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New Mammalian Expression Systems

Jie Zhu and Diane Hatton

Abstract There are an increasing number of recombinant antibodies and proteins

in preclinical and clinical development for therapeutic applications. Mammalian

expression systems are key to enabling the production of these molecules, and

Chinese hamster ovary (CHO) cell platforms continue to be central to delivery of

the stable cell lines required for large-scale production. Increasing pressure on

timelines and efficiency, further innovation of molecular formats and the shift to

new production systems are driving developments of these CHO cell line platforms.

The availability of genome and transcriptome data coupled with advancing gene

editing tools are increasing the ability to design and engineer CHO cell lines to meet

these challenges. This chapter aims to give an overview of the developments in

CHO expression systems and some of the associated technologies over the past

few years.
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1 Introduction

1.1 Why Mammalian Cells?

Mammalian cells are used for the production of recombinant monoclonal antibodies

(mAbs) and complex proteins because they have the capacity to assemble and fold

complex polypeptides and to perform post-translational modifications (PTMs)

which are important for therapeutic bioactivity and bioavailability. Production

processes using mammalian cell cultures in bioreactors are high yielding (up to

10 g/L for mAbs) and scalable (up to tens of thousands of litres), making them

compatible with large-scale manufacture for clinical supply of therapeutic proteins.

Transgenic animal systems can also produce complex proteins and offer some

advantages in terms of cost and scale of supply over mammalian cell culture

systems [1]. However, the timelines to establish transgenic herds or colonies are

significantly longer than those for establishing cell culture systems and there are

concerns regarding the theoretical transmission of xenotropic viruses to humans.

Mammalian cell culture expression systems rely on the introduction of vector

DNA encoding the recombinant protein into a host cell line and harnessing the
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synthetic capacity of the cell to express and secrete the encoded protein into the cell

culture medium. Systems for large-scale production of therapeutic proteins are

generally based on stable recombinant cell lines created by integration of linearized

plasmid DNA encoding the therapeutic protein into the host genome, so that the

transgenes are transmitted to each daughter cell at cell division. Traditionally, the

production process from a stable cell line is performed using the controlled culture

conditions in a bioreactor using a fed-batch mode, with additional nutrients being

“fed” into the bioreactor to sustain cell growth and productivity for the duration of

the culture period. The recombinant protein is then recovered from the cell culture

medium.

2 Choice of Mammalian Host Cell Lines

Mammalian host cell lines are able to perform PTMs including glycosylation,

carboxylation, hydroxylation, sulfation and amidation, which can be important

for biological activity [2]. A number of different mammalian host cell lines are

used for large-scale production of complex therapeutic proteins (reviewed by Butler

and Spearman [3]). Historically, these have been based on rodent cell lines – mouse

myeloma (NS0 and Sp2/0), baby hamster kidney and CHO cells. Although these

cell hosts are able to produce glycoproteins with human-like glycosylation profiles,

they also produce non-human glycoform structures which can impact in vivo

clearance and immunogenicity [4, 5].

A number of human host cell lines can be used for the production of recombinant

proteins with fully human PTMs, as reviewed by Dumont et al. [6] and Swiech et al.

[7]. Cell lines generated from the human embryonic kidney cell line HEK-293 are

used for the production of approved therapeutic proteins, such as recombinant

clotting factors and fusion proteins, where additional PTMs such as gamma-

carboxylation and sulfation are required for bioactivity. The human fibrosarcoma

cell line HT-1080 is used for the manufacture of approved enzyme therapies –

iduronate-2-sulfatase, agalsidase alfa and velaglucerase alfa. The PER.C6 cell line,

derived from human embryonic retinal cells [8], and the CAP-T cell line, derived

from human amniocytes [9], have been employed to produce therapeutic proteins

currently in preclinical and clinical development. Engineered human leukemic cell

lines have been developed for the production of therapeutic proteins with fully

human and optimised glycosylation [10, 11]. In addition, a human neuronal cell

line, AGE1.HN, is being used for production of proteins with complex glycosyla-

tion profiles [12].
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3 CHO Host Cells

