cells on semi-solid medium, which leads to 

the formation of spatially distinct clonal colonies (Mann, 2007). Secreted protein from 

these clonal colonies is immobilised on the semi-solid medium and can be quantified 

with a detection agent. The ClonePix system then selectively picks the more productive 

clones for further evaluation while discarding the less productive clones. 

 Once monoclonally-derived populations have been established, thousands of 

them are usually screened in a low volume, high throughput plate format (Le et al., 

2015). A select number of the best performing monoclonally-derived populations will 

then be screened in larger scale formats such as shake flasks and mini bioreactors. 

Finally, a select panel of the best performers will be assessed for production stability 

over many rounds of subculture before a single manufacturing cell line is chosen (Kim 

et al., 2011). Typically, establishment of a monoclonally-derived population following 

single cell isolation will take ~ 3 weeks, clone evaluation across different culture 

formats and scales will take ~ 15 weeks and production stability of cell lines will be 

assessed over ~12 weeks (Noh et al., 2018; Povey et al., 2014). 

1.5.5 Bioreactor fed batch culture 

Once a single monoclonally-derived cell line suitable for manufacturing of a therapeutic 

mAb has been identified, the culture of this cell line must be steadily scaled up in 

volume to eventually provide enough biomass for inoculation of an industrial sized 

bioreactor (often 20,000 litres). Despite extensive research and innovation within areas 

of the biomanufacturing process described in above subsections, improvements in the 

fed batch bioreactor culture process have been the primary source of increases in 

product titre over the past 30 years. Specifically, improvements have been made in 

control of bioreactor operating parameters, design of growth media and feeding 

strategies. Critical bioreactor operating parameters that are controlled throughout the 

culture include agitation, temperature, dissolved oxygen level and pH (O'Flaherty et al., 
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2020). 

 Despite the common use of fetal bovine serum (FBS) in cell culture media for 

other applications due to it being rich in components such as vitamins, minerals, 

hormones and growth factors, serum-free medium is used in recombinant therapeutic 

protein manufacture. This is due to the batch-to-batch variability of FBS reducing 

predictability of performance as well as it representing a potential source of 

contamination (Gstraunthaler, 2003). During the fed batch bioreactor culture, feed 

solutions are added that may contain amino acids, apoptosis inhibitors, growth factors 

such as Insulin and IGF-1, histone deacetylase inhibitors such as sodium butyrate and 

valproic acid, glucose and nucleoside inhibitors amongst other components (Adamson 

& Walum, 2007; Backliwal et al., 2008; Chen et al., 2011; Gagnon et al., 2011; 

Mulukutla et al., 2017; Takagi et al., 2017; Zanghi et al., 2000). The concentrations of 

these components and timing of feed addition is carefully optimised in an effort to 

provide cells with key nutrients and enable high level recombinant mAb production.  

 Although fed batch culture set ups remain the most widely used for 

biomanufacturing, there is substantial interest in the use of perfusion culture to enable 

continuous manufacturing processes (O'Flaherty et al., 2020). In perfusion culture, fresh 

growth media is repeatedly pumped into the bioreactor while spent media is removed. 

Cells within the spent media are separated out through porous membranes and pumped 

back into the culture, while recombinant protein product is continuously purified. Thus, 

constant maintenance of key nutrient availability through addition of fresh media and 

removal of toxic by-products within spent media such as lactate and ammonia allows 

continuous biomass accumulation with a steady flow of product titre. Cell densities 

reaching over 6x107 cells/ml have been achieved through perfusion culture (Chotteau et 

al., 2015; Karst et al., 2017). Moreover, the reduced residence time of the recombinant 

protein product in culture reduces the chance of product quality variation deriving from 

cell-secreted enzymes affecting glycan structures on the product. However, the 

development of downstream purification processes capable of handling the large spent 

media volumes continually being produced is ongoing.  

1.5.6 Downstream purification 

Once the fed batch culture of recombinant CHO cells is complete, the mAb must then 

be purified from culture medium. There is a standard purification workflow that 

manufacturers generally follow, starting with removal of cells and large cell debris from  
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the bioreactor culture medium by centrifugation and filtration (Chahar et al., 2020). The 

mAb is then captured from this clarified medium by protein A affinity chromatography. 

Protein A, a recombinantly-generated protein of bacterial origin, binds with very high 

specificity to the HC of monoclonal antibodies. The mAb can be eluted from the protein 

A column using an acidic buffer of ~ pH 3-4. Storage of the mAb in this low pH buffer 

before subsequent purification steps also ensures inactivation of any contaminating 

Figure 1.3 – A typical timeline for generating purified IgG mAb from CHO cells 

The flow chart provides a brief overview of the steps involved in stable CHO cell line development 

and IgG manufacture. The amount of time typically taken for each step is shown. Development of 

bioreactor fed batch culture processes and downstream purification procedures may begin before 

evaluation of monoclonally-derived cell lines is completed. Typically, the entire process takes around 

12 months. 
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viruses. Next, any remaining impurities such as host cell DNA/protein are removed 

through ion exchange chromatography. Gel filtration chromatography or hydrophobic 

interaction chromatography may also be used to remove impurities depending on the 

precise physiochemical properties of the mAb product. Finally, the product is 

concentrated and transferred to its formulation buffer through diafiltration. 

1.6 Design of synthetic mammalian promoters 

1.6.1 Mammalian promoter function 

In mammalian genomes, transcriptional regulation is mediated by two adjacent 

segments of DNA (Haberle & Stark, 2018). The first is the core or minimal promoter 

region (referred to in this manuscript as the core promoter). The core promoter is a short 

DNA sequence located close to the transcription start site and is bound by the 

transcription initiation complex, which consists of six so-called general transcription 

factors and RNA polymerase II, the enzyme responsible for generating the mRNA 

strand. For example, TATA box and BRE are two common core promoter elements and 

are bound by the general transcription factors TBP and TFIIB respectively. 

            Upstream of the core promoter is a proximal promoter region or an enhancer 

(referred to in this manuscript as a proximal promoter region). The proximal promoter 

contains binding sites for specific transcription factors within the cell. After binding to 

the proximal promoter, these specific transcription factors will then interact with 

specific co-factors - transactivators will interact with co-activators while transsilencers 

will interact with co-repressors. These co-factors can then regulate the frequency of 

binding of the transcription initiation complex to the core promoter and thus regulate the 

level of gene transcription. Synthetic promoter engineering efforts have focused on the 

creation of new proximal promoter regions. Attempts to engineer core promoters have 

been shown to generate minimal improvement compared to use of natural core 

promoters commonly used in mammalian transgene expression (Johari et al., 2019). 

1.6.2 Design strategy 1: Synthetic transcription factor – promoter pairs 

The use of synthetic transcription factors that bind to user-defined DNA sequences is 

one strategy that has been used to control transgene transcription in mammalian cells. 

For example the Cas9 endonuclease, which can be targeted to specific genomic 

sequences via a co-expressed guide RNA, has been utilised in creation of a synthetic 

transcription factor through fusion of a nuclease-inactive Cas9 with a transactivator 
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(Chavez et al., 2015). Similarly, transcription activator-like effectors (TALEs) are 

proteins found naturally in plant pathogenic bacteria where they activate transcription of 

specific plant genes (Moscou & Bogdanove, 2009). These TALEs can be engineered to 

bind almost any target DNA sequence and they have been used to activate transcription 

of specific endogenous genes in human cells in vitro (Perez-Pinera et al., 2013). 

            Enabling transgene transcription through these fully synthetic transcription 

factor – promoter pairs could offer some advantages in recombinant biopharmaceutical 

production. Firstly, there would be no burden placed on the host cell through the use of 

endogenous transcription factors, which could otherwise create unpredictable changes in 

the natural transcriptome of the host cell. Second, these synthetic transcription factor – 

promoter pairs should function similarly across different mammalian cell types as their 

output is not dependent on the particular complement of host transcription factors, 

making them a transcriptional control system with flexible usage. However, high level 

co-expression of another recombinant protein (i.e. the synthetic transcription factor) 

alongside the recombinant therapeutic protein would require exceptional protein 

production capacity and host cells possessing this capacity would likely be extremely 

rare or non-existent.  

 The use of synthetic transcription factors together with insertion of their specific 

binding sites upstream of a transgene can also facilitate inducible transgene expression. 

For example, Rössger et al constructed a chimeric transcription factor consisting of a 

transsilencing domain fused to a bile acid-responsive repressive element (Rössger et al., 

2014). This transcription factor successfully silenced activity of a promoter containing 

its binding site until the addition of bile acid, which then repressed the silencing and 

switched on target gene expression. Such inducible expression systems could in theory 

be useful for recombinant biopharmaceutical manufacture. For example, transgene 

expression could be switched off during the biomass accumulation phase of culture and 

then switched on once biomass has sufficiently accumulated. However, the compound 

required to induce transgene expression would need to be compatible with efficient cell 

growth in culture and would need to meet all regulatory safety standards. Finding such a 

compound may be challenging. 

1.6.3 Design strategy 2: Mutation of natural promoter sequences 

Another method of creating synthetic promoters is to introduce mutations into natural 

promoters that are known already to function in mammalian cells. For example, Ferreira 
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and colleagues introduced mutations directly into the hCMV and EF1α promoters, two 

promoters commonly used to drive recombinant gene transcription in mammalian cells 

(Ferreira et al., 2011). Mutations were introduced by both site-directed mutagenesis 

within the TATA and CAAT box core promoter elements of the promoters as well as by 

random mutagenesis. This led to generation of synthetic promoters displaying a 40-fold 

range in expression level. Similarly the SV40 promoter, another promoter often used to 

drive recombinant gene transcription in mammalian cells, has also been mutated by 

deleting 5’ portions of the sequence (Fan et al., 2013). As intended, these deletions 

created new synthetic promoters with weaker transcriptional activity compared to the 

SV40 promoter.   

 While mutating existing, naturally evolved promoters can create new synthetic 

promoters of varying transcriptional strengths, this strategy does not enable the precise 

design of synthetic promoters with pre-determined and predictable transcriptional 

strength. In addition, mutating a promoter sequence will most likely reduce 

transcriptional output of that promoter, meaning this strategy is unlikely to enable the 

creation of synthetic promoters that are more transcriptionally active than commonly 

used natural promoters. 

1.6.4 Design strategy 3: Joining of DNA fragments 

Synthetic mammalian promoters have also been constructed through the rational 

combination of DNA fragments. For example, Ogawa et al constructed synthetic 

promoters by randomly ligating synthetic oligonucleotides containing transcription 

factor binding sites (Ogawa et al., 2007). Two out of the eleven synthetic promoters 

displayed greater transcriptional activity than a CMV promoter in human PC-3 cells. 

When these two synthetic promoters were introduced into various other human cell 

types they displayed highly variable activity levels, likely due to the variation in 

transcription factor expression among the different cell types. In another study, short 

sequence motifs shown to be enriched in highly active human promoters compared to in 

the genome were overlapped to create synthetic promoters that displayed transcriptional 

activity in different mammalian cell lines (Grabherr et al., 2011). A cruder approach 

was taken by Schlabach et al, who took every possible 10-mer DNA sequence, 

assembled each one in to 100bp 10-fold tandem repeats and then screened these 100bp 

synthetic elements for transcriptional activity across multiple mammalian cell lines 

(Schlabach et al., 2010). Similar to the results of Ogawa et al, screening revealed that 
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some of these synthetic elements were capable of producing transcriptional activity 

comparable to that of a CMV promoter but the performance of these elements varied 

hugely between different cell lines. Finally, in another study a chimeric promoter was 

created for use in mammalian cells by fusing fragments from the SV40 promoter, the 

human β actin promoter and the human ubiquitin C promoter (Tornøe et al., 2002). 

Randomisation of the sequences thought to be separating transcription factor binding 

sites within this chimeric promoter resulted in a synthetic promoter library spanning a 

10-fold range in transcriptional activity. Although these studies are examples of 

successful creation of transcriptionally active synthetic promoters, these promoters were 

broadly designed to function across different mammalian cells. They were not 

specifically designed to utilise the unique repertoire of transcription factors within a 

particular cell line e.g. a CHO cell. 

1.6.5 Design strategy 4: TFRE ‘building block’ design approach 

Recently, a new strategy has been used for the construction of CHO cell synthetic 

promoters (Brown et al., 2017; Brown et al., 2014; Johari et al., 2019). This strategy 

involves the screening of individual transcription factor regulatory element (TFRE) 

sequence blocks (binding sites for specific transcription factors) for transcriptional 

activity in CHO cells. Information about the relative transcriptional activity given by 

individual TFRE blocks can then be used to design synthetic proximal promoters in 

which different TFRE blocks are combined to achieve a specific overall level of 

promoter activity. This strategy therefore exploits the unique complement of 

transcription factors expressed in CHO cells and has been shown to enable the precise 

design of synthetic promoters with pre-determined levels of transcriptional output over 

a wide range (over 10-fold). This TFRE ‘building block’ design approach is discussed 

in more detail in chapter 3 of this manuscript.  

1.7 Project aims 

This chapter has provided an introduction to the process of manufacturing mAb 

molecules in CHO cells. The work described within this manuscript aimed to generate 

solutions that improve this process by either increasing volumetric mAb titres or by 

reducing the development time of stably expressing CHO cell pools. Chapter 3 

describes the design of CHO cell synthetic promoters using the TFRE ‘building block’ 

design approach while chapters 4 and 5 describe the use of these synthetic promoter 
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sequences to control the transcription of mAb LC/HC genes (chapter 4) and the GS 

selection marker gene (chapter 5) in a stable expression mode. Chapter 6 describes high-

throughput transient transfection screening of genes acting within the ER for their effect 

on mAb production, with the aim of discovering novel targets for CHO host cell 

engineering.  
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Chapter 2 

Materials and Methods 

This chapter details the materials and methods that were used in the experiments 

described throughout this manuscript. 

2.1 Expression vector construction 

Restriction endonuclease cut fragments were purified through separation on an agarose 

gel followed by extraction from the agarose gel using the Qiagen QIAquick gel 

extraction kit. All restriction endonucleases used were supplied by New England 

Biolabs. To ligate fragments with complementary sticky ends, either the rapid DNA 

Ligation kit (Merck) or the NEB Quick Ligase (New England Biolabs) were used. 

Before transfection of plasmids, correct assembly was confirmed by Sanger sequencing. 

2.1.1 Single gene LC and HC expression vectors 

Both the LC and HC-expressing plasmids for mAb 2 had an expression unit with the 

layout displayed in Figure 2.1. hCMV proximal promoters were contained between 

EcoRI and NheI restriction sites in both plasmids. The LC expression unit had a lambda 

LC poly A between SbfI and NotI sites while the HC expression unit had an SV40 poly 

A in the same position. The mAb 1 LC-expressing plasmid was made by ligating an 

NheI-SbfI cut backbone, containing a lambda LC poly A between SbfI and NotI sites of 

the expression unit, with a NheI-SbfI cut fragment containing the CMV core promoter 

along with the mAb 1 LC ORF. The mAb 1 HC-expressing plasmid was made by 

ligating a BamHI-NotI cut backbone with a BamHI-NotI cut fragment encompassing 

the entire mAb 1 HC expression unit. 

2.1.2 Stable expression vectors containing LC and HC synthetic promoters 

LC/HC dual gene stable expression vectors were created by three-way Golden Gate 

assembly of two entry plasmids with a GS-containing destination plasmid. Both LC and 

HC entry plasmids contained expression units with the layout displayed in figure 2.1. 

Plasmids containing the synthetic proximal promoter sequences shown in appendix 

table A2 flanked by EcoRI and NheI recognition sites were synthesised (GeneArt, 

ThermoFisher Scientific) and digested with these restriction enzymes. These EcoRI-

NheI cut fragments were then purified and ligated between EcoRI and NheI sites of 

mAb 1 LC/HC entry plasmids, replacing the existing hCMV proximal promoters.  
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 Next, a fragment containing an expression enhancing element (EEE) flanked by 

ASCI-generated overhangs was ligated with ASCI-linearised and dephosphorylated 

(Antarctic Phosphatase, New England Biolabs) mAb 1 HC entry plasmids containing 

either synthetic proximal promoters or the hCMV proximal promoter between EcoRI 

and NheI sites of the expression unit. The mAb 2 LC and HC entry plasmids were 

created by using AgeI and SbfI to replace the LC/HC ORFs in mAb 1 entry plasmids 

with the mAb 2 LC/HC ORFs. 

 Three-way Golden Gate assembly reactions (Golden Gate Assembly Kit (BsaI-

HFv2), New England Biolabs) were performed with LC and HC entry plasmids as well 

as a destination plasmid containing the GS selection marker expression unit and a 

second EEE sequence. BsaI-generated overhangs were designed to enable ordered 

assembly of the LC expression unit to the 5’ of the HC expression unit. Figure 2.1 

shows a linearised view of the golden gate assembly product.  

2.1.3 Stable expression vectors containing GS synthetic promoters 

The EEE and GS expression unit-containing destination plasmid described above was 

mutated using the Q5 Site-directed mutagenesis kit (New England Biolabs) to insert 

BclI, AsiSI and PacI restriction endonuclease recognition sites into the SV40 promoter 

sequence. The PacI site was inserted to the 3’ of the SV40 promoter transcription start 

site (TSS). The BclI site was inserted to the 5’ of the start of the SV40 promoter 

sequence while the AsiSI site was inserted between BclI and PacI. 

             A sequence block containing the CMV core promoter and TSS was PCR 

amplified with primers containing AsiSI (forward primer) and PacI (reverse primer) 

recognition sites. The destination plasmid was cut with AsiSI and PacI and treated with 

Antarctic phosphatase (New England Biolabs) to prevent re-circularisation via 

complementary AsiSI- and PacI-generated overhangs. The CMV core PCR fragment 

was then cut with AsiSI and PacI and ligated into this phosphatase-treated backbone. 

 The synthetic proximal promoters GS1 - GS6, listed in appendix table A3, were 

synthesised as single-stranded oligonucleotides (Integrated DNA Technologies) flanked 

by BclI and AsiSI recognition sites. These sequences were PCR amplified to make them 

double-stranded, cut with BclI and AsiSI and ligated into CMV core-containing, BclI 

and AsiSI cut destination plasmid backbones.  

 Sequence blocks containing the synthetic proximal promoters SynSV40_1 and 
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SynSV40_2, listed in appendix table A3, upstream of a CMV core sequence with an 

AsiSI site inbetween, a BclI site to the 5’ and a PacI site to the 3’ were synthesised 

(GeneArt, ThermoFisher Scientific). These sequence blocks were cut with BclI and PacI 

and ligated into BclI and PacI cut destination plasmid backbones.  

 These new destination plasmids, containing different synthetic promoters within 

the GS expression unit, were then used in golden gate assembly reactions to insert LC 

and HC expression units.  

2.1.4 Endoplasmic reticulum effector gene expression vectors 

Human protein coding ORFs of genes listed in table 6.1 with a common Kozak 

sequence (AGGCCACC) inserted immediately to the 5’ of the ATG start codon were 

synthesised flanked by AgeI and SbfI recognition sites (GeneArt, ThermoFisher 

Scientific). These two restriction enzymes were then used to clone each of these ORFs 

into a simple vector backbone containing an hCMV promoter to drive transgene 

transcription. 

2.2 Transformation and plasmid preparation 

Ampicillin was used throughout this work at a concentration of 100µg/ml for selective 

amplification of plasmid DNA in E.coli. Plasmid was transformed in to one of 

Invitrogen Subcloning Efficiency DH5α (ThermoFisher Scientific), NEB 5-alpha (New 

England Biolabs), NEB 10-beta (New England Biolabs),  Dam-/Dcm- competent E.coli 

(New England Biolabs) or Zymo Mix and Go DH5 Alpha (Zymo Research) competent 

cells according to manufacturer’s protocols and cells were plated onto LB agar with 

ampicillin for overnight incubation at 37˚C. Overnight LB broth with ampicillin 

cultures of transformed E.coli colonies were prepared and one of the Qiagen QIAprep 

Spin Miniprep kit; Plasmid Plus Midi Kit or Plasmid Plus Maxi Kit (Qiagen) was then 

used to purify plasmid DNA according to manufacturer’s instructions. Plasmids were 

eluted in nuclease-free water. Nanodrop One or Nanodrop 2000 (ThermoFisher 

Scientific) spectrophotometers were used to determine concentration and purity of 

plasmid preparations. 

2.3 Transient 96 well Nucleocuvette plate transfections 

The Lonza 96 well Nucleocuvette plate and 96 well Shuttle device were used for high-

throughput transient transfection of CHO cells. 2  x 106 viable cells and varying 

amounts of plasmid DNA were combined in individual wells of the 96 well 
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nucleocuvette plate. The total volume of DNA-cell mixture in each well of the 96 well 

nucleocuvette plate was 20µl with 2µl of this being the DNA solution. To enable 

efficient mixing and transfer of this DNA-cell mixture to wells of the nucleocuvette 

plate, the mixture was first set up at an excess in a separate 96 well plate. To prepare the 

DNA-cell solution, viable cell density of exponential phase cultures was first measured 

on a Vi-cell XR Cell Viability Analyzer (Beckman Coulter) before a cell pellet was 

prepared by centrifugation, resuspended in the transfection solution and combined with 

the plasmid DNA to be transfected. The pulse settings applied to the 96 well 

Nucleocuvette plate were: Part 1 – FF, Part 2 – 158. After nucleofection, cells were 

seeded into Nunc 96 deep well plates (ThermoFisher) and incubated for between 24 – 

120 hours. To measure mAb titre from these high-throughput transient transfections, 

either the RD-Biotech FastELISA Human Immunoglobulin Quantification Kit or an 

HPLC protein A method was used. 

2.4 Generation of stably expressing CHO pools 

2.4.1 Preparation of DNA for stable transfection  

100µg of plasmid was linearised overnight with either PvuI (Roche) or SwaI (New 

England Biolabs). 5PRIME 2ml Phase Lock Gel tubes (Heavy) (Quantabio) were used 

for phase lock gel extraction of linearised plasmid. Two successive rounds of organic-

aqueous phase separation were performed, with phenol:chloroform and chloroform used 

as the organic extraction reagents. DNA was then ethanol precipitated, air dried and 

resuspended in nuclease-free water.    

2.4.2 Transfection of stable expression vectors and MSX selection of pools 

Linearised plasmid DNA was transfected into CHO host cells using the Nucleofector 2b 

device (Lonza). Cells were resuspended in Nucleofector solution V (Lonza) and 

combined with linearised plasmid DNA in the cuvettes provided before the electrical 

pulse was applied to this cell/DNA solution via the 2b device. Cuvettes of transfected 

cells were combined into CD-CHO (ThermoFisher Scientific) in a T175cm2 flask 

(Corning), which represented one pool. 24 hours post-transfection MSX was added to 

each pool before static incubation to allow recovery. The % viability and VCD of MSX-

selected pools was monitored using the Vi-cell XR Cell Viability Analyzer (Beckman 

Coulter). Once pools had recovered they were then transferred to a shaking culture set-

up in 125ml Erlenmeyer flasks (Corning). 
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2.5 Fed batch overgrow 

45ml FBOG cultures were set up in 250ml vented Erlenmeyer flasks (Corning). 

Cultures were maintained for either 11 or 12 days through regular addition of two 

proprietary feed solutions. Glucose concentration in cultures was maintained >0 and 

kept consistent between cultures by measuring regularly using a YSI 2900 Biochemistry 

Analyzer (Xylem) and adding glucose solution to the cultures as appropriate. 

Supernatant samples were taken for antibody titre analysis by an HPLC protein A 

method. Cell density measurements were taken throughout culture using the Vi-cell XR 

Cell Viability Analyzer (Beckman Coulter). 

2.6 qRT-PCR 

2.6.1 RNA extraction and reverse transcription 

Cell pellets containing 5 x 106 cells taken from high viability cultures were prepared by 

centrifugation. RNA was extracted from cell pellets using the RNeasy mini kit (Qiagen) 

according to the manufacturer’s instructions. For reverse transcription (RT) of RNA 

into cDNA, the SuperScript IV First-Strand Synthesis System (ThermoFisher Scientific) 

was used with oligo d(T) primers according to the manufacturer’s instructions. Negative 

control RT reactions in which the reverse transcriptase enzyme was replaced by water 

were also run. 

2.6.2 Measurement of mRNA levels from stable pools 

qRT-PCR was performed using TaqMan probes, TaqMan Universal Master Mix II and 

a QuantStudio 12K Flex Real-Time PCR System (ThermoFisher Scientific). cDNA 

samples prepared from stable pools were each run in duplicate with TaqMan probes 

against both the target sequence and the Mmadhc housekeeping gene. Negative control 

RT reactions were also run with TaqMan probes against both the target sequence and 

the Mmadhc housekeeping gene to ensure that Ct numbers were substantially higher 

than when cDNA samples were run with these probes, thereby inferring that RNA 

preparations did not contain target DNA at significant levels.  

 To perform absolute quantification of LC and HC mRNA from LC/HC synthetic 

promoter-containing stable pools, standard curves were set up with 10-fold serial 

dilutions of linearised and purified plasmid DNA containing the target LC or HC 

sequence. These standard curves were run in duplicate with LC or HC TaqMan probes. 

Dilution curves were created by 2-fold serial dilution of a single cDNA sample and 
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these were run in duplicate with Mmadhc Taqman probes. These dilution curves were 

used to inform on how differences in starting cDNA amount impacted Mmadhc Ct 

number. LC and HC standard curves and Mmadhc dilution curves are shown in the 

appendix. Ct numbers given by stable pool cDNA samples with LC and HC probes 

were converted to target copy numbers using the LC and HC standard curves. Ct 

numbers given by stable pool cDNA samples with the Mmadhc probe were used to 

normalise these LC and HC copy numbers for variation in starting cDNA amount/RT 

reaction efficiency based on the Mmadhc dilution curves. 

 To perform relative fold change quantification of endogenous GS mRNA from 

GS synthetic promoter-containing stable pools, the ΔΔCT method was used based on 

sample Ct numbers acquired with endogenous GS and Mmadhc Taqman probes. In 

order to check the specificity of the endogenous GS Taqman probe for its target 

sequence, this probe was also run with a serial dilution of cDNA prepared from 

untransfected CHO host RNA and a serial dilution of linearised plasmid containing the 

expression vector GS gene.  

2.7 Flow cytometry 

2.7.1 Measurement of transient GFP expression 

CHO host cells transfected with the pMAX-GFP plasmid (Lonza) and cultured for 24 

hours in Nunc 96 well plates (ThermoFisher Scientific) within static conditions (37˚C, 

5% (V/V) C02) were analysed for GFP expression on an Attune Autosampler flow 

cytometer (ThermoFisher Scientific). TO-PRO-3 cell viability dye (ThermoFisher 

Scientific) was also added to transfected cells before flow cytometry analysis to help 

identify the proportion of each transfected cell population that was viable. GFP 

transfected samples and a mock transfected negative control were analysed as described 

in figure 4.1.  

2.7.2 Measurement of LC and HC expression from stable pools 

Cell pellets were taken from high viability stable pool cultures and washed with D-PBS 

before being fixed by resuspension in pre-chilled 70% methanol + 30% D-PBS solution. 

Fixed cells were then washed in 1% BSA + D-PBS solution before being stained by 

resuspension in solution containing an APC-conjugated goat anti-human IgG Fcγ 

(Jackson Immunoresearch) and a FITC-conjugated goat anti-human ƛLC (Southern 

Biotechnology) and incubation in the dark for ~1 hour. Stained cells were then washed 
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again in 1% BSA + D-PBS and resuspended in 1% BSA + D-PBS for flow cytometry 

analysis. Flow cytometry was performed on an LSRFortessa Cell Analyzer (BD 

Biosciences) with controls set up and samples analysed as described figure 4.10. 

2.8 CHO cell culture maintenance 

CHO cells were maintained in vented Erlenmeyer flasks (Corning) within shaking 

incubators (Infors HT) set to 37˚C, 140rpm and 5% (V/V) C02. CD-CHO growth 

medium (ThermoFisher Scientific) was used and this was supplemented with 6mM L-

Glutamine for the routine passaging of CHO host cells pre-transfection. Passages were 

performed every 3-4 days and new subcultures were inoculated at a VCD of 2-3 x 

105/ml. The Vi-cell XR Cell Viability Analyzer (Beckman Coulter) was used to 

measure total and viable cell density as well as % viability of cultures. Host cells were 

passaged at least 3 times following revival from liquid nitrogen storage before being 

transfected in order to allow the cell population to adapt to the shaking culture 

conditions. A maximum of 20 passages was performed before transfection in order to 

minimise the effect of genetic drift on cellular phenotypes.     
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Chapter 3 

CHO cell synthetic promoter design 

This chapter explains the design strategy that was used to create CHO cell synthetic 

promoters and the rationale behind this strategy.  

3.1 Introduction 

3.1.1 Limitations of currently used promoters  

The current convention when manufacturing mAb molecules in CHO cells is to use an 

expression vector containing both LC and HC genes under the control of hCMV 

promoters. The use of two hCMV promoters is a sub-optimal solution to achieving high 

stable production titres for several reasons. Firstly, hCMV promoters can lead to 

production instability of IgG-producing CHO cells, i.e. a reduction in cell-specific 

productivity (qP) over time. This production instability can come in two ways: hCMV 

has been shown to be prone to transcriptional silencing via DNA methylation and, in 

addition, two copies of an identical hCMV sequence within a single expression 

construct can allow homologous recombination events between these two hCMV 

sequences that leads to recombinant gene deletions (Kim et al., 2011). 

 Secondly, hCMV is an unnecessarily large vector component and therefore 

contributes to the creation of large expression vectors, thus reducing transfection 

efficiency compared to if the expression vector was smaller. Synthetic promoters 

specifically designed for CHO cell activity have been shown to enable similar levels of 

transcriptional output to hCMV with much shorter sequences (Brown et al., 2014). 

Finally, the use of two hCMV promoters may not enable LC and HC to be transcribed at 

ratios other than 1:1. The expression of LC in excess of HC has been shown to be 

important for maximising production titres of some mAbs (Pybus et al., 2014). This 

idea is explored in detail in chapter 4 of this manuscript. 

            Conventionally, the SV40 promoter is used to control GS selection marker gene 

transcription in mAb expression vectors used for stable CHO pool creation (Fan et al., 

2013). While this promoter displays transcriptional activity in mammalian cells and is 

used successfully as part of the GS selection system, it may not produce the optimal 

level of GS gene transcription for optimised mAb production titres. By using a promoter 

with less transcriptional activity than the SV40 promoter to control GS transcription, the 

level of selective pressure on stably transfected CHO pools will be greater and this 
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could lead to greater recombinant mAb productivity. This idea is explored in detail in 

chapter 5 of this manuscript.   

3.1.2 TFRE ‘building block’ design strategy 

As described in more detail in subsections 1.6.2 – 1.6.4, mammalian synthetic proximal 

promoters have been designed previously using a variety of strategies. Broadly, these 

strategies include the creation of purely synthetic transcription factor – promoter pairs, 

mutation of natural promoter sequences and the joining of certain DNA fragments 

(Chavez et al., 2015; Ferreira et al., 2011; Grabherr et al., 2011; Ogawa et al., 2007; 

Perez-Pinera et al., 2013; Rössger et al., 2014; Schlabach et al., 2010; Tornøe et al., 

2002). These methods have all successfully enabled the creation of synthetic promoter 

sequences showing transcriptional activity in mammalian cells. However, none of these 

approaches enabled the precise design of synthetic promoters displaying pre-determined 

transcriptional outputs in CHO cells.  

 As an alternative to these other synthetic promoter design strategies, synthetic 

promoter libraries displaying broad ranges of transcriptional output in CHO cells have 

been created previously using a transcription factor regulatory element (TFRE) 

‘building block’ design approach (Brown et al., 2017; Brown et al., 2014; Johari et al., 

2019). Unlike other synthetic promoter construction methods, this method has been 

shown to reliably enable assembly of promoters displaying pre-determined transcription 

output levels in CHO cells. A TFRE is a short nucleotide sequence that binds to a 

discrete transcription factor within the nucleus. This design strategy is predicated on the 

billboard model of promoter activity, which explains that overall transcriptional output 

from a promoter is simply the sum of transcriptional outputs given by each individual 

TFRE block, regardless of the order in which these TFRE blocks are arranged (Arnosti 

& Kulkarni, 2005). This is akin to the way that information on a billboard can be 

arranged in any order without altering the total sum of information given.  

 There was a common workflow for the TFRE ‘building block’ strategy used 

previously in these studies (Brown et al., 2017; Brown et al., 2014; Johari et al., 2019) 

(figure 3.1). Firstly, the relative level of transcriptional output in CHO cells given by 

many different individual TFRE blocks was determined. This was done by 

measurement of SEAP (secreted alkaline phosphatase) reporter gene expression 

following transient transfection of so called “homotypic” promoter constructs 

containing several copies of the individual TFRE block of interest upstream of a CMV 
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core promoter sequence. This determination of individual TFRE block transcriptional 

output then enabled the combination of different TFRE blocks into “heterotypic” 

promoters with different levels of overall transcriptional output (figure 3.1).  

 

Figure 3.1 Construction of heterotypic promoters through the TFRE ‘building block’ design 

strategy 

The TFRE building block design strategy was developed previously by Brown, Johari and colleagues. In 

these previous studies, they transiently transfected homotypic constructs containing six repeat copies of 

individual TFRE blocks into CHO cells. These TFRE repeats were upstream of a CMV core sequence and 

this whole promoter was driving the transcription of a SEAP (secreted alkaline phosphatase) reporter 

gene. Measurement of SEAP expression revealed the relative transcriptional activity levels of individual 

TFRE blocks in CHO cells. This information was used in the work presented in this manuscript to create 

new heterotypic synthetic promoters.   
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3.2 Results 

3.2.1 Creation of new synthetic promoters to control LC and HC gene transcription in 

stably expressing CHO cells  

In this work, synthetic promoters were designed to control LC and HC gene 

transcription. To construct synthetic promoter proximal regions that would then be 

positioned upstream of CMV core sequences, the TFRE ‘building block’ design strategy 

was utilised. The relative level of transcriptional output in CHO cells given by many 

different individual TFRE sequence blocks had already been determined previously by 

Brown, Johari and colleagues through screening of homotypic constructs in CHO cells 

(Brown et al., 2017; Brown et al., 2014; Johari et al., 2019) (figure 3.1). This 

information was utilised to create heterotypic promoter sequences with different levels 

of predicted overall transcriptional output by combining different TFRE blocks 

together.  

 It would be advantageous if pairs of CHO cell synthetic promoters used 

alongside each other on a single expression vector, for example for the control of mAb 

LC and HC gene transcription, were designed to have no overlap in the TFRE blocks 

that they contained. This would ensure that the two promoters are not competing for 

binding of transcription factors within the nucleus and instead function as independent 

units. Furthermore, synthetic promoter pairs containing completely separate groups of 

TFREs will have very little sequence similarity, thereby ensuring there is minimal risk 

of homologous recombination events within the expression construct. Synthetic 

promoters designed previously through the TFRE ‘building block’ strategy, especially 

those that are relatively active, have substantial overlap in TFRE usage (Brown et al., 

2017; Brown et al., 2014; Johari et al., 2019).  

 Two important design criteria were therefore applied for the assembly of these 

proximal promoter sequences. Firstly, promoters had to vary in their predicted 

transcriptional activity levels to enable the expression of different LC:HC ratios. 

Secondly, LC and HC promoters were designed to have no overlap in the TFREs that 

they contain.  

             The proximal promoter design space comprised a list of TFRE blocks shown to 

be active in CHO cells across two previous analyses (Brown et al., 2017; Johari et al., 

2019). These TFREs and their sequences are listed in table A1 of the appendix. The list 

of TFRE blocks was partitioned between LC and HC promoter design spaces, ensuring 
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there would be no overlap in TFRE usage between the two promoters that would be 

used in combination. TFREs were then assigned a transcriptional activity score by 

ranking their measured activity relative to the activity of NFΚB, the most active TFRE 

block in both of these previous analyses. For example, if the homotypic construct for a 

particular TFRE generated 50% of the reporter gene expression shown by the NFKB 

homotypic construct then this particular TFRE would be assigned a transcriptional 

activity score of 50. This assignment of transcriptional activity scores to TFRE blocks 

then enabled them to very simply be assembled into heterotypic promoter designs of 

different predicted overall transcriptional activity. For example combination of two 

copies of a TFRE with a transcriptional activity score of 30, one copy of a TFRE with a 

transcriptional activity score of 85 and three copies of a TFRE with a transcriptional 

activity score of 45 would result in a heterotypic promoter with an overall predicted 

relative transcriptional activity of (30 x 2) + (1 x 85) + (3 x 45) = 190. TFRE 

compositions of synthetic proximal promoters used to control LC and HC transcription 

in this work are shown in appendix table A4 and their sequences are shown in table A2. 

A single, highly active promoter was designed for control of LC transcription while five 

different promoters with decreasing levels of predicted transcriptional activity were 

designed for control of HC transcription, creating predicted LC:HC transcriptional 

ratios of 1, 1.4, 2.3, 3.2 and 11.3. 

 TFRE blocks within these synthetic promoter proximal regions are separated by 

random 6nt spacer sequences. In order to ensure that additional TFREs were not 

inadvertently created at TFRE-spacer junctions, promoters were analysed using the 

online transcription factor binding site search tool MatInspector (part of the Genomatix 

software suite) with stringent search parameters to help minimise false positives (core 

similarity and matrix similarity values both set to 1.00). 