Over several decades, the CHO host cell line has become established as an industry-

standard expression platform with a strong regulatory track record, and it accounts

for the production of >70% of approved therapeutic proteins [13]. Owing to the

rodent origin of CHO cells, there is a species barrier to the production of viruses

able to infect humans, and studies have confirmed that CHO cells are resistant to

infection by many viruses that can infect humans [14]. Significant advances have

been made in the productivity of CHO bioreactor processes through upstream

process development, particularly with respect to the development of media and

feed formulations [15]. This optimisation has resulted in robust and scalable

bioreactor processes, achieving high cell densities and product yields, with titres

of the order of 10 g/L for mAbs being attainable in fed-batch culture at scales of

tens of thousands of litres. Importantly, not only can CHO cells be engineered with

genes encoding therapeutic proteins but also further cell and genetic engineering

can be used to modify cell line characteristics, such as growth and metabolism, as

well as product quality attributes (reviewed by Fischer et al. [16]). Therefore, CHO

cells provide a flexible expression platform that can be engineered to fit both

process and product requirements. This engineering approach for CHO cells has

been facilitated by the availability of genome sequences for CHO host cell lines

[17, 18] and the recent advances in genome editing [16]. In light of the central

importance of CHO cell systems to the biopharmaceutical industry, the remainder

of this review focuses on the recent developments to CHO production systems.

3.1 Development of CHO Expression Systems

There are a variety of drivers for further developing CHO expression platforms for

therapeutic protein production:

• Efficiency and timelines. Discovery platforms are becoming more efficient in

identifying multiple leads with different modes of action, and at the same time

there is pressure to advance projects rapidly into the clinic. As the creation of the

stable manufacturing cell line is a pre-requisite for the production of clinical

material, it is desirable to reduce timelines for cell line development and even

parallel track cell line development for multiple molecules to enable project

acceleration to critical-path GLP toxicology and to the clinic (reviewed by

Estes and Melville [19]).

• Innovation of novel therapeutic proteins. Following the success of engineered

antibodies, proteins and fusion proteins as therapeutics, biological activities are

now being combined to create novel bispecific molecules. These non-natural

molecules can pose challenges for development because of their often low

expression yield, need for more-complex PTMs and other product quality attri-

butes such as aggregation. Although it is preferable that these undesirable
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characteristics are screened out during the discovery process, this is not always

possible. Therefore, engineering of the production cell line and/or process is

needed to improve the ability to manufacture these molecules.

• Manufacturing processes. The pressure to reduce cost of goods and to maximise

the efficiency of production capacity and facilities is driving manufacturing pro-

cesses towards new process paradigms such as continuous processing [20, 21].

Continuous upstream processes involve higher cell densities in the bioreactor

and longer culture times, creating unique demands on the performance param-

eters of the production cell line, such as cell metabolism and production stability,

compared with those for traditional fed-batch processes.

3.2 CHO Cell Line Diversity and Evolution

There are a number of different CHO host cell lines, as reviewed by Wurm [22] and

Lewis [17]. The first CHO cell line was derived from the ovary of an adult Chinese

hamster [23] and later underwent cloning and other manipulations to generate

different cell lines, including CHO-K1, CHO DG44, CHO-S and CHO DUXB11.

These CHO cell lines were originally cultured in media containing animal serum,

but, because of concerns about the cost of serum, batch-to-batch variation in serum

performance in culture media and the potential for adventitious agent contamina-

tion, these cell lines have been adapted to grow in culture media that are free from

serum or any other animal-derived components. The choice of a CHO host cell line

is partly driven by the compatibility with the expression plasmid selection system

used for recombinant protein production. The CHO DG44 cell line is deficient in

dihydrofolate reductase (DHFR) and so is typically used with the DHFR selectable

marker that can complement this deficiency. The other commonly used CHO

expression system is based on using glutamine synthetase (GS) as the selectable

marker and is generally used with host cell lines derived from CHO-K1.