 The largest of the LC/HC synthetic promoter proximal regions created in this 

work, HC1, is 447nt in total length. For comparison, the hCMV proximal region used in 

this work is 598nt in length. DNA methylation at CpG dinucleotides has been shown to 

cause transcriptional silencing of the hCMV promoter in CHO cells (Kim et al., 2011). 

The hCMV proximal region used in this work contains 35 CpG dinucleotides while the 

highest amount in any of the LC/HC synthetic proximal regions is 33 in HC2 and HC3. 

The sequences of these LC/HC synthetic promoter proximal regions are listed in 

appendix table A2. 
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3.2.2 Creation of new synthetic promoters to control GS gene transcription in stably 

expressing CHO cells 

              Synthetic proximal promoters that would be positioned upstream of CMV core 

sequences and used to control GS transcription were designed. As with the design of the 

LC/HC synthetic proximal promoters, the TFRE ‘building block’ design strategy was 

used (Brown et al., 2017; Brown et al., 2014; Johari et al., 2019). The GS synthetic 

proximal promoter design space comprised of TFRE blocks that a) showed low level 

activity in CHO cells in a previous analysis and b) were not contained in the LC/HC 

synthetic promoter designs (Johari et al., 2019). Avoiding TFRE blocks used in LC/HC 

synthetic promoter designs would ensure no competition for transcription factor binding 

between the three promoters when used together on the same expression vector. These 

TFREs were assigned a transcriptional activity score by ranking their measured activity 

relative to that of NFΚB, the most active TFRE in this analysis (Johari et al., 2019). 

This assignment of transcriptional activity scores to TFRE blocks within the design 

space enabled promoters of different overall predicted activity to be constructed.  

 SV40 promoter transcriptional output from within a conventional vector 

containing hCMV driving LC and HC transcription would be influenced by the strength 

of the SV40 promoter as well as the attenuating effect of hCMV-SV40 TF binding 

competition. Synthetic GS promoters would need to give less transcriptional output than 

this in order to increase selection stringency. Previous studies performed in the James 

laboratory provide information that can be used to help estimate the level of SV40 

transcriptional output in this situation. First, the SV40 promoter was found to be 4.3-

fold weaker than hCMV (Johari et al., 2019). Second, comparison of co-transfecting an 

hCMV-driven marker alongside an SV40-driven marker against transfecting just the 

SV40-driven marker alone showed that hCMV reduced SV40 mRNA output by 2.69 to 

5.15 fold (West, 2014). Taken together, this would mean that when alongside hCMV in 

the nucleus, SV40 output is ~11.6 - 22.15 fold less than hCMV. However, these 

hCMV/SV40 cotransfection experiments were performed with the two promoters at a 

1:1 molar ratio. When a mAb expression vector containing two hCMV promoters per 

SV40 promoter is used, the reduction in SV40 promoter output will likely be even 

greater. Therefore, based on these previous findings, GS synthetic promoters were 

constructed by combination of different TFRE blocks to give overall predicted 

transcriptional activities of 1/15th, 1/20th, 1/30th, 1/40th, 1/50th and 1/60th the 
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transcriptional activity of hCMV. 

           TFRE compositions of the six synthetic proximal promoters designed to control 

GS gene transcription are shown in appendix table A5. The sequences of these proximal 

promoters are shown in appendix table A3. The sequences of all TFRE blocks used 

throughout this work are listed in appendix table A1. These GS proximal promoters 

contain the required TFRE blocks separated by random 6nt spacer sequences. In order 

to ensure that additional TFREs were not inadvertently created at TFRE-spacer 

junctions, promoters were analysed using the online TF binding site search tool 

Matinspector (part of the Genomatix software suite) with stringent search parameters to 

help minimise false positives (core similarity and matrix similarity values both set to 

1.00). 

3.2.3 Creation of ‘synthetic SV40’ promoters to control GS gene transcription in stably 

expressing CHO cells 

The GS synthetic promoters described above were shown to create increased selection 

stringency on transfected cell pools (chapter 5) but this did not lead to improved mAb 

productivity, likely due to these promoters being too weak. The TFRE ‘building block’ 

design strategy was therefore ineffective in this instance. An alternative design strategy 

was then used to try and create synthetic GS promoters that gave a more effective level 

of selection stringency, leading to increased mAb productivity. This alternative strategy 

involved first identifying the key TFREs within the SV40 promoter that are likely to 

control the bulk of its transcriptional activity in CHO cells. Next these TFRE blocks 

would be used in synthetic promoter designs to create synthetic, attenuated and minimal 

versions of the SV40 promoter.  

 As explained in detail in the previous subsection, the presence of an hCMV 

promoter alongside an SV40 promoter in the nucleus of a CHO cell substantially 

reduces SV40 promoter output due to t binding competition (West, 2014). It was 

therefore reasoned that the key TFREs driving the bulk of SV40 promoter output in 

CHO are likely to be found within both SV40 and hCMV promoters. The transcription 

factor binding site search tool Matinspector was used to find predicted binding sites 

common to both promoters, generating a list of 33 different TFREs. This list of TFREs 

was then reduced based on whether each one had displayed activity in previous 

comprehensive analyses of homotypic constructs (Brown et al., 2017; Brown et al., 

2014; Johari et al., 2019). From this analysis it was concluded that transcriptional 
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activity of the SV40 promoter in CHO cells is driven predominantly by TFREs 

corresponding to the transcription factors AP1, SP1, SP2 and HIVEP1. Using these 

TFRE blocks, two synthetic proximal promoters named SynSV40_1 and SynSV40_2 

were constructed for the control of GS transcription.  

 The TFRE compositions of SynSV40_1 and SynSV40_2 proximal promoters are 

shown in appendix table A6 and the full sequences are shown in appendix table A3. 

Sequences of these TFRE blocks are included in appendix table A1. SynSV40_1 

contains these four different TFRE blocks in the same quantities that are found in the 

SV40 promoter (11 blocks total). The 11 TFRE blocks in SynSV40_1 was reduced to 6 

in SynSV40_2 in an effort to create a less transcriptionally active promoter. TFRE 

blocks within these synthetic proximal promoters are separated by random 6nt spacer 

sequences. In order to ensure that additional TFREs were not inadvertently created at 

TFRE-spacer junctions, promoters were analysed using Matinspector with stringent 

search parameters to help minimise false positives (core similarity and matrix similarity 

values both set to 1.00). 
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Chapter 4 

Use of synthetic promoters to control LC and HC transcription 

 

This chapter describes, for the first time, the use of synthetic promoters to control mAb 

LC and HC transcription within stably expressing CHO cell pools. LC and HC synthetic 

promoters were constructed from transcription factor regulatory element (TFRE) 

sequence blocks to enable varying LC:HC transcriptional ratios. Stable pool expression 

of two different mAb molecules revealed synthetic promoter-containing stable pools to 

have improved characteristics (reduced recovery time from MSX selection and 

increased mean mAb titres) over conventional hCMV-containing stable pools. qRT-PCR 

and flow cytometry assays were carried out to further characterise these stable pools in 

terms of their LC:HC transcriptional ratio and cell-to-cell LC/HC expression variation 

respectively. 

 

4.1 Introduction  

 The expression of LC in excess of HC has been shown to be important for 

maximising production titres of some mAbs (Pybus et al., 2014). The molecular 

mechanisms behind why expressing LC in excess of HC can be beneficial in a mAb-

specific manner are well understood. Following transcription and translation of the HC 

gene, the HC polypeptide is bound by the molecular chaperone known as BiP (binding 

immunoglobulin protein) in the lumen of the ER. The binding of BiP to HC represents a 

quality control checkpoint in mAb folding and assembly and HC will not be released 

from BiP until a LC polypeptide binds to this HC-BiP complex (Vanhove et al., 2001). 

HC polypeptides that remain bound to BiP for a prolonged period are eventually 

recognised by ER machinery as being unassembled/misfolded and build-up of 

misfolded polypeptides can eventually lead to activation of the ER stress response 

known as the Unfolded Protein Response (UPR) (Walter & Ron, 2011). One of the 

consequences of UPR activation is a global inhibition of mRNA translation, which 

prevents the flow of nascent polypeptides into the ER. When expressing mAbs from 

CHO cells, this translational inhibition will cause substantially reduced cell growth and 

mAb productivity (Pybus et al., 2014).  

 It appears that different HC polypeptides have a different temporal threshold for 
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when they must be bound by a LC. For example, some HC polypeptides may require 

LC to bind and relieve BiP relatively rapidly or else that HC will be recognised as 

misfolded, increasing the risk of UPR activation. For a mAb containing a HC with this 

profile, it may be important to express LC in excess of HC to ensure frequent LC-HC-

BiP binding events, thereby reducing the risk of UPR activation. Conversely, other HC 

polypeptides may be capable of remaining bound to BiP for relatively prolonged 

periods before being bound by LC and they will not be recognised as misfolded, 

meaning the risk of UPR activation is relatively low. For a mAb containing a HC with 

this profile, it is likely to be most beneficial to express LC and HC at a balanced ratio.  

 An attempt has been made previously to develop expression vector components 

that enable the expression of different LC:HC ratios. Li et al placed mutant internal 

ribosome entry sites (IRES) within bicistronic mRNA sequences containing both the LC 

and HC coding sequence in an attempt to vary translation efficiencies of HC (Li et al., 

2007). However, these mutant IRES elements did not display quantifiably variable 

translational efficiencies in CHO-K1 despite doing so in HEK293. Moreover, IRES-

mediated translation is generally much less efficient in CHO compared to in HEK293 

and plasmids with separate promoters controlling LC and HC expression units are 

favoured over bicistronic mRNAs for CHO-based mAb manufacture.  

 LC:HC expression ratios could also be manipulated at the transcriptional level 

through the use of synthetic promoters designed to give different levels of 

transcriptional output. In this chapter, pairs of synthetic promoters, the design of which 

is described in chapter 3, were used for the first time to control mAb LC and HC 

transcription in stably expressing CHO cell pools. Transient transfections in which the 

transfected LC:HC plasmid ratio was varied were first carried out to understand how 

different LC:HC expression ratios affected the assembly and expression of two different 

mAb molecules. Expression vectors were then created containing the synthetic promoter 

pairs that were designed to give varying LC:HC transcriptional ratios and these 

expression vectors were used to generate stable pools expressing two different mAb 

molecules. Synthetic promoter-containing pools showed reduced recovery times from 

MSX selection and in some cases higher mean mAb titres than conventional hCMV 

promoter-containing pools. qRT-PCR assays were carried out to examine the LC:HC 

transcriptional ratios given by these stable pools and flow cytometry was performed to 

examine their cell-to-cell variability in LC and HC expression. 
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4.2 Results 

4.2.1 Transient expression of LC and HC at various ratios 

Transient expression of genes of interest can rapidly provide information about how 

proteins deriving from those genes of interest are affecting the host cell system. In order 

to understand more about how different LC:HC expression ratios would affect 

monoclonal antibody production from CHO cells, it was therefore useful to transiently 

co-express plasmids that separately encoded the LC and HC of monoclonal antibodies 

at various different ratios. 

4.2.1.1 Test of Nucleofection transfection efficiency consistency 

Before transiently co-expressing plasmids encoding the LC and HC of monoclonal 

antibodies, a suitable transient transfection method needed to be identified. This 

transient transfection method would need to provide: rapid expression of genes of 

interest upon transfection; a high transfection efficiency; a high degree of consistency in 

transfection efficiency from transfection-to-transfection and minimal negative impact on 

cell viability. The method being high-throughput was also a desirable characteristic, as 

this would easily allow the testing of multiple different LC:HC expression ratios within 

a single experiment. The Nucleofection (Lonza) method was selected, in particular the 

96 well Nucleocuvette plate system, based on purportedly high transfection efficiency in 

many cell lines and rapid expression of transgenes following transfection as well as it’s 

high-throughput nature. 

 In order to examine the transfection efficiency across a full 96 well 

Nucleocuvette plate, CHO host cells were transfected with the Lonza pMAX-GFP 

(green fluorescent protein) plasmid. 2 x 106 viable cells were transfected with 400ng of 

GFP plasmid in each well of the plate. 24 hours after transfection the proportion of each 

transfected cell population that was positive for GFP expression was examined by flow 

cytometry. Use of TO-PRO-3 cell viability dye (ThermoFisher) allowed the impact of 

nucleofection on cell viability to be examined. 

 The mean % GFP positive cells from each well of the plate (n=3) is displayed in 

figure 4.1. The mean % GFP positive cells across the whole plate was 77.36% with a 

standard deviation of 2.23%. Moreover, the GFP median fluorescence intensity (MFI) 

was also calculated for each well (data not shown). The across-plate mean of each 

well’s mean MFI (n=3) was 7.71 x 104 with a standard deviation 8.47 x 103. Taken 

together, these data show that the delivered transfection efficiency is highly consistent  
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Figure 4.1 – The 96 well Nucleocuvette plate gives consistently high transfection efficiency 

across the whole plate 

96 well Nucleocuvette plates were used to transfect 400ng of pMAX-GFP in to 2 x 106 viable CHO 

host cells per well. Mock transfections were also performed with 400ng of a non protein-coding 

plasmid. GFP expression and cell viability were measured 24h post-transfection by flow cytometry. 

A) and C) show gating of viable/non-viable mock transfected (A) and GFP transfected (C) cells 

based on TO-PRO-3 cell viability dye fluorescence. B) and D) show gating of GFP positive/GFP 

negative mock transfected (B) and GFP transfected (D) cells. E) displays the mean % GFP positive 

of cells transfected using each well of the 96 well Nucleocuvette plate. Bars represent the mean of 

three independent experiments. The gradient of colours for wells in different columns of the 96 well 

plate is purely to aid visualisation. 



56 
 

across the 96 well Nucleocuvette plate in terms of both the proportion of cells 

expressing the transgene and the amount of transgene taken up by each cell. Finally, the 

across-plate mean of each well’s mean % viability (n=3) was 83.87% with a standard 

deviation of 3.45%, showing that culture viability was not excessively reduced by the 

transfection event and that viability was highly consistent across the 96 well plate. 

This experiment verified that the 96 well Nucleocuvette plate transfection method was 

capable of meeting all important criteria. The Nucleofection delivered high transfection 

efficiency within 24 hours and minimal cell death. Transfected cells showed high 

consistency in transfection efficiency and viability, meaning the effect of different 

LC:HC expression ratios on mAb production following transfection could be interpreted 

with confidence without confounding factors. This method was therefore used for 

transient transfection of mAb LC and HC plasmids at different ratios. 

4.2.1.2 Test of 96 deep well plate cell growth consistency 

The experiment described above confirmed that the 96 well Nucleocuvette plate 

transfection method gave high well-to-well consistency in transfection efficiency. The 

next objective was to ensure that transfected cells could be cultured for several days in a 

high-throughput plate format with consistent well-to-well growth rates. Any significant 

plate location-specific biases in cell growth, for example cells dividing more freely in 

the middle of the plate compared to the edges or vice versa, would obscure the analysis 

of how different transfected LC:HC plasmid ratios were affecting mAb production.  

 Nunc 96 deep well plates (ThermoFisher) were selected for culture of cells 

following Nucleofection due to them being a high-throughput plate format, facilitating 

the testing of multiple LC:HC expression ratios in a single experiment. Both the 

transfection plate and the culture plate being a 96 well format would enable easy 

transfer of cells following transfection. In order to assess the extent of well-to-well 

variation in post-transfection cell growth from these 96 deep well plates, 2 x 106 viable 

CHO host cells were transfected with 400ng of an equimolar mixture of mAb LC and 

HC plasmids per Nucleocuvette plate well across 21 wells. These transfected cells were 

then seeded into a 96 deep well plate to a VCD of around 0.65 x 106/ml and cultured for 

5 days. Seeded wells covered both the edges and the centre of plate rows. The relative 

VCD of each well was measured immediately after transfection and then 5 days after 

transfection using PrestoBlue cell viability dye (ThermoFisher). Figure 4.2 displays the 

mean and standard deviation of day 5 - day 0 PrestoBlue signal across these 21 wells. 
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 It is clear from these data that no substantial well-to-well variation in growth of 

transfected cells is seen when cultured for 5 days in Nunc 96 deep well plates. These 

plates were therefore used for culture of cells transiently transfected with mAb LC and 

HC plasmids at different ratios. 

 

4.2.1.3 Transient co-transfection of LC and HC plasmids at various ratios 

In order to gain some understanding about how different LC:HC expression ratios 

would affect monoclonal antibody assembly and production titre, single gene plasmids 

separately encoding the LC and HC of two different mAbs were transiently co-

transfected into CHO host cells at varying ratios. Transient expression would rapidly 

provide information that could then be used to inform more long-term stable 

expression-based experiments. Vector components controlling the expression output 

Figure 4.2 – Transfected cells cultured in 96 deep well plates grow consistently from well-to-

well 

Cells transfected using the 96 well Nucleocuvette plate method with 400ng of an equimolar 

mixture of mAb LC and HC plasmids were cultured for 5 days in Nunc 96 deep well plate wells. 

PrestoBlue cell viability dye was used to measure the relative viable cell density in each well 

immediately after transfection and then again 5 days after transfection. The bar represents the mean 

day 5 - day 0 PrestoBlue signal of 21 wells and error bars represent standard deviation of the mean. 
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from these LC and HC genes were the same in both plasmids, including hCMV 

promoters to control transcription. 

 LC and HC plasmids for two different mAbs were transiently co-transfected at 

LC:HC molar ratios of 1.0, 1.4, 2.1, 3.2, 5.4 and 12.0 while maintaining a constant 

overall DNA load. MAb 1 is an anti-interleukin-13 IgG1ƛ with a LC that had previously 

undergone a single amino acid mutation in the VL region to help engineer improved 

expression titre (Popovic et al., 2017). MAb 2 is also an IgG1ƛ molecule. These single 

gene plasmids were transiently co-transfected using the 96 well Nucleocuvette plate 

method described above and transfected cells were cultured for 5 days in the Nunc 96 

deep well plates described above. After 5 days, cell culture supernatant was harvested 

and mAb titre was quantified using an IgG ELISA. The results of these experiments are 

displayed in figures 4.3 and 4.4 for mAb 1 and mAb 2 respectively. 

             Figure 4.3 shows that mean mAb 1 titre increases only slightly compared to the 

equimolar transfection control when LC is expressed in excess of HC up to a LC:HC 

ratio of 5.4. Mean mAb 1 titre is then reduced compared to the equimolar control when 

LC is expressed at a 12-fold excess of HC. Figure 4.4 shows that mean mAb 2 titre 

decreases steadily compared to the equimolar control as LC expression excess increases. 

 It was noted that the extent to which relative mAb titre decreased at high LC 

excess expression ratios was not proportional to the decrease in amount of HC gene 

being transfected. For example, the mean mAb 2 titre at the 12:1 LC:HC expression 

ratio is 45% that of the equimolar control. This is despite the amount of HC gene 

transfected being 17% that of the equimolar control. Therefore HC gene utilisation was 

calculated for all transfection ratios and for both mAbs to show how efficiently HC 

gene was converted to secreted antibody (Equation 4.1). Both figure 4.3 and figure 4.4 

show that for mAb 1 and mAb 2 respectively HC gene is utilised more efficiently at 

higher LC:HC expression ratios. 

 

𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 4.1 −  

𝐻𝐶 𝑔𝑒𝑛𝑒 𝑢𝑡𝑖𝑙𝑖𝑠𝑎𝑡𝑖𝑜𝑛 =  
𝐴𝑛𝑡𝑖𝑏𝑜𝑑𝑦 𝑡𝑖𝑡𝑟𝑒 (𝑛𝑔/𝑚𝑙)

𝑇𝑟𝑎𝑛𝑠𝑓𝑒𝑐𝑡𝑒𝑑 𝐻𝐶 𝑝𝑙𝑎𝑠𝑚𝑖𝑑 𝑎𝑚𝑜𝑢𝑛𝑡 (𝑓𝑚𝑜𝑙)
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4.2.2 Effect of LC/HC synthetic promoters on mAb 1 stable pool generation 

When making a stably expressing cell pool, manipulating the LC:HC expression ratio 

through use of synthetic promoters on a dual gene plasmid is a more efficient solution 

than altering the transfected ratio of single gene plasmids. This is because expression 

from one construct containing both LC and HC genes in tandem can easily be selected 

for using a single selection marker. Therefore synthetic promoters were designed 

(chapter 3) to control the transcription of LC and HC genes in stably expressing CHO 

cells.  

 

mAb 1 

Figure 4.5 – Effect of LC/HC synthetic promoters on recovery rate of mAb 1-

expressing pools 

CHO host cells were transfected with stable expression vectors containing either different 

combinations of synthetic promoters to control LC and HC gene transcription or two hCMV 

promoters. Vector-derived expression was selected for by the addition of 50𝜇M MSX 24 

hours post transfection. % viability was measured until full recovery of pools. Data points 

represent the mean of three separately transfected pools per vector at each time point. Error 

bars represent standard error of the mean. 
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            Synthetic promoters designed for controlling LC and HC gene transcription were 

tested for their effect on stable mAb expression characteristics such as the rate of 

outgrowth of expressing cells and mAb productivity. Synthetic proximal promoters 

were cloned directly upstream of CMV core sequences in mAb 1 LC/HC expression 

units. These LC and HC expression units were then combined into a vector backbone 

containing a GS selection marker expression unit driven by an SV40 promoter. LC and 

HC synthetic promoters were used in the following combinations: LC1HC1, LC1HC2, 

LC1HC3, LC1HC4, LC1HC5. A control vector containing hCMV promoters to drive 

LC and HC transcription was also made. To generate stably expressing CHO pools 

using these expression vectors, CHO host cells were transfected and 50𝜇M MSX 

selection agent was added to transfected cultures 24 hours later. The recovery of pools 

from transfection and MSX selection was monitored (figure 4.5). 

          There was a clear and pronounced lag in the recovery of the hCMV pools 

compared to the recovery of pools generated using synthetic promoters. To reach a 

mean % viability > 70%, the hCMV pools required an extra 3 days compared with 

LC1HC1, LC1HC4 and LC1HC5 and an extra 4 days compared with LC1HC2 and 

LC1HC3. Differences in recovery rate among synthetic promoter pools were much 

smaller than the difference between synthetic promoter pools and the hCMV pools. 

            Following recovery of transfected cell pools from MSX selection they then went 

into 12 day fed batch overgrow cultures (FBOG) to assess their mAb productivity 

(figure 4.6). Pools generated with the expression vector LC1HC1 produced a slightly 

higher mean mAb 1 titre than pools generated with the hCMV expression vector, albeit 

this difference was not statistically significant (two-tailed Students t-test P value = 

0.29). Pools generated using expression vectors LC1HC2, LC1HC3, LC1HC4 and 

LC1HC5 all show significantly reduced mean mAb 1 titre compared to the hCMV 

pools. The five synthetic promoter-containing pools show a negative correlation 

between the predicted LC:HC transcriptional ratio and mean mAb titre. 

 The hCMV pools had a significantly higher mean qP than all synthetic 

promoter-containing pools. As with titre, there was also a negative correlation between 

the predicted LC:HC transcriptional ratio and mean qP among the synthetic promoter-

containing pools. In contrast to their increased qP, the hCMV pools showed the lowest 

mean IVCD of all six expression vectors. 
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mAb 

*** *** *** 

*** 

*** * 

C 

*** ** *** 
*** 

A 

B 

mAb 1 

Figure 4.6 – Effect of LC/HC synthetic promoters on mAb productivity and IVCD of mAb 1-expressing 

pools 

CHO pools that had been transfected with synthetic promoter-containing mAb 1 expression vectors and 

selected using MSX went in to 12 day fed batch overgrow cultures. A) shows the volumetric mAb titre 

generated from pools transfected with each vector; (B) shows the cell specific productivity (qP) of pools 

transfected with each vector and (C) shows the integral of viable cell density (IVCD) across the 12 day culture 

period for pools transfected with each vector. Bars represent the mean of three separately transfected pools per 

vector and error bars represent standard error of the mean. Mean values significantly different (two-tailed 

Students t-test) from the mean hCMV value are indicated by asterisks (* P<0.05, **P<0.025, ***P<0.01). 



64 
 

4.2.3 Effect of LC/HC synthetic promoters on mAb 2 stable pool generation 

LC/HC synthetic promoters were tested for their effect on stable expression of mAb 2. 

Expression vectors were constructed containing the same LC/HC promoter 

combinations used for stable expression of mAb 1 (LC1HC1, LC1HC2, LC1HC3, 

LC1HC4, LC1HC5 and hCMV) but ORF sequences were changed to those of mAb 2 

LC and HC. These vectors contained a GS expression unit driven by an SV40 promoter. 

To generate stably expressing pools, CHO host cells were transfected with these vectors 

and 50𝜇M MSX was added to transfected cultures 24 hours later. The recovery of pools 

from transfection and MSX selection was monitored (figure 4.7). 

mAb 2 

Figure 4.7 – Effect of LC/HC synthetic promoters on recovery rate of mAb 2-expressing pools 

CHO host cells were transfected with stable expression vectors containing either different combinations 

of synthetic promoters to control LC and HC gene transcription or two hCMV promoters. Vector-

derived expression was selected for by the addition of 50𝜇M MSX 24 hours post transfection. % 

viability was measured until full recovery of pools. Data points represent the mean of two (LC1HC4 and 

LC1HC5) or three separately transfected pools per vector at each time point. Error bars represent 

standard error of the mean. 
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Figure 4.8 – Effect of LC/HC synthetic promoters on mAb productivity and IVCD of mAb 2-

expressing pools 

CHO pools that had been transfected with synthetic promoter-containing mAb 2 expression vectors and 

selected using MSX went in to 11 day fed batch overgrow cultures. A) shows the volumetric mAb titre 

generated from pools transfected with each vector; (B) shows the cell specific productivity (qP) of pools 

transfected with each vector and (C) shows the integral of viable cell density (IVCD) across the 11 day 

culture period for pools transfected with each vector. Bars represent the mean of two (LC1HC4 and 

LC1HC5) or three separately transfected pools per vector. Error bars represent standard error of the mean. 

Mean values significantly different (two-tailed Students t-test) from the mean hCMV value are indicated 

by asterisks (* P<0.05, **P<0.025, ***P<0.01). 
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       These mAb 2-expressing pools show a delay in the recovery of the hCMV-

containing pools compared to the synthetic promoter-containing pools, just as with mAb 

1 stable expression. To reach a mean % viability > 70%, the hCMV pools required an 

extra 10 days compared with LC1HC1, an extra 7 days compared with LC1HC2, 

LC1HC3 and LC1HC4 and an extra 3 days compared with LC1HC5. There was slightly 

more variation in the recovery rate of synthetic promoter-containing mAb 2 pools 

compared to with mAb 1, with LC1HC1 pools recovering quicker than pools generated 

using the other four plasmids.  

          Following recovery of mAb 2-expressing pools from MSX selection, these pools 

were then seeded into 11 day FBOG cultures to assess their mAb productivity (figure 

4.8). Vectors LC1HC1, LC1HC2 and LC1HC3 all generated higher mean mAb 2 

expression titres than the hCMV vector. These increased volumetric titres compared to 

hCMV pools came through relative improvements in IVCD and despite relative 

reductions in qP. As with the mAb 1-expressing pools (figure 4.6), hCMV generated the 

highest mean qP of all six expression vectors. However, hCMV generated the second 

lowest mean IVCD of all six expression vectors with only LC1HC4 generating lower. 

This is similar to the mAb 1-expressing pools in which hCMV produced the lowest 

mean IVCD. It is notable that mAb 2 was generally much more difficult for CHO host 

cells to produce than mAb 1, with each LC/HC promoter combination generating a 

lower mean qP with mAb 2 than with mAb 1. 

4.2.4 Effect of LC/HC synthetic promoters on stable LC:HC transcriptional ratios  

In order to understand how LC/HC synthetic promoters were affecting LC and HC 

transcript levels in the mAb 1 and mAb 2-expressing stable pools described above, 

qRT-PCR assays were performed. RNA was extracted from stable pools and reverse 

transcribed into cDNA. These cDNA samples were used in qRT-PCR assays. LC and 

HC mRNA copy numbers were estimated using the absolute quantification standard 

curve method. Standard curves used for quantification are shown in the appendix. These 

copy numbers were then used to deduce the LC:HC transcriptional ratios of pools 

generated using different expression vectors (figure 4.9). 

 The data in figure 4.9 show that there is, broadly, a positive correlation between 

the predicted LC:HC transcriptional ratios given by synthetic promoter combinations 

(table A4) and the actual LC:HC transcriptional ratios. This is true for both mAb 1 and 

mAb 2-expressing pools, although the slope and trajectory of the red  



67 
 

  
m

A
b

 1
 

m
A

b
 2

 

P
la

sm
id

 
P

la
sm

id
 

F
ig

u
re 4

.9
 –

 E
ffect o

f L
C

/H
C

 sy
n

th
etic p

ro
m

o
ters o

n
 L

C
 a

n
d

 H
C

 m
R

N
A

 a
b

u
n

d
a
n

ce in
 sta

b
ly

 ex
p

re
ssin

g
 p

o
o
ls 

R
N

A
 w

as ex
tracted

 fro
m

 stab
ly

 e
x
p
ressin

g
 ce

ll p
o

o
ls g

e
n
erated

 u
sin

g
 e

x
p
ressio

n
 v

ecto
rs co

n
tain

in
g
 L

C
/H

C
 sy

n
th

etic p
ro

m
o

ters. R
N

A
 w

as re
v
erse 

tran
scrib

ed
 in

 to
 cD

N
A

 a
n
d
 q

R
T

-P
C

R
 w

as ru
n
 o

n
 cD

N
A

 sa
m

p
les. L

C
 a

n
d
 H

C
 m

R
N

A
 co

p
y
 n

u
m

b
ers w

ere estim
ated

 u
sin

g
 th

e ab
so

lu
te q

u
an

tificatio
n
 

stan
d

ard
 cu

rv
e m

eth
o

d
. B

ars rep
resen

t th
e m

ea
n
 co

p
y
 n

u
m

b
er o

f tw
o
 (m

A
b
 1

 L
C

1
H

C
2

; m
A

b
 1

 L
C

1
H

C
4

; m
A

b
 2

 L
C

1
H

C
4

 a
n
d
 m

A
b
 2

 L
C

1
H

C
5

) o
r 

th
ree stab

le p
o

o
ls p

er ex
p
ressio

n
 v

ecto
r. E

rro
r b

ars rep
resen

t stan
d
ard

 erro
r o

f th
e m

e
a
n
. D

ata p
o

in
ts a

lo
n
g
 th

e red
 L

C
:H

C
 ra

tio
 lin

e rep
rese

n
t th

e 

m
ea

n
 L

C
:H

C
 m

R
N

A
 ratio

 fo
r p

o
o

ls g
en

erated
 u

sin
g
 th

at ex
p
ressio

n
 v

e
cto

r.   



68 
 

lines connecting mean LC:HC transcriptional ratio values is not the same for the two 

mAbs. The hCMV expression vector generated the lowest mean LC:HC transcriptional 

ratio for both mAbs. 

 There are substantial differences in the LC:HC transcriptional ratios of mAb 1 

and mAb 2-expressing pools generated using the same synthetic promoter combination, 

with the ratio being consistently much greater for mAb 2. Furthermore, there is clear 

variation in the level of LC gene transcription among synthetic promoter-containing 

pools expressing the same antibody despite the same LC1 synthetic promoter being 

used to drive LC transcription. These results may suggest that the inherent LC:HC 

transcriptional ratio encoded by the promoter combination is capable of being moulded 

by the selective pressure on these pools towards a ratio that is closer to optimal for the 

particular antibody being expressed. 

4.2.5 Effect of LC/HC promoter combination on cell-to-cell variability in LC and HC 

expression level 

The experiments described above in subsection 4.2.4 identified the overall level of LC 

and HC gene transcription in each stably expressing cell pool as a whole. The variability 

in LC and HC expression level from cell-to-cell within each of these cell pools was yet 

to be revealed. Ultimately, clinical supply of mAb molecules must come from 

monoclonally-derived cell populations. It would be expected generally that relatively 

productive stable pools would lead to the isolation of relatively productive clones. 

However, assessing the cell-to-cell variability in LC/HC expression within stable pools 

may give some indication of how variable the performance of clones taken from that 

pool would be. A pool in which cell-to-cell performance is highly variable may require 

the screening of more clones in order to find one that is highly productive.  

 In order to assess cell-to-cell variability in LC and HC expression, stable pool 

cell samples were stained with fluorescent antibody conjugates against LC and HC 

polypeptides and analysed on a cell-by-cell basis using flow cytometry. mAb 1 and 

mAb 2 expressing pools containing the LC/HC synthetic promoter combination 

LC1HC1 were chosen for this analysis due to them producing higher mean titres than 

hCMV pools for both mAbs. hCMV-containing pools were also analysed for 

comparison. Mean LC and HC expression cell-to-cell variability (expressed as % 

coefficient of variation) is displayed in figure 4.10.  

 With respect to expression of mAb 1 LC, the LC1HC1 pools had higher mean  
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Figure 4.10 – Cell-to-cell variation in LC and HC expression levels of stable pools 

Cell samples taken from pools stably expressing mAbs 1 and 2 were stained with anti-LC antibodies conjugated 

to FITC and anti-HC antibodies conjugated to APC. FITC and APC fluorescence levels were analysed on a cell-

by-cell basis using flow cytometry, revealing the cell-to-cell variation in expression level of LC and HC 

respectively for each of these stable pools. Gate P2 identifies FITC/LC positive cells and gate P3 identifies 

APC/HC positive cells. A) and C) show example gating of FITC positive/negative untransfected host cells (A) 

and stable pool cells (C). B) and D) show example gating of APC positive/negative untransfected host cells (B) 

and stable pool cells (D). E) displays the % coefficient of variation in LC and HC expression levels of different 

stable pools. Bars represent the mean % coefficient of variation of three separately transfected pools per 

antibody and LC/HC promoter combination. Error bars represent standard error of the mean. 
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cell-to-cell variability than the hCMV pools, albeit this difference was not statistically 

significant (two-tailed Students t-test P value = 0.16). Likewise the mean cell-to-cell 

variability in mAb 1 HC expression was significantly higher in LC1HC1 pools than in 

hCMV pools (two-tailed Students t-test P value = 0.017). With respect to expression of 

mAb 2 LC, again the mean cell-to-cell variability is higher in LC1HC1 pools than in 

hCMV pools (two-tailed Students t-test P value = 0.14). Finally, the mean cell-to-cell 

variability in mAb 2 HC expression was very similar between LC1HC1 and hCMV 

pools. Overall, these data suggest that the LC1HC1 promoter combination may lead to 

increased cell-to-cell variability in LC/HC expression compared to hCMV. This could 

mean that LC1HC1-containing pools will have greater variance in clone productivity 

compared to hCMV pools.  

4.3 Discussion 

This results chapter describes, for the first time, the use of synthetic promoter 

combinations to stably express the LC and HC of monoclonal antibodies. These 

synthetic promoter combinations displayed improved stable expression characteristics 

over conventionally-used hCMV promoters. Namely, synthetic promoters were capable 

of producing higher mean mAb titres than hCMV while recovering from MSX selection 

more quickly. These reduced recovery times will help to shorten cell line development 

timelines, an extremely desirable outcome for a company that manufactures 

biopharmaceuticals from CHO cells.  

4.3.1 Expressing LC in excess of HC may be more important in a stable expression mode 

than in a transient expression mode  

The experiments described above showed that expressing LC in excess of HC meant 

that HC gene product was more efficiently utilised in assembly of full antibody 

structures. This greater HC utilisation may be more beneficial towards mAb expression 

titre in a stably expressing cell compared to in a transiently expressing cell. If, for 

example at more balanced LC:HC expression ratios, the level of HC utilisation is 

relatively low then this implies that some HC polypeptide is not being assembled into 

full mAb structures within the ER and instead remains unassembled. Build-up of this 

unassembled HC polypeptide may eventually trigger induction of the UPR (Vanhove et 

al., 2001).  

 In a stably expressing cell that has been transfected with a LC/HC construct and 
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high vector-derived expression has been selected for using a selection marker such as 

the GS system, the level of HC gene expression will generally be substantially higher 

compared to in a cell that has been transiently transfected with a LC/HC construct. If a 

relatively balanced LC:HC expression ratio means that 𝑥% of HC polypeptide 

expressed is remaining unassembled, this 𝑥% will be a greater amount of HC in 

absolute terms in a stably expressing cell compared to in a transiently expressing cell. 

This means that the stable expression of this LC:HC ratio is more likely to lead to UPR 

induction. Therefore, in a stable expression mode, it may be important to ensure that 

almost all HC polypeptide is assembled into full mAb structures by expressing LC in 

excess of HC. This may prevent UPR induction and thus ultimately ensure greater mAb 

expression titres. This idea is summarised in figure 4.11. 

 

Transient 

HCs 

mAb 

Unassembled 
HC 

Stable 

HCs 

mAb 

Unassembled 
HC 

Unfolded 
protein 
response? 