Different CHO host cell lines can exhibit differences in productivity. Hu and

co-workers demonstrated that recombinant cell lines from a CHOK1 host showed

higher productivities for two difficult-to-express (DTE) mAbs compared with cell

lines constructed using a DUXB11 host [24]. Similarly, auditioning of DG44 and

CHOK1 cell lines with an artificial chromosome carrying copies of genes for a

recombinant mAb showed differences in performance, with cell lines derived from

the CHOK1 host showing higher productivity [25]. However, it is difficult to make

direct comparisons between different hosts as the performance of the cell line is

also strongly affected by the process conditions, including media and feed compo-

sition, which can be optimised to improve individual cell line performance. In

addition, the CHO host cell lines are themselves heterogeneous, containing a popu-

lation of cells that show variation in growth, metabolism, biosynthetic capacity and

ability to perform PTMs [26, 27].

The phenotypic variation of CHO cells results from the underlying genetic and

epigenetic diversity. The genetic heterogeneity can be observed at a gross level as the

New Mammalian Expression Systems 13



varied karyology profiles of individual cells in a host population with different

chromosomal structures [22, 28]. This chromosomal variation arises from dynamic

genome restructuring which occurs during continuous subculture and is characteristic

of immortalized cell lines. It is the combination of genomic and epigenetic

remodelling at cell division that contributes to the versatility of CHO as a host cell

line with the ability to adapt to different culture media and conditions, and to generate

recombinant cell lines that express proteins with varying product quality profiles.

The phenotypic and genotypic variation within CHO cell populations can be

exploited to isolate host cells with more desirable characteristics by serially

sub-culturing cells in the presence of physical or chemical stresses that can select

for desired properties. A striking example of this “directed evolution” approach is

the use of plant cytotoxic lectins that recognise specific glycoform structures to

select for host cells with modified glycosylation pathways – the Lec mutants

(reviewed by Patnaik and Stanley [29]). On binding to specific glycoproteins at

the cell surface, the lectins are internalized, whereupon they can exert their toxic

effects, resulting in cell death. Cells that do not display the reciprocal glycoform

structures, because of mutations caused naturally or by treatment with mutagenic

agents, are able to survive the lectin treatment. The use of lectins with different

specificities has allowed the identification of cell lines with different glycosylation

mutations, which in turn have contributed to the elucidation of glycosylation

pathways and associated genes as well as glycosylation engineering [29]. An

example where a desirable bioprocessing characteristic was selected is described

by Bort and colleagues [30], in which CHO cells were sequentially cultured in

medium containing stepwise-reduced levels of glutamine. The cells able to survive

each reduction in glutamine were recovered by fluorescence-activated cell sorting

(FACS), and the final population of selected cells was able to grow in glutamine-

free medium. This follows on from the work of Prentice and co-workers [31] where

DG44 host cells were selected for their ability to survive in bioreactor conditions,

leading to increases in peak cell density and the ability to grow in the absence of

growth factors. Similarly, bioreactor evolution and selection may provide a strategy

to generate host cell lines that are more suited for continuous upstream processes.

To be able to take advantage of an evolved phenotype in the host cell line, it must be

maintained over the timescales needed for cell line development and manufacture.

This can require continued application of the selective pressure used to derive the

phenotype or the screening of individual cell lines for stability of the desired char-

acteristic without selection.