1:1 LC:HC 
expression 
ratio  

1:1 LC:HC 
expression 
ratio  

Figure 4.11 – Stable expression of balanced LC:HC ratios may be more likely to lead to UPR 

induction than transient expression of the same balanced ratio 

In this example the 1:1 LC:HC expression ratio causes 25% of HC polypeptide expressed to remain 

unassembled. 
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4.3.2 Comparison with a previous study 

Data shown in this chapter revealed vastly different optimal LC:HC transcriptional 

ratios for the two mAbs that were stably expressed. It is unsurprising that the optimal 

transcriptional ratio is mAb-specific: a previous study transiently transfected different 

LC:HC plasmid ratios in CHO and found that the ratios giving highest volumetric titre 

for three different mAb molecules were 9:1, 4:1 and 2.3:1 (Pybus et al., 2014). The 

mAb with an optimal transiently transfected LC:HC plasmid ratio of 9:1 was mAb 2 

used in this chapter. This 9:1 figure is very similar to the 9.3:1 mean LC:HC 

transcriptional ratio that was found to give the highest mean volumetric mAb 2 titre in 

this chapter (given by LC1HC2 stable pools). 

 Although the results from Pybus et al support the mAb 2 stable expression 

results acquired here, the beneficial effect on titre of transiently transfecting LC in 

excess of HC that Pybus et al found was not replicated in the mAb 2 transient 

transfections shown in figure 4.4 of this chapter. This is likely due to differences in 

experimental scale and set up. The transfected DNA load in the experiment shown in 

figure 4.4 was ~ 0.4𝜇g/1x106 viable cells while in the experiment performed by Pybus et 

al it was ~ 1.25𝜇g/1x106 viable cells. Moreover, unlike in the experiment shown in 

figure 4.4, Pybus et al used a host cell line that has been engineered for optimal 

transient production by EBNA1-based plasmid retention (Daramola et al., 2014). 

Although plasmid sizes, efficiency of transfection methods and expression vector 

components used would need to be taken into account for a true comparison between 

experiments, it is highly likely based on the use of a substantially higher DNA load and 

an optimised cell line that the amount of HC being expressed in each cell is higher in 

the Pybus et al experiment than in the experiment shown in figure 4.4. This greater HC 

expression in the Pybus et al experiment may mean there is a much greater risk of UPR 

induction, compared to in the experiment in figure 4.4, when expressing LC and HC at a 

relatively balanced ratio. It may therefore be important to express LC in excess of HC in 

the Pybus et al experiment, but not in the figure 4.4 experiment, to avoid UPR induction 

and ensure high levels of productivity. 

 The transient transfections from figure 4.3 and figure 4.4 of this chapter showed 

that transfecting LC in excess of HC caused an increase in HC utilisation efficiency for 

both mAb 1 and mAb 2 (although this did not necessarily lead to increased mAb titre). 

This phenomena was also shown in previous studies - Schlatter et al showed that the 
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efficiency of conversion of HC polypeptide to mAb increased as the amount of LC gene 

transfected was increased around a constant HC transfected gene load (Schlatter et al., 

2005). Furthermore, mathematical modelling of mAb folding and assembly revealed 

that assembly time decreased as the LC:HC ratio increased (Gonzalez et al., 2002). This 

is likely due to an excess of LC polypeptides in the ER ensuring rapid release of HC 

polypeptides from BiP (Vanhove et al., 2001). 

4.3.3 LC/HC synthetic promoters may allow more flexible control over the LC:HC 

transcriptional ratio than hCMV  

qRT-PCR assays performed in this chapter on mAb 1 and mAb 2 stable pools suggest 

that the selective pressure on these pools was, along with the LC/HC promoter 

combination being used, influential over the LC:HC transcriptional ratio achieved. It 

appears that the inherent LC:HC transcriptional ratio encoded by the LC/HC promoter 

combination is pushed by the selective pressure towards a ratio that is closer to optimal 

for the particular mAb being expressed. 

 It may be that because LC and HC synthetic promoters have no overlap in their 

TFRE usage, the LC:HC transcriptional ratios given by synthetic promoter 

combinations are more flexible than those given by two copies of hCMV. One way in 

which two cells that contain the same LC/HC promoter combination could transcribe 

LC and HC at different ratios is if the expression level of key TFs varies between cells. 

For example, a mAb 2-expressing cell that has relatively high expression of TFs driving 

the LC promoter will produce an elevated LC:HC transcriptional ratio and may 

therefore be selected for within the population. In contrast, when hCMV is used to 

transcribe both LC and HC the selection process does not have access to this 

mechanism of altering the LC:HC transcriptional ratio as any alteration in TF 

abundance would affect both promoters equally. It has long been known that CHO cell 

populations are extremely genetically diverse, especially following transfection to create 

a recombinantly-expressing pool (Derouazi et al., 2006; Wurm & Wurm, 2017). 

Although no direct evidence can be found for variation within cell populations in 

expression level of the TFs that drive LC/HC synthetic promoter output, there is no 

reason not to believe that this general genetic diversity would lead to variation in the 

expression of these TF genes.  
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4.3.4 LC/HC synthetic promoters may give greater transfection efficiency than hCMV 

The synthetic promoter sequences used in this chapter for LC and HC gene transcription 

are all shorter in nucleotide length than hCMV. This is not unexpected, since these 

promoters were designed specifically for CHO cell activity by assembly of TFRE 

blocks known to be active in CHO. There is therefore likely to be very little functional 

redundancy in these sequences. Viral promoters like hCMV, on the other hand, have 

evolved to enable infection of a range of host cell types by utilising their different sets 

of expressed TFs (Sinzger et al., 2008). As a result, the hCMV sequence has substantial 

functional redundancy in CHO cells with many TFREs in hCMV known to be inactive 

in CHO (Brown, 2014). The reduction in size of the synthetic promoters compared to 

hCMV will lead to a marginal improvement in transfection efficiency, as plasmid copy 

number per mass of plasmid DNA transfected will be higher.  

4.3.5 hCMV is likely to create greater selective pressure on cell pools than LC/HC synthetic 

promoters 

The data in this chapter show the effect of using hCMV promoters to control LC and 

HC transcription compared to using synthetic promoters to be consistent across stable 

expression of two different mAbs. Specifically, hCMV-containing pools showed slower 

recovery from MSX selection than synthetic promoter-containing pools but had higher 

qP once recovered. This consistent effect may be explained by the impact of LC/HC 

promoters on SV40 promoter activity and therefore the different levels of selective 

pressure on transfected cell populations. The hCMV promoter is known to have 

substantial overlap with the SV40 promoter in the TFREs that they contain, leading to 

competition between the two promoters for binding of TFs within the nucleus. Analysis 

of the SV40 promoter sequence using the TF binding site search tool Matinspector 

found predicted binding sites corresponding to 57 different TF families. Analysis of the 

hCMV promoter sequence found that 33 of these 57 TFRE families were also predicted 

to bind within hCMV. The result of this TF binding competition is a weakening of 

SV40 promoter activity - comparison of co-transfecting an hCMV-driven marker 

alongside an SV40-driven marker against transfecting just the SV40-driven marker 

alone showed that the presence of hCMV reduced SV40 mRNA output by 2.69 to 5.15 

fold (West, 2014). Furthermore, in this experiment hCMV and SV40 promoters were 

co-transfected at a 1:1 copy number ratio. When a mAb expression vector containing 
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two hCMV promoters per SV40 promoter is used, the reduction in SV40 promoter 

activity will likely be even greater.  

 In comparison, the LC/HC synthetic promoters used in this chapter have little 

overlap with the SV40 promoter in TFRE use. Analysis using Matinspector showed that 

of the 57 different TF families predicted to bind within the SV40 promoter, 3 of these 

were predicted to bind within the LC1 promoter and 4 of these were predicted to bind 

within the HC synthetic promoter designs. 

 This reduction in SV40 promoter activity by hCMV but not by LC/HC synthetic 

promoters will lead to more stringent selective pressure on cell pools transfected with 

the hCMV-containing expression vector. In order to reach the threshold level of GS 

expression required to overcome the MSX inhibition and allow cell division, hCMV-

transfected cells will need to have higher GS production capability than LC/HC 

synthetic promoter-transfected cells. This higher GS production capability could come 

from: the vector construct integrating into a highly transcriptionally active genomic site; 

genomic integration of many copies of the vector construct or superior capability in a 

downstream protein production step such as translation. Any of these cellular 

mechanisms of higher GS production capability should extend to higher LC and HC 

production capability. Therefore, the increased selection stringency on hCMV-

transfected pools may explain why they generate higher mean qP than synthetic 

promoter-transfected pools. Additionally, this increased selection stringency is likely to 

explain the slower recovery of hCMV pools from MSX selection, as a smaller 

proportion of the hCMV-transfected cell population will be capable of meeting the 

required GS expression threshold than in the LC/HC synthetic promoter-transfected cell 

population. 
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Chapter 5 

Use of synthetic promoters to control GS transcription 

 

This chapter describes, for the first time, the use of synthetic promoters to control GS 

gene transcription within stably expressing CHO cell pools. GS synthetic promoters 

were designed to be less transcriptionally active than the conventionally-used SV40 

promoter and were utilised in the generation of stable pools expressing a mAb 

molecule. Stable pools containing the GS synthetic promoter SynSV40_2 alongside 

synthetic promoters to control LC/HC transcription showed improved qP compared to 

those containing SV40 promoters alongside the same LC/HC synthetic promoters. 

Results within this chapter also indicate that transfected cell populations may be 

capable of adapting to MSX inhibition through mechanisms other than high vector-

derived GS expression. qRT-PCR assays were performed and results suggest that one of 

these mechanisms may be upregulation in expression of the endogenous CHO host cell 

GS gene. 

 

5.1 Introduction 

Ensuring highly stringent selective pressure on stably transfected cell populations can 

be an effective way of enriching this population with cells that have high level 

expression from the vector construct. If very high expression of a vector-derived 

selection marker gene is required in order for a transfected cell to survive and divide in 

culture then the expression level of the recombinant product genes, such as mAb LC 

and HC genes, should also be very high. Any genetic event that might ensure high 

selection marker expression, such as incorporation of the vector construct into a 

transcriptionally active genomic site or incorporation of many vector copies into the 

genome, would extend to high recombinant product gene expression and therefore high 

qP. There has therefore been considerable research focus on the development of 

methods to increase selection stringency on stably transfected CHO cell populations. 

 One factor that will influence the stringency of selection on transfected cell 

populations is the level of endogenous selection marker gene expression. For example 

with the GS/MSX selection system, the contribution of any endogenous host cell GS 
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expression will reduce the level of vector-derived GS expression required to overcome 

the MSX inhibition. To this end, biallelic GS-KO cell lines have been developed to 

ensure that the requirement for vector-derived expression is greater (Fan et al., 2012).  

 Various vector engineering approaches have been taken to try to increase 

selection stringency by restricting the expression of functional selection marker protein. 

For example one study codon de-optimised the DHFR selection marker gene so that it 

was translated less efficiently in CHO, resulting in greater recombinant product titres 

(Westwood et al., 2010). However another study found that codon-deoptimising the 

DHFR gene did not lead to a reduction in DHFR protein, with the authors speculating 

that cell populations had adapted by altering tRNA expression levels such that the 

transcript was translated with high efficiency again, reversing the effect of the codon 

deoptimisation (Chin et al., 2015). Another approach taken has been to introduce 

destabilising motifs such as PEST domains and AU-rich elements to ensure quicker 

degradation of selection marker protein and mRNA respectively (Chin et al., 2015; Ng 

et al., 2007). Both of these destabilising motifs were successfully shown to increase 

product titres when introduced into DHFR genes. Single amino acid mutations that 

reduce selection marker protein activity, including in GS and the NPT selection marker, 

have also been effective at increasing recombinant product titre of transfectants (Lin et 

al., 2019; Sautter & Enenkel, 2005).  

 Attempts have also been made to increase selection stringency on transfected 

CHO populations by weakening the transcriptional activity of the SV40 promoter 

driving GS transcription (Fan et al., 2013). A series of mutant SV40 promoters were 

created by Fan et al through the deletion of 5’ portions of the wild type promoter. 

Controlling GS transcription with these mutant SV40 promoters led to improvement in 

recombinant product titres.  

 Although these crude methods of weakening functional selection marker protein 

expression have been successful in increasing product titres, a technology that enables 

the precise manipulation of selection marker expression may allow identification of the 

optimal level that fully maximises recombinant product titre. The design of synthetic 

promoters to control selection marker gene transcription may be capable of meeting this 

requirement. Use of a synthetic promoter in place of the conventional SV40 promoter 

also has the added benefit of being likely to marginally reduce expression vector size 

and thereby increase transfection efficiency.  

             In this chapter, synthetic promoters were used for the first time to control GS 
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selection marker gene transcription in stably expressing CHO cell pools. Adaptation of 

mAb-expressing stable pools to a range of MSX concentrations was first carried out to 

understand how these different levels of selection stringency would affect mAb 

productivity. Synthetic promoters (the design of which is described in chapter 3) 

predicted to be less transcriptionally active than the SV40 promoter were used to control 

GS transcription. Expression vectors containing these promoters were transfected into 

CHO host cells to generate mAb-expressing stable pools. One GS synthetic promoter, 

named SynSV40_2, was shown to increase qP of stable pools compared to the SV40 

promoter but only when combined with LC/HC synthetic promoters. Interestingly, 

results within this chapter also indicate that transfected cell populations may be capable 

of adapting to MSX inhibition by mechanisms other than high vector-derived GS 

expression and qRT-PCR assays performed suggest that one of these mechanisms may 

be upregulation in expression of the endogenous CHO host cell GS gene. 

5.2 Results 

5.2.1 Adaptation of mAb 1-expressing stable pools to greater concentrations of MSX 

hCMV promoter-containing mAb 1 stable pools displayed a significantly greater mean 

qP and a reduced mean IVCD compared to LC/HC synthetic promoter-containing mAb 

1 stable pools (figure 4.6). The perceived explanation for this, as discussed in chapter 4, 

is the increased selective pressure on hCMV pools compared to LC/HC synthetic 

promoter-containing pools due to hCMV-SV40 TF binding competition weakening GS 

selection marker transcription. Experiments were therefore carried out that attempted to 

increase the level of selective pressure on LC/HC synthetic promoter-containing pools. 

It was hypothesised that increasing selective pressure on these pools may improve their 

qP, albeit possibly reduce their growth rate. 

 One method of increasing the selective pressure on cell populations that have 

been transfected with a vector containing the GS selection marker is to increase MSX 

concentration in culture media. Only cells expressing enough GS enzyme to overcome 

the MSX inhibition will be capable of dividing. The two most productive triplicate sets 

of mAb 1 stable pools, containing hCMV and LC1HC1 promoters for LC/HC 

transcription, were seeded into culture media containing MSX at concentrations of 

50𝜇M, 75𝜇M, 100𝜇M and 125𝜇M. The VCD of these cultures was monitored over 7 

days in order to observe differences in rate of outgrowth. These different rates of 
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outgrowth are representative of different levels of selective pressure - a more stringent 

selective pressure means a smaller proportion of the cell population is capable of 

dividing and therefore outgrowth is slower. The mean 7 day IVCD of stable pools 

cultured in different MSX concentrations is shown in figure 5.1. 

             There are two conclusions from the data shown in figure 5.1. Firstly, stable 

pools containing the LC1HC1 LC/HC promoter combination were more easily able to 

divide in the presence of increased MSX concentrations compared to hCMV stable 

pools. At each MSX concentration, the LC1HC1 pools gave a higher mean IVCD than 

the corresponding hCMV pools (two-tailed Students t-test P values of 0.016, 0.18, 0.14 

and 0.06 for the 50𝜇M, 75𝜇M, 100𝜇M and 125𝜇M comparisons respectively). 

Secondly, there is a negative overall correlation between MSX concentration and mean 

IVCD, with the hCMV 50𝜇M MSX pools being the only condition not conforming to 

this trend. This indicates that greater MSX concentrations successfully created more 

stringent selective pressure. 

 The cultures shown in figure 5.1 were then passaged a further four times in 

culture media containing the different concentrations of MSX to ensure that cell 

populations were fully adapted. Following thorough adaptation of cell pools to these 

different levels of selective pressure they then went into 11 day fed batch overgrow 

cultures (FBOG) to assess their mAb productivity (figure 5.2). 

            The data in figure 5.2 show that there is a positive correlation between the level 

of selective pressure applied to these pools and their mean qP. A Pearson correlation 

test was run with the X variable being mean 7 day IVCD values of pools in response to 

different MSX concentrations in culture media (figure 5.1 - a representation of differing 

levels of selective pressure) and the Y variable being mean FBOG qP (figure 5.2). This 

test revealed a statistically significant correlation with an r value of -0.89 (P<0.01). 

Conversely, the data in figure 5.2 show that there is a negative correlation between the 

level of selective pressure applied to these pools and their mean IVCD. The contrasting 

effects of increased MSX concentration on qP and IVCD result in mean volumetric 

titres that are not significantly different among pools containing the same LC/HC 

promoter combinations but adapted to different MSX concentrations.  
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LC/HC promoter combination and MSX 
concentration 

Figure 5.1 – Adaptation of stable pools to greater MSX concentrations increases the 

stringency of selective pressure on them 

Cell pools stably expressing mAb 1 through either LC1HC1 or hCMV LC/HC promoter 

combinations were seeded in to culture media containing MSX at concentrations of 50µM, 

75µM, 100µM or 125µM. VCD of cultures was then measured at different time points up to 7 

days post seed in order to assess the different rates of outgrowth/different levels of selective 

pressure. Bars represent the mean day 7 IVCD for 3 pools per LC/HC promoter combination and 

MSX concentration. Error bars represent standard error of the mean. 
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Figure 5.2 – Effect of adaptation of stable pools to greater MSX concentrations on mAb 

productivity and IVCD 

Cell pools stably expressing mAb 1 through either LC1HC1 or hCMV LC/HC promoter combinations 

were adapted to MSX concentrations of 50µM, 75µM, 100µM or 125µM and then went in to 11 day fed 

batch overgrow cultures. A) shows the volumetric mAb titre generated from pools; (B) shows the cell 

specific productivity (qP) of pools and (C) shows the integral of viable cell density (IVCD) of pools 

across the 11 day culture period. Bars represent the mean of three pools per LC/HC promoter 

combination and MSX concentration. Error bars represent standard error of the mean. 
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5.2.2 Effect of GS synthetic promoters on mAb 1 stable pool generation 

In the experiments described above, the selective pressure on stably expressing cell 

pools was made more stringent by increasing the concentration of MSX in culture 

media. However, the use of synthetic promoters to replace the SV40 promoter in 

controlling GS gene transcription may be a more elegant way of increasing selective 

pressure on cell pools. GS synthetic promoters (the design of which is described in 

chapter 3) were therefore tested for their effect on stable mAb expression characteristics 

including the rate of outgrowth of expressing cells and mAb productivity. Synthetic 

proximal promoters were cloned directly upstream of CMV core sequences and these 

promoters were used to control GS gene transcription in mAb 1 stable expression 

vectors. These vectors were tested against a conventional mAb 1 stable expression 

vector containing an SV40 promoter to control GS gene transcription. hCMV promoters 

were used to control mAb 1 LC and HC transcription in all vectors to ensure that solely 

the effect of varying GS transcription levels was being tested. To generate stably 

expressing pools using these expression vectors, CHO host cells were transfected and 

50𝜇M MSX was added to transfected cultures 24 hours later. The recovery of pools 

from transfection and MSX selection was monitored (figure 5.3). 