4 Vector Engineering

Currently, conventional non-viral expression plasmids containing transgenes are

still the major vector platform for cell line development. These plasmids contain

multiple expression cassettes, each consisting of a promoter and associated regu-

latory elements to drive transcription, the coding sequences of the recombinant
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protein and selectable marker, and a sequence for transcript termination and

polyadenylation. The recombinant protein gene encodes a homologous or heterol-

ogous N-terminal secretory leader peptide to direct the protein for secretion via the

endoplasmic reticulum (ER) and the Golgi, where PTMs, such as glycosylation,

take place. Following transfection of the plasmid DNA into the host cell line, stable

transfectants are generated through the application of drug to select for the expres-

sion of the selectable marker gene. Standard plasmid transfection processes result in

random integration of the vector into the host genome, and the site of integration

along with copy number of the vector influence the level of transgene expression.

Therefore, extensive transfectant screening needs to be performed to identify high-

expressing cell lines. Expression vectors have been optimised to increase the

productivity and stability of cell lines and to improve the efficiency of the

cell line generation process. These vector optimisation approaches have included

manipulation of selection markers, promoter engineering, incorporation of new

DNA regulatory elements, the usage of different codons to regulate translation,

and modulation of the order and ratio of expression of different gene cassettes,

some of which are described in more detail below. Meanwhile, novel vector plat-

forms for targeted integration and transposon-based vector systems have been

developed to increase integration efficiency.

4.1 Manipulation of Selection Markers

There are two main selection systems used to generate production CHO cell lines,

and these are based on the metabolic genes encoding DHFR and GS that are

typically selected by the respective addition of the inhibitors methotrexate (MTX)

and methionine sulfoximine (MSX) to the cell culture medium [32, 33]. As the

selectable marker and the gene(s) encoding the recombinant protein are usually

combined on the same vector, integration of the vector into a genome location

favourable for selectable marker transcription is also generally beneficial for the

expression of the linked recombinant protein genes. Therefore, a high stringency of

selection facilitates obtaining cell lines possessing a high level of transcription from

integration of the expression vector at an active locus in the genome and also for

removing any low producers.

The CHO-DG44 and DUKXB11 hosts are DHFR deficient and require addition

of glycine, hypoxanthine and thymidine (GHT) to the culture medium for cell

growth. Integration and expression of the DHFR gene complements the DHFR

deficiency of the CHO host cell line, allowing growth in the absence of GHT.

Furthermore, higher levels of DHFR expression and the linked transgenes can be

selected by stepwise increases in the levels of MTX, which is a highly selective

competitive inhibitor of DHFR. Gene amplification resulting from chromosomal

remodelling is a naturally occurring phenomenon in CHO cells, and the increased

level of MTX selects for cells that have undergone amplification of the copies of the

DHFR marker gene loci, which can also include the recombinant protein genes.
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However, this amplification process is laborious and time-consuming, and the

multiple tandem vector repeats that result from the amplification process can be

unstable, leading to a loss of productivity over time [34]. An alternative approach to

increasing gene copy number to enhance transgene transcription is to attenuate the

expression level of the DHFR selectable marker. Thus, only cells from the most

transcriptionally active loci survive the selection. Marker attenuation can be

achieved in a number of ways. It has been reported that codon de-optimisation

that decreased the translation efficiency of the DHFR gene resulted in approxi-

mately threefold higher production of an Fc fusion protein [35]. The addition of the

AU-rich elements in the 30 untranslated region (30 UTR) of the DHFR gene to

reduce mRNA half-life and/or the inclusion of the murine ornithine decarboxylase

(MODC) PEST amino acid sequence to promote DHFR protein degradation were

shown to improve the specific productivities for recombinant human interferon

gamma in DG44 cells [36]. Another approach to de-optimising DHFR expression

by placing the DHFR gene downstream of an attenuated internal ribosome entry

(IRES) element allowed the production of high levels of the small soluble glyco-

protein Dectin-1 [37]. By combining the engineered PEST motif with an attenuated

IRES sequence, the DHFR protein level was further reduced and resulted in

increased recombinant alpha-1 antitrypsin production [38].

The GS gene encodes glutamine synthetase, which catalyses the conversion of

glutamate to glutamine. As glutamine is an essential amino acid, GS expression is

required for cells to grow in glutamine-free medium. However, CHO cells naturally

express GS in glutamine-free medium, so the use of GS as a selectable marker

requires the addition of the competitive inhibitor MSX to the cell culture medium.

The addition of MSX ensures that only those cells producing higher levels of GS

resulting from expression of the GS selectable marker on the plasmid vector can

survive in the selective conditions [32]. Efforts to increase the selection strength of

the GS gene have mostly focussed on cell line engineering and optimisation of the

transfection and selection processes. It has been shown that knocking out the

endogenous GS genes in the CHO host with zinc finger nuclease (ZFN) technology

resulted in multiple cells lines with higher sensitivity to MSX selection and yielded

a sixfold increase in the frequency of high producers for a recombinant antibody,

thereby providing the potential to improve the efficiency of the cell line develop-

ment screening process [39]. Suppression of endogenous GS gene expression by

increasing the glutamine concentration in the cell culture medium before transfec-

tion has also proved to be an efficient way to increase the strength of selection with

the same concentration of MSX [40].
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4.2 Multi-Gene Expression with Novel Promoters
and Elements

Production of mAbs requires the co-expression of the heavy- and light-chain genes

along with the selection marker. Often, all three genes are incorporated into a single

vector to ensure co-expression of the physically linked genes. However, the devel-

opment of novel multi-unit bispecific antibodies, as well as large enzyme com-

plexes and DTE proteins that require co-expression of genes encoding specific

chaperones and PTM enzymes, necessitates the co-expression of multiple

transgenes. Incorporating multi-gene expression cassettes into a single plasmid is

technically challenging because of size restrictions of standard plasmids, both in

terms of plasmid construction and propagation in Escherichia coli as well as the
efficient transfection and integration of larger plasmids into the CHO host cell line.

In addition, repeated use of the same promoter for the expression of multiple genes

on a single plasmid can cause promoter interference [41], which may limit

expression.

One approach to avoid repeated promoter sequences is to utilize different pro-

moters for each gene cassette. In addition to the commonly used human cytomeg-

alovirus immediate early (hCMVIE) promoter, there is a range of viral and

housekeeping promoters, such as those derived from the simian virus 40 (SV40)

and the human elongation factor 1 alpha gene (EF1α), which can be used for protein
production. Further CHO endogenous promoters with desirable expression profiles

have been identified by utilizing transcriptomics data [42]. To expand the search

beyond natural promoters, a synthetic-biology approach has been applied to con-

struct a library of synthetic promoters by combining different transcription factor

regulatory elements (TFREs) from powerful viral promoters [43]. Screening of the

synthetic promoters from this library by evaluation in transient transfections has

identified promoters with transcriptional activity ranging over two orders of mag-

nitude, some significantly exceeding that of the hCMVIE promoter. The use of a

strong synthetic promoter has the potential to improve gene expression and the use

of multiple promoters of varying strength could more precisely control the relative

expression of different genes encoding multi-subunit proteins, which might be

advantageous for protein expression and product quality [44–47]. Synthetic pro-

moters are also shorter than conventional promoters, reducing the size of vectors

with multi-gene cassettes and thereby improving vector handling and transfection

efficiency.

Another approach for removing repeated promoters is to drive transcription of

linked multiple genes as a single transcript from a single promoter. The insertion of

an IRES element between each coding region, or cistron, allows ribosomes to

initiate translation at multiple points along the transcript and so different poly-

peptides can be translated from the same transcript. As the translation of the gene

downstream of an IRES sequence is through a weaker CAP-independent mecha-

nism, it usually results in a lower level of expression of the second and any subse-

quent cistron. This can create an imbalance in the production of two linked subunits
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which might not be desirable for some molecules [48]. However, for other mole-

cules, changing the proportion of the different subunits can be beneficial [44–47]. In

the 2A technology, multiple linked genes are translated as a single open reading

frame. The coding sequences of the different genes are separated by motifs

encoding the self-cleaving viral 2A peptide sequence. This enables the production

of equimolar ratios of component subunits from the single precursor polypeptide.