           The data in figure 5.3 show a clear difference in the recovery rate of SV40 

promoter-containing pools compared to pools containing GS synthetic promoters, with 

the former recovering much more rapidly than the latter. The slower recovery of GS 

synthetic promoter-containing pools suggests that these promoters did indeed create 

increased selection stringency on cell populations compared to the SV40 promoter.  

 Following recovery of transfected cell pools from MSX selection they then went 

into 11 day FBOG cultures to assess their mAb productivity (figure 5.4). The data in 

figure 5.4 show that the increased selection stringency conferred by the GS synthetic 

promoters did not lead to increased mAb productivity of pools. All three SV40 

promoter-containing pools produced higher volumetric titres than any of the GS 

synthetic promoter-containing pools. There is substantial variation in volumetric titres 

even among pools generated with the same expression vector, which is why the data are 

displayed as one bar per pool rather than displaying the mean value for each expression 

vector. GS synthetic promoter pools that were relatively productive compared to the 

others (GS2 pool 1 and 3; GS4 pool 1 and GS5 pool 2) may contain a heterogenous 

mixture of subpopulations that have undergone the expected adaptation to the selective  
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Figure 5.4 – Effect of GS synthetic promoters on mAb productivity and IVCD of mAb 1-expressing 

pools 

CHO pools that had been transfected with GS synthetic promoter-containing mAb 1 expression vectors and 

selected using MSX went in to 11 day fed batch overgrow cultures. A) shows the volumetric mAb titre 

generated from pools transfected with each vector; (B) shows the cell specific productivity (qP) of pools 

transfected with each vector and (C) shows the integral of viable cell density (IVCD) across the 11 day 

culture period for pools transfected with each vector. Each bar represents an individually transfected pool.   
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pressure, i.e. upregulation of vector-derived GS expression and subpopulations that 

have instead undergone some alternative adaptation. Calculation of qP and IVCD 

generated by each stable pool reveals that differences in volumetric titre are mostly 

explained by differences in qP.  

5.2.3 Endogenous GS mRNA levels in GS synthetic promoter-containing stable pools 

The data in figures 5.3 and 5.4 show that, while GS synthetic promoter-containing pools 

were capable of recovering from the MSX selection, this adaptation did not appear to 

have come from the expected mechanism of upregulating vector-derived GS expression 

(along with LC and HC gene expression). It may be that these GS synthetic promoters 

were so transcriptionally inactive that transfected cells were unable to overcome MSX 

inhibition from vector-derived GS expression, regardless of how transcriptionally active 

genomic integration sites were or how many vector copies were integrated. This 

therefore suggests that the cell populations transfected with GS synthetic promoter 

vectors may have undergone an alternative adaptation to the MSX selection. 

Furthermore, the negative control water transfected cell pool was seemingly starting to 

recover towards the end of the culture period in figure 5.3 and this may also be 

indicative of possible alternative adaptations. An obvious alternative adaptation might 

be upregulation of expression of the endogenous host cell GS gene. 

 In order to examine the endogenous GS mRNA levels in GS synthetic promoter-

containing pools, qRT-PCR assays were performed. RNA was extracted from stable 

pools and reverse transcribed into cDNA and these cDNA samples were used in qRT-

PCR assays. The ΔΔCT method was used to calculate fold changes in endogenous GS 

mRNA levels relative to the pool that produced the highest volumetric mAb titre - SV40 

pool 3. The TaqMan probes used in this assay were shown to selectively amplify 

endogenous GS cDNA but not the vector-derived GS cDNA. Appendix figure A7 

shows amplification of a serial dilution of cDNA generated from untransfected CHO 

host cell RNA with almost perfect linearity. The same TaqMan probes were unable to 

amplify a serial dilution of a linearised plasmid containing the selection marker GS gene 

(data not shown). The different endogenous GS mRNA levels of individual pools are 

shown in figure 5.5. Sufficient quantities of RNA could not be extracted from GS1 pool 

1 and GS6 pool 1 and so qRT-PCR assays could not be run for these pools. 

           The data in figure 5.5 show that, similarly to the titre results displayed in figure   
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Figure 5.5 – Endogenous GS mRNA levels from GS synthetic promoter-containing stable 

pools 

RNA was extracted from stably expressing cell pools generated using expression vectors 

containing GS synthetic promoters. RNA was reverse transcribed in to cDNA and qRT-PCR was 

run on cDNA samples. The ΔΔCT method was used to calculate fold change relative to the 

SV40 pool 3 sample. Each bar represents an individually transfected pool.   
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5.4, there is substantial variation between pools in endogenous GS mRNA levels, even 

among pools generated using the same expression vector. The recovery of some pools 

from MSX selection is perhaps explained by an upregulation in endogenous GS 

expression. For example GS3 pool 2 showed very low mAb productivity (figure 5.4) 

which is indicative of low vector-derived GS expression but showed extremely high 

endogenous GS mRNA levels, the highest of any stable pool. Conversely, the recovery 

of some pools from MSX selection can not be explained by an upregulation in 

endogenous GS expression. For example, GS2 pool 2 showed low mAb productivity but 

also has low endogenous GS mRNA levels, the lowest of any GS synthetic promoter-

containing pool. Pools such as these must have made an alternative adaptation to 

expressing high amounts of either vector-derived or endogenous GS. 

 It is interesting to note that SV40 pool 2 displayed much lower mAb 

productivity than the other two SV40 promoter-containing pools and also had much 

higher endogenous GS mRNA levels. This may suggest that upregulation of 

endogenous GS expression can occur as an alternative adaptation to high vector-derived 

GS expression even in conventional pools containing SV40 promoters to drive GS 

transcription. These results may advocate the use of GS-KO CHO host cell lines, as the 

lack of an endogenous GS gene would improve the fidelity of the GS/MSX selection 

system. 

5.2.4 Effect of ‘synthetic SV40’ promoters and LC/HC synthetic promoters on mAb 1 stable 

pool generation 

The use of the GS synthetic promoters described above in stable pool creation led to 

increased selection stringency on transfected cell pools but this did not lead to improved 

mAb productivity, likely due to these promoters being too weak. The TFRE ‘building 

block’ design strategy was therefore ineffective in this instance. An alternative design 

strategy (described in detail in chapter 3) was then used to try and create synthetic GS 

promoters that gave a more effective level of selection stringency that would lead to 

increased mAb productivity. This alternative strategy involved the assembly of TFRE 

blocks identified to be providing the bulk of SV40 promoter transcriptional activity in 

CHO cells. Through this strategy, two ‘synthetic SV40’ promoters were created, named 

SynSV40_1 and SynSV40_2. These promoters were designed to function as synthetic, 

attenuated and minimal versions of the SV40 promoter. 

                SynSV40_1 and SynSV40_2 were tested alongside synthetic promoters to 
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control LC and HC transcription for their effect on stable mAb expression 

characteristics, including the rate of outgrowth of expressing cells and mAb 

productivity. SynSV40_1 and SynSV40_2 proximal promoters were cloned directly 

upstream of CMV core sequences and these promoters were used to control GS gene 

transcription in mAb 1 stable expression vectors. In some expression vectors mAb 1 LC 

and HC transcription was controlled by the LC1HC1 synthetic promoter combination, 

which was shown to give the highest mean mAb 1 titre in figure 4.6. In other expression 

vectors mAb 1 LC and HC transcription was controlled by a synthetic promoter known 

as 100RPU1, which was developed in a previous study and was shown to be very 

transcriptionally active (Brown et al., 2017). Conventional SV40 and hCMV promoters 

were also used to drive GS and LC/HC transcription respectively in some expression 

vectors to allow comparison with synthetic promoter alternatives. Nine different stable 

expression vectors were therefore used in this experiment. To generate stably expressing 

pools using these nine vectors, CHO host cells were transfected and 50𝜇M MSX was 

added to transfected cultures 24 hours later. The recovery of pools from transfection and 

MSX selection was monitored (figure 5.6). 

            The data in figure 5.6 show that all three SV40 promoter-containing pools 

recovered more quickly than all of the pools containing either SynSV40_1 or 

SynSV40_2 controlling GS transcription. This indicates that these synthetic promoters 

were successful in creating more stringent selective pressure on cell populations. 

However, the data do not show that SynSV40_2 conferred a greater selection stringency 

than SynSV40_1 despite being designed to be less transcriptionally active. Of the three 

cell pools transfected with the expression vector SynSV40_1 CMV only one pool fully 

recovered. Since the recovery rate of the other two pools was behind that of the negative 

control water transfected pool, these other two pools were not taken forward into further 

experiments.  

           Following recovery of transfected cell pools from MSX selection they then went 

into 11 day FBOG cultures to assess their mAb productivity (figure 5.7). The data in 

figure 5.7 show that there is an increase in mean qP when SynSV40_2 is used alongside 

either 100RPU1 or LC1HC1 compared to when the SV40 promoter is used alongside 

these LC/HC synthetic promoters (two-tailed Students t-test P values of 0.044 and 0.29 

for the 100RPU1 and LC1HC1 comparisons respectively). Conversely, SynSV40_2 

caused a reduction in IVCD when combined with 100RPU1 or LC1HC1 compared to 

when the SV40 promoter was combined with these LC/HC synthetic promoters.  
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Figure 5.7 – Effect of GS/LC/HC synthetic promoters on mAb productivity and IVCD of mAb 1-

expressing pools 

CHO pools that had been transfected with mAb 1 expression vectors containing either SV40, 

SynSV40_1 or SynSV40_2 promoters to control GS transcription and either hCMV, 100RPU1 or 

LC1HC1 promoters to control LC and HC transcription were selected using MSX and then went in to 

11 day fed batch overgrow cultures. A) shows the volumetric mAb titre generated from pools 

transfected with each vector; (B) shows the cell specific productivity (qP) of pools transfected with 

each vector and (C) shows the integral of viable cell density (IVCD) across the 11 day culture period 

for pools transfected with each vector. Bars represent the mean of two (SynSV40_1 100RPU1) or 

three separately transfected pools per vector, except for SynSV40_1 hCMV for which only one of the 

three pools recovered from MSX selection. Error bars represent standard error of the mean. 
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SynSV40_2 100RPU1 generated a 1.5-fold increase in mean volumetric titre compared 

to SV40 100RPU1 (two-tailed Students t-test P value of 0.21). SynSV40_2 LC1HC1 

produced a very similar mean volumetric titre to SV40 LC1HC1. Producing more or a 

similar overall amount of mAb with a lower cell density is highly desirable due to the 

reduction in cell-derived impurities such as host cell protein that must be purified out in 

downstream processing steps.   

  Neither SynSV40_1 or SynSV40_2 had a positive effect on mAb 1 production 

when combined with hCMV, with both producing lower mean qP, lower mean IVCD 

and lower mean volumetric titre compared to when SV40 was combined with hCMV. 

Given that hCMV reduces SV40 promoter transcriptional output considerably due to 

transcription factor binding competition (as explained in detail in subsection 3.2.2) and 

that SynSV40_1/2 promoters are simply attenuated versions of SV40 that were 

constructed from the same key TFRE blocks, it is likely that hCMV further reduces 

transcriptional output from SynSV40_1/2 due to transcription factor binding 

competition. This may mean that when combined with hCMV for control of LC/HC 

transcription, SynSV40_1/2 are too transcriptionally inactive for transfected cell 

populations to adapt to MSX selection via high level vector-derived expression. Indeed, 

two of the three SynSV40_1 hCMV-transfected cell pools were not able to adapt to the 

MSX selection at all. 

5.3 Discussion 

This chapter describes the use of synthetic promoters to control transcription of the GS 

selection marker gene in stably expressing CHO cells. The results presented in this 

chapter have shown that increasing selection stringency on transfected cell populations 

can lead to increased qP at the cost of reduced IVCD. Crucially, this was shown to be 

possible via a synthetic GS promoter. When compared to the SV40 promoter, 

SynSV40_2 created more stringent selective pressure and this led to elevated qP and 

either equal or greater overall titre when combined with synthetic promoters for the 

control of LC and HC transcription. Even a relative increase in qP that leads to the same 

amount of mAb being produced from a smaller cell density is a hugely beneficial 

outcome due to a reduction in burden on downstream purification processes. 

Downstream processing is estimated to account for up to 80% of total mAb production 

cost (Goey et al., 2018). In particular, cell-derived impurities such as host cell protein 

can be challenging and costly to remove from CHO cell culture supernatant. Any 
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innovation that can reduce the amount of cell-derived impurities produced is therefore 

highly cost-effective. Finally, results within this chapter showed that if stringency of the 

GS/MSX selection system is increased too far then alternative, non-productive 

adaptations can be made by cell populations instead of adapting via high level vector-

derived expression. 

 Recent studies in which stably expressing CHO cells have been adapted to 

different MSX concentrations are supportive of the results from similar experiments 

presented within this chapter. In one study, mAb-expressing CHO-K1 derived clones 

were selected at 0, 25 and 50µM MSX and those selected at 50µM showed the highest 

qP but the lowest growth rate (Noh et al., 2018). Another study adapted three cell lines 

each expressing different mAbs to MSX concentrations of 6.25µM, 25µM and, for one 

of the three cell lines, 75µM before seeding these cells into 14 day fed batch bioreactor 

cultures (Tian et al., 2020). The results showed that across all three cell lines adaptation 

to higher MSX concentrations led to greater qP. VCD was monitored throughout culture 

for one of the three cell lines and it was shown that adaptation to 25µM MSX created a 

slight reduction in IVCD compared with adaptation to 6.25µM MSX. Results presented 

in this chapter support this general trend whereby increasing selection stringency 

through culturing stably expressing cells in greater MSX concentrations causes an 

increase in qP but a reduction in IVCD and show that this trend continues at even 

greater MSX concentrations (50µM, 75µM, 100µM and 125µM).   

 Use of the initial round of six GS synthetic promoters in stable pool generation 

showed that they were successful in creating more stringent selective pressure but this 

did not lead to increased mAb productivity. It is likely that these promoters were too 

weak to enable the expected adaptation to occur - the upregulation of vector-derived GS 

expression to a threshold level that overcame the MSX inhibition. This might suggest 

that use of the TFRE ‘building block’ design strategy was on this occasion ineffective at 

these very low levels of transcriptional output. These promoters were constructed from 

TFRE blocks that had shown low level activity in homotypic constructs previously but 

had not been tested in heterotypic constructs (Johari et al., 2019). Although generally 

the activity level displayed by a TFRE in a homotypic construct is indicative of how it 

will perform in a heterotypic construct, occasionally this is not the case (Brown et al., 

2017). One potential explanation for these exceptions is that some TFs form 

homodimers or multimers and these may bind to concatenated TFRE blocks within a 

homotypic construct but when that TFRE is flanked by different TFREs within a 



93 
 

heterotypic architecture this TF dimer or multimer may no longer bind. For example the 

TF STAT3, for which the corresponding TFRE is a key building block in these GS 

synthetic promoter designs, is known to form both homodimers and homotetramers and 

these tetramers have been shown to bind closely spaced sites within promoters (Hu et 

al., 2015; Sgrignani et al., 2018). 

 The finding that increasing stringency of the GS/MSX selection system too far 

can cause alternative, non-productive adaptations to be made has also been shown with 

the DHFR/methotrexate (MTX) selection system (Kim et al., 2001). Kim and 

colleagues found that when 23 clones were isolated from a stably expressing CHO pool 

and subjected in parallel to selection with a high concentration of MTX, only 1/23 

clones experienced an increase in qP. The main alternative adaptation made here was 

shown to be an impairment in MTX cell surface transport while another study found 

that CHO cells can also adapt to produce DHFR with reduced MTX affinity when under 

MTX selective pressure (Flintoff & Essani, 1980). Results in this chapter show that the 

adaptation of some transfected cell pools to highly stringent MSX selection can not be 

explained by either high vector-derived expression or upregulation in expression level 

of the endogenous GS gene. Therefore it may be that similar alternative adaptations to 

those shown with the DHFR/MTX system could also be possible with the GS/MSX 

selection system. Investigation of these alternative adaptations would require molecular 

level interrogation.  
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Chapter 6 

High-throughput screening of genes acting within the ER for their 
effect on mAb production 

 

In this chapter high-throughput transient transfections were performed to screen genes 

acting within the ER for their effect on mAb production. Genes mostly from the PDI and 

ERdj families as well as others that are functionally related such as Ero1, PRDX4, FICD 

and pERP1 were transfected into CHO cells stably expressing two different mAbs. 

Transfection of pERP1 was found to consistently increase the qP of cells producing both 

mAbs without decreasing growth rate. pERP1 therefore represents a novel target for 

CHO host cell engineering. 

 

6.1 Introduction  

Disulphide bonds are a type of covalent bond that are integral to the structure of many 

proteins (Wiedemann et al., 2020). These disulphide bonds form between sulfhydryl 

(SH) groups of cysteine amino acid residues through oxidation reactions. IgG mAb 

molecules contain an internal disulphide bond within each domain of the antibody as 

well as a set of disulphide bonds connecting the two HCs (known as the hinge region) 

and a single disulphide bond joins the LC CL domain with the HC CH1 domain (Liu & 

May, 2012). In mammalian cells, the process of disulphide bond formation is catalysed 

by the PDI family of enzymes within the ER (Ellgaard & Ruddock, 2005). 

           Chapter 4 of this manuscript was centred around the expression of IgG LC and 

HC polypeptides at different ratios in order to find the ratio at which mAb productivity 

was optimised. As explained in introductory subsection 4.1 of chapter 4, for some 

antibodies it is important to express LC in excess of HC to ensure frequent LC-HC 

binding events and release of BiP from the CH1 domain of the HC, thus preventing UPR 

induction and ensuring mAb titres are high. An alternative approach to try and ensure 

frequent LC-HC binding events is to overexpress the ER machinery involved in the 

joining of LC and HC, i.e. PDI enzymes. 

           Overexpression of PDI family members in CHO has been shown previously to 

have beneficial effects on mAb productivity (Cartwright et al., 2020). However, PDI 

family members will vary in their substrate binding properties (Ellgaard & Ruddock, 
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2005). Different PDI family members have been demonstrated to be capable of 

interacting with IgG HC substrates (Jessop et al., 2009). Moreover, the level of 

enzymatic activity may vary between different PDI enzymes. For example PDI (P4HB) 

has two active sites, whereas PDIA4 (ERp72) and TXNDC5 (ERp46) have three and so 

may be expected to catalyse more disulphide bond formation per single copy of the 

enzyme (Ellgaard & Ruddock, 2005). Taken together, these findings justify a 

comprehensive comparison of a range of PDI family members for their effect on mAb 

production. 

 

           In order for PDI enzymes to catalyse disulphide bond formation, the CXXC 

active site motif of this PDI enzyme must itself be oxidised. The expression level of 

other ER-localised enzymes that control the redox state of PDIs (the ratio of oxidised 

and reduced active sites) is therefore an important consideration. Ero1 has long been 

known to oxidise PDI enzymes and this oxidation event transfers two electrons from 

reduced PDIs to molecular oxygen, creating hydrogen peroxide (H202) as a by-product 

(Appenzeller-Herzog & Ellgaard, 2008). There is evidence for Ero1-mediated oxidation 

Figure 6.1 – Redox regulation of PDI enzymes by Ero1 and PRDX4 

Ero1 will oxidise reduced PDI enzymes, transferring two electrons to molecular oxygen in the process and 

creating hydrogen peroxide (H2O2) as a by-product. Reduced PRDX4 is oxidised by the transfer of two 

electrons to hydrogen peroxide, generating water as a by-product, and this oxidised PRDX4 can then 

oxidise PDIs. 
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of PDI family members PDIA3 (ERp57), PDI, PDIA6 (P5) and TXNDC5 (Jessop et al., 

2009). In addition to Ero1, another enzyme known as PRDX4 was later discovered to be 

capable of oxidising PDIs (Zito et al., 2010). Reduced PRDX4 is oxidised by the 

transfer of two electrons to hydrogen peroxide, generating water as a by-product, and 

this oxidised PRDX4 can then oxidise PDIs. In a cell that is expressing both Ero1 and 

PRDX4 at sufficient levels, there is therefore a positive feedback loop created whereby 

PDIs can be oxidised twice for every molecular oxygen molecule that is eventually 

converted to water via hydrogen peroxide. This positive feedback loop is illustrated in 

figure 6.1. PDI genes were therefore screened alongside Ero1, PRDX4 and both in this 

chapter. 

         The gene pERP1 (MZB1) is hugely upregulated in expression during 

differentiation of B cells into antibody-producing plasma cells, more so than all of the 

PDI variants and key ER-localised folding chaperones such as BiP (van Anken et al., 

2009). pERP1 is not expressed in CHO cells and is limited only to lymphocyte 

expression. Interestingly, pERP1 expression was shown to trigger formation of the 

internal disulphide bond within the CH1 domain of an IgG HC without LC expression in 

the mouse plasmacytoma cell line Ag8 (Shimizu et al., 2009). Normally, LC expression 

is required to release BiP binding from the CH1 domain so that this internal disulphide 

bond can form (Vanhove et al., 2001). This led to the theory that perhaps pERP1 is a 

novel chaperone that functions to help trigger BiP release from Ig domains and thus 

enable folding and internal disulphide bond formation to occur. Knockout of pERP1 

expression in mouse models caused impaired antibody secretion from plasma cells 

(Rosenbaum et al., 2014). pERP1 is not a PDI family member and was recently 

identified to belong to the CNPY group of proteins based on sequence/structural 

similarity (Schildknegt et al., 2019). Nevertheless, pERP1 was screened in this chapter 

alongside PDI proteins due to its perceived function being broadly similar, i.e. 

involvement in ER-localised events that cause BiP to be released from HCs. 

           The ERdj family of genes were also screened within this chapter for their effect 

on mAb production. The general function of this family of genes is to regulate the 

various activities of BiP within the ER. Overexpression of ERdj genes in CHO cells has 

been shown previously to increase mAb titres (Swindley, 2021). Different ERdj genes 

regulate BiP in different ways. For instance ERdj1 and ERdj2 are integral ER 

membrane proteins that, through interactions with both ribosomes and BiP, serve to 

regulate translation and translocation in a BiP-dependent manner, ensuring BiP is 
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available to engage nascent polypeptide chains as they enter the ER. Other ERdj family 

members, on the other hand, interact directly with unfolded polypeptides within the ER 

lumen through their substrate binding domains and transfer these substrates to BiP 

(Pobre et al., 2019). In addition to ERdj family members, the enzyme FICD is also 

capable of modulating BiP activity through post translational modification (PTM). 

Under conditions of low demand, FICD AMPylates BiP. AMPylation is a PTM that 

maintains BiP in its ATP-bound form, which has low affinity for substrates. FICD is 

also reported to be capable of de-AMPylating BiP when demand for BiP increases, i.e. 

when there is a lot of unfolded polypeptide within the ER (Preissler et al., 2017). The 

de-AMPylation of BiP enables ATP hydrolysis to occur, converting BiP to its ADP-

bound form which has high affinity for substrates. FICD was therefore screened 

alongside ERdj genes for its effect on mAb production. 

           In this chapter, PDI family genes and pERP1 were screened by high-throughput 

transient transfection both individually and in combination with Ero1, PRDX4 or both. 

These effector genes/effector gene combinations were transfected into a CHO clonal 

cell line stably expressing a mAb referred to as mAb 3 as well as a CHO cell pool stably 

expressing mAb 1. ERdj family genes and FICD were also screened by high-throughput 

transient transfection into the mAb 3-expressing CHO clonal cell line. Results showed 

pERP1 to consistently and robustly increase the qP of cells producing both mAbs 

without reducing their growth rate. 

6.2 Results 

Human protein coding versions of the genes listed in table 6.1 were screened by 

transient expression within this chapter for their effect on mAb production. These 

human protein coding sequences were taken from the CCDS project 

(https://www.ncbi.nlm.nih.gov/projects/CCDS/CcdsBrowse.cgi). The PDI family 

member PDIA3 was set to be included within the PDI gene screens but had to be 

discarded due to consistently inadequate plasmid yields from E.coli culture. This may 

suggest that the gene sequence was in some way toxic to the E.coli.     

           The 96 well Nucleocuvette plate form of Nucleofection (Lonza) was used 

throughout this chapter as the method of transient transfection. Importantly, this high-

throughput method was shown in figure 4.1 (described in subsection 4.2.1.1), through 

transient transfection of a GFP plasmid into a CHO host cell line, to generate high 

transfection efficiency within 24 hours that was very consistent across an entire plate. 

https://www.ncbi.nlm.nih.gov/projects/CCDS/CcdsBrowse.cgi
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Nunc 96 deep well plates (ThermoFisher) were also used throughout this chapter for 

culture of transfected cells. It was shown in figure 4.2 (described in subsection 4.2.1.2) 

that cell growth within these plates following transfection by the 96 well Nucleocuvette 

plate method was highly consistent from well-to-well. Taken together, these results 

ensured that when performing high-throughput gene screen experiments there would be 

no plate location-specific biases introduced, for example genes being transfected more 

efficiently or transfected cells dividing more easily in the middle of plate rows than the 

edges or vice versa.  

           An “empty” plasmid vector that did not code for a transgene was used 

throughout this chapter as a control to which the effect of transgene expression could be 

compared. To create this empty plasmid vector, an effector gene plasmid was digested 

with a single restriction enzyme that had recognition sites flanking the effector gene 

expression unit and the resulting backbone fragment was then self-ligated. The sequence 

of the empty vector therefore matches the backbone sequence of the effector gene 

vectors.  

 

Table 6.1 - Effector genes screened by transient transfection within this chapter 
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6.2.1 Effect of transient expression of PDI family and related genes on mAb 3 production 

Genes from the PDI family, as well as related genes acting within the ER such as 

pERP1, Ero1α (referred to as Ero1 herein) and PRDX4 were screened for their effect on 

production of a mAb molecule referred to herein as mAb 3. To perform this screen, 

effector genes were transiently transfected via Nucleofection into a CHO cell clone 

stably expressing mAb 3. Transfected cell populations were cultured for 5 days before 

supernatant was harvested for mAb titre analysis. Viable cell density measurements 

were taken on days 0, 3 and 5 of culture. Figure 6.2 shows the effect of these genes on 

mAb productivity and cell division. 

            The data in figure 6.2 show that none of the eight effector genes increased 

volumetric mAb titre compared to transfection of the empty vector control. These 

differences in volumetric mAb titre are largely controlled by differences in IVCD of the 

different transfectants, as can be seen from bar chart B. Differences in IVCD are in turn 

largely controlled by differences in the day 0 VCD (bar chart C). These day 0 VCD 

measurements were taken immediately post transfection. Differences in day 0 % 

viability are similar to these differences in day 0 VCD, with variation among triplicate 

sets being similarly as tight (data not shown). This indicates that the different effector 

genes had varying levels of cell toxicity upon transfection. Transfection of the empty 

vector and PDI had the least toxic effect and these transfectants produced the highest 

mean volumetric titres while transfection of pERP1 was the most toxic and pERP1 

transfectants had the lowest mean volumetric titre. 

           In order to assess growth rate while normalising for these variations in starting 

VCD, the effect of these genes on doubling time of cells was calculated (bar chart D). 

Mean doubling times were relatively consistent across cells transfected with the 

different effector genes. pERP1 transfected cells had the lowest mean doubling time 

although this was not statistically significantly lower than that of the empty vector 

control (two-tailed Students t-test P value = 0.14).  

          The effect of differences in IVCD (which are explained largely by differences in 

day 0 VCD) on mAb titre can be normalised for by calculation of qP (titre/IVCD) (bar 

chart E). Six of the eight effector genes tested generated a significant improvement in 

qP compared to the empty vector control, with PDI and PDIA6 being the exceptions.  

          Interestingly, pERP1 generated the lowest mean doubling time and the highest 

mean qP of all transfectants, albeit it appeared to have the most toxic effect upon  
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transfection. When developing a new host cell line that stably overexpresses an effector 

gene, any reduction in VCD upon transfection of the effector gene is unlikely to be a 

major problem as VCD would be reduced anyway as part of the selection process. 

PDIA2 and Ero1 make up the three best performers after pERP1 in terms of both mean 

doubling time and mean qP. 

6.2.2 Effect of transient expression of PDI family and related gene combinations on mAb 3 

production 

Genes from the PDI family, as well as related genes acting within the ER such as 

pERP1 were screened in combination with Ero1, PRDX4 or both for their effect on 

production of mAb 3. To provide controls to which transfection of effector genes plus 

Ero1/PRDX4/both could be compared, effector genes were also co-transfected 

alongside the empty plasmid vector. In these effector gene plus empty co-transfection 

controls, the effector gene plasmid load matched that used in the corresponding effector 

gene plus Ero1/PRDX4/both transfections (400ng/2x106 cells in the effector gene plus 

Ero1/PRDX4 transfections and 267ng/2x106 cells in the effector gene plus both Ero1 

and PRDX4 transfections). This set up is illustrated at the top of figure 6.3. 

         These effector gene combinations were transiently transfected via Nucleofection 

into a CHO cell clone stably expressing mAb 3. Transfected cell populations were 

cultured for 5 days before mAb titre analysis and VCD measurements were taken on 

days 0, 3 and 5 of culture. Figure 6.3 shows the effect of these gene combinations on 

mAb productivity and cell division. 

          The data in figure 6.3 show that differences in volumetric mAb titre generated by 

the transfectants were predominantly explained by differences in IVCD. As with the 

single gene conditions shown in figure 6.2, differences in IVCD were largely explained 

by differences in day 0 VCD (data not shown), with some gene combinations causing 

greater cell toxicity upon transfection than others. An untransfected control had the 

highest mean % viability of all conditions on day 0 (data not shown) and this lack of 

transfection-induced toxicity is the primary reason for the untransfected control 

producing the highest mean IVCD. To assess growth rates of transfectants while 

normalising for differences in day 0 VCD, cell doubling time was calculated. These 

results show that co-expression of Ero1, PRDX4 or both alongside any of the effector 

genes did not cause a significant reduction in mean cell doubling time compared to 

effector gene expression alone. 
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                Calculating qP of transfectants revealed that co-expression of Ero1 alongside 

PDI caused a significant increase in mean qP compared to the “PDI + Empty” 

transfections at the same PDI gene load. PRDX4 co-expression alongside PDI also 

caused an increase in mean qP, albeit this difference to “PDI + Empty” was not quite 

statistically significant (two-tailed Students t-test P value = 0.07). Ero1/PRDX4/both 

did not generate a significant increase in mean qP when co-expressed alongside any of 

the other effector genes. Comparing each condition to the untransfected control by two-

tailed Students t-test shows that all conditions generated a significant increase in mean 

qP except from “PDI + Empty” within the 50:50 co-transfections, “pERP1 + Ero1 + 

PRDX4”, “PDIA2 + Ero1 + PRDX4” and “PDIA2 + Empty” within the triple gene 

transfections. Among the 50:50 co-transfections, the condition displaying the highest 

mean qP was “pERP1 + Empty”. This is comparable to the results of the single gene 

transfections in figure 6.2, in which pERP1 produced the highest mean qP. Among the 

triple gene transfection conditions, “pERP1 + Empty” produced the third highest mean 

Figure 6.3 - Effect of transient expression of various PDI effector gene combinations 

on mAb 3 production 

Various effector gene combinations were transiently transfected via Nucleofection into a 

CHO cell line stably expressing mAb 3. Transfected cells were cultured for 5 days before 

supernatant was harvested for mAb titre analysis. Viable cell density measurements were 

taken on days 0, 3 and 5 of culture. A) shows the proportion of overall transfected DNA 

load taken up by effector genes or empty, non protein-coding plasmids in the double and 

triple gene transfections. B) shows the volumetric mAb titre generated from cells 

transfected with different effector gene combinations; (C) shows the integral of viable cell 

density (IVCD) across the 5 day culture period for cells transfected with different effector 

gene combinations; (D) shows the doubling time of cells transfected with different effector 

gene combinations and (E) shows the cell specific productivity (qP) of cells transfected 

with different effector gene combinations. Bars represent the mean of one (Ero1 + Empty), 

two (Ero1 + PRDX4; TXNDC5 + PRDX4 and PDIA2 + Empty within the triple gene 

transfectants) or three separate transfections per effector gene combination. Error bars 

represent standard error of the mean. Mean values significantly greater (two-tailed Students 

t-test) than the mean value for the corresponding “effector gene + empty” control are 

indicated by asterisks (* P<0.05, **P<0.025, ***P<0.01). 

 



104 
 

qP. Table 6.2 shows the three highest performing effector genes/effector gene 

combinations in terms of both mean cell doubling time and mean qP for the single gene, 

double gene and triple gene mAb 3 transfections. 

 

6.2.3 Effect of transient expression of PDI family and related genes on mAb 1 production 

In order to assess whether the effect on mAb production of genes from the PDI family, 

as well as related genes acting within the ER such as pERP1, Ero1 and PRDX4 was 

likely to be generic or mAb-specific, these genes were screened for their effect on 

production of a second mAb molecule – mAb 1. To perform this screen, effector genes 

were transiently transfected via Nucleofection into a CHO cell pool stably expressing 

mAb 1. Transfected cell populations were cultured for 5 days before supernatant was 

harvested for mAb titre analysis. Viable cell density measurements were taken on days 

0, 3 and 5 of culture. Figure 6.4 shows the effect of these genes on mAb productivity 

and cell division. 

          Figure 6.4 shows that none of these effector genes increased mean volumetric 

mAb 1 titre when transfected compared to transfection of the empty plasmid. These 

differences in volumetric titre were predominantly controlled by differences in IVCD. 

As with transfection of these genes into mAb 3-expressing cells, these differences in 

IVCD were mostly explained by differences in day 0 VCD caused by varying levels of 

cell toxicity upon transfection (data not shown). Calculating cell doubling time of 

transfectants revealed that none of the effector genes generated a significant reduction in 

mean doubling time compared to the empty vector control. The effect of some of these 

genes on doubling time/IVCD was considerably variable between replicates, as 

Table 6.2 – The 3 highest performing effector genes/effector gene combinations in 

terms of both mean cell doubling time and mean qP for single gene, double gene 

and triple gene mAb 3 transfections 
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indicated by the large error bars. This is in contrast to the effect of these genes on 

doubling time/IVCD of mAb 3-expressing cells (figure 6.2), which was very consistent 

among replicates. This difference may be due to mAb 3 expression coming from a 

monoclonally-derived cell line whereas mAb 1 expression was from a heterogenous cell 

pool, meaning there was more variability in the cell background. 

           All effector genes except from PDI generated an increase in mean qP compared 

to the empty vector control. pERP1 generated the highest mean qP and this was the only 

Figure 6.4 - Effect of transient expression of various PDI effector genes on mAb 1 production 

Various effector genes as well as an “empty” plasmid vector were transiently transfected via Nucleofection 

into a CHO cell pool stably expressing mAb 1. Transfected cells were cultured for 5 days before supernatant 

was harvested for mAb titre analysis. Viable cell density measurements were taken on days 0, 3 and 5 of 

culture. A) shows the volumetric mAb titre generated from cells transfected with different effector genes; (B) 

shows the integral of viable cell density (IVCD) across the 5 day culture period for cells transfected with 

different effector genes, (C) shows the doubling time of cells transfected with different effector genes and (D) 

shows the cell specific productivity (qP) of cells transfected with different effector genes. Bars represent the 

mean of two (Empty and PDIA4) or three separate transfections per effector gene. Error bars represent 

standard error of the mean. Mean values significantly greater (two-tailed Students t-test) than the mean empty 

vector value are indicated by asterisks (* P<0.05, **P<0.025, ***P<0.01).  
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condition for which the difference to the empty vector control was statistically 

significant. These results are comparable to the effect of these genes on mAb 3 qP 

(figure 6.2), in which PDI was the only gene not to generate a substantial increase 

compared to the empty vector control and pERP1 caused the highest mean qP. 

6.2.4 Effect of transient expression of PDI family and related gene combinations on mAb 1 

production 

The above PDI and similar genes were screened in combination with Ero1, PRDX4 or 

both for their effect on production of mAb 1 through transient transfection via 

Nucleofection into a CHO cell pool stably expressing mAb 1. As with transfection of 

these effector gene combinations into mAb 3-expressing cells, effector genes were also 

co-transfected alongside the empty plasmid vector to provide controls to which effector 

genes plus Ero1/PRDX4/both could be compared. In these effector gene plus empty co-

transfection controls, the effector gene plasmid load matched that used in the 

corresponding effector gene plus Ero1/PRDX4/both transfections (400ng/2x106 cells in 

the effector gene plus Ero1/PRDX4 transfections and 267ng/2x106 cells in the effector 

gene plus both Ero1 and PRDX4 transfections). This set up is illustrated at the top of 

figure 6.5. Transfected cell populations were cultured for 5 days before mAb titre 

analysis and VCD measurements were taken on days 0, 3 and 5 of culture. Figure 6.5 

shows the effect of these gene combinations on mAb productivity and cell division. 

           The data in figure 6.5 show that once again the different mean volumetric mAb 1 

titres are explained primarily by differences in mean IVCD from the conditions. 

Differences in mean IVCD are again predominantly determined by differences in mean 

day 0 VCD due to differing levels of cell toxicity caused by transfection of the effector 

genes (data not shown). Calculating doubling time of transfectants revealed that co-

expression of either Ero1 or PRDX4 alongside PDI caused a notable reduction in mean 

cell doubling time compared to PDI expression alone, although these reductions wernot 

statistically significant (two-tailed Students t-test P values of 0.09 and 0.22 for “PDI + 

Ero1” and “PDI + PRDX4” respectively). Co-expression of Ero1, PRDX4 or both 

alongside any of the effector genes did not significantly reduce the mean cell doubling 

time compared to effector gene expression alone. 

           The effector gene combinations “PDIA6 + Ero1”, “PDIA2 + Ero1” and 

“TXNDC5 + Ero1 + PRDX4” all generated notable increases in mean qP compared to 

their respective “Effector gene + Empty” co-transfection control, albeit these increases  
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Figure 6.5 - Effect of transient expression of various PDI effector gene 

combinations on mAb 1 production 

Various effector gene combinations were transiently transfected via Nucleofection into 

a CHO cell pool stably expressing mAb 1. Transfected cells were cultured for 5 days 

before supernatant was harvested for mAb titre analysis. Viable cell density 

measurements were taken on days 0, 3 and 5 of culture. A) shows the proportion of 

overall transfected DNA load taken up by effector genes or empty, non protein-coding 

plasmids in the double and triple gene transfections. B) shows the volumetric mAb titre 

generated from cells transfected with different effector gene combinations; (C) shows 

the integral of viable cell density (IVCD) across the 5 day culture period for cells 

transfected with different effector gene combinations; (D) shows the doubling time of 

cells transfected with different effector gene combinations and (E) shows the cell 

specific productivity (qP) of cells transfected with different effector gene combinations. 

Bars represent the mean of two (PDIA2 + PRDX4; PDI + Empty within the triple gene 

transfectants; PDIA4 + Ero1 + PRDX4 and PDIA6 + Empty within the triple gene 

transfectants) or three separate transfections per effector gene combination. Error bars 

represent standard error of the mean. Mean values significantly greater (two-tailed 

Students t-test) than the mean value for the corresponding “effector gene + empty” 

control are indicated by asterisks (* P<0.05, **P<0.025, ***P<0.01). 

Table 6.3 – The 3 highest performing effector genes/effector gene combinations in terms 

of both mean cell doubling time and mean qP for single gene, double gene and triple 

gene mAb 1 transfections 
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were not quite statistically significant (two-tailed Students t-test P values of 0.11, 0.16 

and 0.11 respectively). Among the 50:50 co-transfection conditions, “pERP1 + Empty” 

produced the highest mean qP, just as it did in the mAb 3 50:50 co-transfections (figure 

6.3). Among the triple gene transfection conditions, “pERP1 + Empty” produced the 

third highest mean qP. Table 6.3 shows the three highest performing effector 

genes/effector gene combinations in terms of both mean cell doubling time and mean qP 

for the single gene, double gene and triple gene mAb 1 transfections.   

6.2.5 Effect of transient expression of ERdj family genes on mAb 3 production 

Genes from the ERdj family as well as FICD were screened for their effect on 

production of mAb 3. To perform this screen, effector genes were transiently transfected 

via Nucleofection into a CHO cell clone stably expressing mAb 3. These effector genes 

were screened at 3 different transfected DNA loads: the ‘full’ DNA load (800ng/2x106 

cells), a ‘half’ DNA load (400ng/2x106 cells) and a 1/3rd DNA load (266.6ng/2x106 

cells). In the half and the 1/3rd effector gene DNA load conditions, the empty vector was 

also co-transfected to take the overall DNA load to 800ng/2x106 cells. Transfected cell 

populations were cultured for 4 days before supernatant was harvested for mAb titre 

analysis. Viable cell density measurements were taken on days 0, 3 and 4 of culture. 

Figure 6.6 shows the effect of these genes on mAb productivity and cell division. 

        The data in figure 6.6 show that none of the effector gene transfections generated 

an increase in mean volumetric mAb 3 titre compared to the empty vector control. 

These ERdj effector genes caused less drastic and more consistent cell toxicity upon 

transfection compared to transfection of the PDI family and related effector genes (as 

judged by comparison of day 0 VCD values, data not shown). Nevertheless, cell 

doubling time was calculated to assess growth rate while normalising for this relatively 

small amount of variation in day 0 VCD. None of the effector gene conditions generated 

a reduction in mean cell doubling time compared to the empty vector control. ERdj7 

and “FICD + Empty” within the half DNA load conditions had the two highest mean 

cell doubling times of all conditions and this explains why they also had the two lowest 

mean IVCD values of all conditions. 

         Comparing qP generated by the different conditions reveals that “ERdj4 + Empty” 

within the 1/3rd DNA load transfections produced the highest mean qP. However this 

mean qP was not statistically significantly greater than that of the empty vector control 

(two-tailed Students t-test P value = 0.17). None of the conditions produced a  
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significant increase in mean qP compared to the empty vector control. “ERdj5 + 

Empty” at the 1/3rd DNA load produced a significantly higher mean qP compared to 

ERdj5 transfected at the full DNA load (two-tailed Students t-test P value = 0.04). This 

may indicate that this protein activates different signalling pathways or contributes to 

different processes within the ER depending on its abundance.  

6.3 Discussion 

In this chapter high-throughput gene screening revealed pERP1 expression to be a novel 

target for CHO host cell engineering. pERP1 was shown robustly and consistently to 

increase the qP of cells producing two different mAbs without inhibiting their growth 

rate. Co-expression of Ero1 alongside PDI caused a significant increase in mAb 3 qP 

compared to PDI expression alone. Apart from this however, co-expression of Ero1, 

PRDX4 or both alongside PDI effector genes did not yield significant improvements in 

either mean cell doubling time or mean qP. Likewise, high-throughput screening of 

ERdj effector genes did not reveal any of them to significantly improve either mean cell 

doubling time or mean qP.   

           The beneficial effect of some PDI enzymes on mAb production may be 

dependent upon co-expression of partner proteins that were not included in this screen. 

For example, PDIA4 in combination with cyclophilin B increased the in vitro rate of 

Figure 6.6 - Effect of transient expression of various ERdj effector genes on mAb 3 

production 

Various effector genes were transiently transfected at different DNA loads via 

Nucleofection into a CHO cell line stably expressing mAb 3. Transfected cells were 

cultured for 4 days before supernatant was harvested for mAb titre analysis. Viable cell 

density measurements were taken on days 0, 3 and 4 of culture. A) shows the proportion 

of overall transfected DNA load taken up by effector genes or empty, non protein-coding 

plasmid. B) shows the volumetric mAb titre generated from cells transfected with 

different effector genes; (C) shows the integral of viable cell density (IVCD) across the 

4 day culture period for cells transfected with different effector genes; (D) shows the 

doubling time of cells transfected with different effector genes and (E) shows the cell 

specific productivity (qP) of cells transfected with different effector genes. Bars 

represent the mean of three separate transfections per condition. Error bars represent 

standard error of the mean.  
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assembly of a CH1-CL heterodimer compared to PDIA4 or cyclophilin B alone (Jansen 

et al., 2012). In another study, co-overexpression of PDIA3 alongside ERp27 

significantly increased titre of an IgG mAb whereas overexpression of PDIA3 or ERp27 

alone did not (Berger et al., 2020). 

           Co-expression of Ero1, PRDX4 or both alongside PDI effector genes was largely 

unsuccessful at increasing mAb productivity. It may be that redox regulation of PDI 

enzymes within the ER is highly sensitive to the precise expression level of multiple 

factors and that this level of precision was beyond the scope of these screens. For 

example, it was discovered that there is a negative feedback mechanism under highly 

oxidising conditions whereby PDI and TXNDC5 can catalyse formation of a regulatory 

disulphide within Ero1 that inactivates it, preventing it from oxidising PDI family 

members (Shepherd et al., 2014). This negative feedback mechanism may have been 

triggered by overexpression of Ero1, PRDX4 or both in the screens within this chapter. 

Similarly, PDI family members have been shown to be capable of oxidising each other 

(Oka et al., 2015). It could be that overexpression of some of the PDI variants screened 

in this chapter helps to oxidise other PDI variants and catalysis of disulphide bond 

formation by these other variants has a negative overall effect on mAb production. 

           In addition to catalysis of disulphide bond formation, other subsidiary functions 

of PDIs within the ER have been discovered. For instance, PDIA6 expression was found 

to attenuate the IRE1α branch of UPR signalling and another study showed that 

phosphorylation of PDI by the kinase Fam20C triggers a conformational change that is 

associated with a functional switch from disulphide bond formation to chaperone 

activity (Coelho & Feige; Eletto et al., 2014). Although these particular subsidiary PDI 

functions are not necessarily likely to hinder mAb production, this may be the case for 

others. For example, PDIA4 was shown in CHO to be involved in retention of 

misfolded proteins inside the ER, preventing their retrotranslocation to the cytosol for 

degradation (Forster et al., 2006). Therefore PDIA4 overexpression might increase the 

risk of UPR induction. There may be other such subsidiary PDI functions that hinder 

high level mAb production which are as yet unidentified. 
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Chapter 7 

Conclusions and future work 

 

7.1 Chapter 4 conclusion 

Chapter 4 describes, for the first time, the use of synthetic promoter combinations to 

stably express the LC and HC of monoclonal antibodies. These synthetic promoter 

combinations displayed improved stable expression characteristics over conventionally-

used hCMV promoters. Namely, synthetic promoters were capable of producing higher 

mean mAb titres than hCMV (up to 1.3-fold higher with mAb 2 – see figure 4.8) while 

recovering from MSX selection more quickly (up to 7 days more quickly for mAb 2 – 

see figure 4.7). These reduced recovery times will help to shorten cell line development 

timelines, an extremely desirable outcome for CHO cell-based mAb manufacturers.   

7.2 Chapter 4 future work 

There are more experiments that could be carried out to help further evaluate the 

performance of the LC/HC synthetic promoters shown in this chapter. First, single cell 

clones could be isolated from mAb 1 and mAb 2-expressing stable pools generated in 

this chapter and assessed for key characteristics such as growth rate, qP and product 

quality attributes. The results of flow cytometry assays shown in this chapter revealed 

that stable pools containing the LC1HC1 synthetic promoter combination, which 

generated higher mean mAb 1 and mAb 2 titres than hCMV-containing pools, had 

increased cell-to-cell variability in LC and HC expression compared to hCMV pools. 

This increased variability may lead to more variable clone performance, necessitating 

the screening of more clones to find one that shows high performance.  

 Second, the production stability of clones isolated from stable pools generated in 

this chapter could be assessed. Production instability, defined as the relative loss of qP 

of a cell line over many subcultures, is a significant problem in CHO-based 

recombinant mAb manufacture (Kim et al., 2011). The work of Kim et al identified two 

main causes of production instability: methylation-induced transcriptional silencing of 

the hCMV promoter and recombinant gene copy loss. Transcriptionally repressive DNA 

methylation occurs at CpG dinucleotides and all LC/HC synthetic promoters used in 

this chapter contain fewer CpG dinucleotides than the hCMV promoter. Kim et al found 

that loss of recombinant LC gene copies was more common than loss of recombinant 
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HC gene copies, likely due to homologous recombination (HR) events occurring 

between the two identical hCMV promoter sequences flanking the LC ORF. When 

using two different synthetic promoters to control LC and HC gene transcription, with 

the promoters having minimal sequence similarity due to being constructed from 

separate partitions of TFRE blocks, the risk of such HR events should be greatly 

reduced. It may therefore be hypothesised that assessing production stability of clones 

containing either LC/HC synthetic promoters or hCMV would reveal greater production 

stability conferred by the synthetic promoters. These assessments usually involve 

regular measurement of mAb productivity throughout long term culture that can last 

around 30 passages or 100 cell doublings (Bailey et al., 2012; Noh et al., 2018). 

7.3 Chapter 5 conclusion 

Chapter 5 describes the use of synthetic promoters to control transcription of the GS 

selection marker gene in stably expressing CHO cells. The results presented in this 

chapter have shown that increasing selection stringency on transfected cell populations 

can lead to increased qP at the cost of reduced IVCD. Crucially, this was shown to be 

possible via a synthetic GS promoter. When compared to the SV40 promoter, 

SynSV40_2 created more stringent selective pressure. When combined with synthetic 

promoters for the control of LC and HC transcription, SynSV40_2 led to elevated qP 

compared to the use of the SV40 promoter (up to 1.9-fold, see figure 5.7) and either 

equal or greater overall titre. Even a relative increase in qP that leads to the same 

amount of mAb being produced from a smaller cell density is a hugely beneficial 

outcome due to a reduction in burden on downstream purification processes.  

7.4 Chapter 5 future work 

There are more experiments that could be carried out to help further evaluate the 

performance of the GS synthetic promoters shown in this chapter. Firstly, single cell 

clones could be isolated from GS synthetic promoter-containing stable pools, such as 

those generated using expression vectors SynSV40_2 100RPU1 and SynSV40_2 

LC1HC1, and assessed for key characteristics (growth rate, qP, product quality 

attributes and production stability). 

 Another experiment that may provide useful findings would be to use GS 

synthetic promoters described within this chapter for stable pool generation in the 

absence of MSX. For example, the use of GS1 - GS6 synthetic promoters alongside 
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50µM MSX appeared to create selective pressures that were too harsh to enable 

productive adaptations to occur. However if cells transfected with GS1 - GS6 were 

cultured in the absence of glutamine supplementation but without the added MSX 

inhibition then the level of selection stringency may be tuned to an effective level. 

Previous studies have shown that highly productive stable CHO cells can be generated 

in the absence of MSX by increasing selection stringency in other ways, i.e. through use 

of a mutant GS selection marker with reduced activity or use of a GS-KO host cell line 

(Lin et al., 2019; Noh et al., 2018). Using MSX in stable cell line generation can be 

problematic because cell lines selected in this way often see a reduction in productivity 

when MSX is removed from culture, as shown in the above study by Lin et al for 

example. Removal of MSX is necessary during the expansion of cell cultures prior to 

seeding industrial, large bioreactor scale fed batch runs. 

7.5 Chapter 6 conclusion 

In chapter 6 high-throughput transient transfection gene screening revealed pERP1 

expression to be a novel target for CHO host cell engineering. pERP1 was shown 

robustly and consistently to increase the qP of cells producing two different mAbs (up 

to 1.6-fold, see figure 6.4) without inhibiting their growth rate. Co-expression of Ero1 

alongside PDI caused a significant increase in mAb 3 qP compared to PDI expression 

alone. Apart from this however, co-expression of Ero1, PRDX4 or both alongside PDI 

effector genes did not yield significant improvements in either mean cell doubling time 

or mean qP. Likewise, high-throughput screening of ERdj effector genes did not reveal 

any of them to significantly improve either mean cell doubling time or mean qP.   

7.6 Chapter 6 future work 

Since results within this chapter showed pERP1 to increase mAb productivity, the 

development of CHO host cell lines that are stably expressing pERP1 is an important 

next step. This would involve transfection with a pERP1 expression vector, selection of 

cells stably expressing pERP1 and subsequent isolation of clones from this 

heterogenous stable pool. Selection would need to be performed using an alternative 

system to the GS selection system. This would ensure that the GS selection system can 

still be used to select for mAb-expressing cells upon transfection of the newly 

developed pERP1-expressing host with a mAb construct. 

           Following isolation of pERP1-expressing clones they would then need to be 
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tested for their mAb productivity. This could be assessed by transient transfection of 

these clonal populations with a mAb construct followed by measurement of mAb titre 

and VCD. The optimal pERP1 expression level cannot be deduced from the screening 

performed within this chapter. However, if the pERP1 construct was randomly 

integrated into the host genome upon transfection then each clone would display a 

different pERP1 expression level. Testing a large number of clones for their mAb 

productivity would thereby enable the optimal pERP1 expression level to be deduced. 

           These stable pERP1-expressing clones could also be used to help investigate the 

molecular mechanism of action of pERP1. As explained in the introductory subsection 

6.1 of this chapter, Shimizu and colleagues identified that pERP1 expression allowed 

the internal disulphide bond of an IgG HC CH1 domain to be formed even in the 

absence of LC expression (Shimizu et al., 2009). To discover this they first used siRNA 

to establish stable subclones of the mouse plasmacytoma cell line Ag8 with 

significantly reduced pERP1 expression. HC was then expressed in both pERP1-

expressing and siRNA cells, immunoprecipitated and analysed by SDS-PAGE. HCs 

with different disulphide bond configurations could be identified because formation of 

disulphide bonds within a polypeptide alters its migration on an SDS-PAGE gel. Similar 

experiments could be performed in CHO host cell lines expressing pERP1, to establish 

whether pERP1 expression enables the internal CH1 disulphide bond to be formed in the 

absence of LC expression in CHO. 

           Product quality attributes of mAb produced from pERP1-expressing host cells 

would also need to be assessed. The release of BiP from the CH1 domain only upon LC-

HC binding is viewed as a quality control step of the mAb folding and assembly 

process. If pERP1 does function to release BiP from CH1 in the absence of LC-HC 

binding then this quality control step will be bypassed and so any potential impact on 

product quality will need to be evaluated. Furthermore, this supposed pERP1-induced 

removal of the requirement for LC-HC binding in order to release BiP would mean that 

free, unassembled HC can exist within the ER lumen without being recognised as 

misfolded due to prolonged BiP binding. As a result, HC dimers may be formed in 

addition to full mAb structures. It has been shown that HC dimers are capable of being 

assembled and secreted in CHO cells (Carl et al., 2020). The production of HC dimers 

from pERP1-expressing host cells would therefore need to be examined and quantified, 

as this could provide challenges during downstream mAb purification processes. 

           Finally, within this manuscript two engineering solutions designed to increase 
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the rate of BiP dissociation from HC have been described. Namely, the use of synthetic 

promoters to express LC in excess of HC, ensuring frequent LC-HC binding events 

(chapter 4) and the expression of pERP1 during mAb production. It may be interesting 

to test whether these two solutions have an additive effect when combined or whether 

they solve the same problem mechanistically and therefore there is no added effect of 

combining these solutions. For example, synthetic promoter-containing cells stably 

expressing a high LC:HC ratio, such as those expressing mAb 2 in chapter 4 (see figure 

4.9), could be transiently transfected with a pERP1 vector as well as an empty vector 

control to compare the effect on mAb production.   
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