The 2A self-processing peptide system has been used for antibody production and

has shown a twofold increase in transient expression compared with the equivalent

IRES-linked construct for the same antibody [44, 45]. Viral 2A peptides from

different viruses, such as foot-and-mouth disease virus, equine rhinitis A virus,

porcine teschovirus-1 and Thosea asigna virus, have been used for mAb production

[49]. None of these 2A peptides produced complete cleavage, but adding a glycine–

serine linker provided more flexibility at the boundary between two linked chains

and thus enhanced the cleavage [49]. The insertion of a furin recognition site

upstream of the 2A peptide sequence allowed additional sequence-specific protein

cleavage and the removal of 2A residues that otherwise remained attached to the

upstream heavy chain protein [49].

5 Vector Integration

Despite efforts to optimise plasmid-based vector systems, reliable and efficient

integration of transgenes into transcriptionally active genomic loci still remains a

major challenge for stable protein expression. As productive integration events are

rare, extensive cell line screening is required to identify and characterise the desired

high producers. In recent years, the frequency and/or efficiency of productive

integration events has been increased by including chromosomal elements on the

expression plasmid vector or by combining with transposon or targeted integration

technologies. Viral-based integration systems such as lenti- and baculovirus-

mediated gene delivery technologies are also being developed for the efficient

expression of secreted proteases and membrane glycoproteins [50, 51].

5.1 Incorporation of Chromosomal Elements

A number of chromosomal elements that have a positive effect on promoting high-

level and stable gene expression have been incorporated into plasmid vectors.

These include nuclear scaffold/matrix attachment regions (S/MARs) [52] and ubi-

quitous chromatin opening elements (UCOEs) [53]. These chromosomal architec-

tural elements affect the adjacent chromatin structure once the plasmid vector has

been integrated into the genome to maintain accessibility of the vector DNA for

transcription and prevent gene silencing. Recent work has suggested that CHO cell
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lines generated with UCOE-containing vectors not only showed resistance to

chromosomal position effects with increased mRNA production per copy of trans-

gene but also grew to a higher cell density [54]. The UCOE system is versatile

having been used in combination with multiple selection and amplification

platforms, in different CHO host cell lines and with the high-throughput Clonepix

screening process [54–56]. Its beneficial effect on the frequency of higher-

expressing cell lines and robustness of cell growth allows the rapid generation of

stable transfectant pools and has been used to replace transient transfection for the

rapid production of cytokines and other recombinant proteins [57]. Saunders and

co-workers [58] compared a number of chromatin structural elements including

UCOE, MAR, STAR (Stabilising Anti Repressor) and cHS4 (an insulator from the

chicken beta-globin locus control region) for their ability to confer resistance to

insertional position effects that could decrease mAb expression. UCOE had the

most beneficial effect of all the elements tested, maintaining a high level of

expression and showing reduced promoter methylation, which is one cause of

gene silencing.

5.2 Transposon-Based Vector Systems

Transposons are a class of naturally occurring non-viral mobile genetic elements

that have the ability to integrate single copies of DNA sequences with high

frequency at multiple loci within the host genome [59]. Transposon DNA vectors

have been developed for a variety of purposes, including insertional mutagenesis as

well as gene transfer and therapy. Typically, these transposon systems have two

components: a donor plasmid with the cargo transgenes flanked by the transposon

inverted repeat sequences and a helper plasmid or mRNA encoding a transposase.

The transposase is transiently expressed from the helper plasmid or mRNA and then

catalyses the excision of the inverted repeat sequence flanked region of the donor

plasmid and facilitates its integration into the host genome. Transposon vectors

have been deployed with CHO cell lines for the production of recombinant proteins

including a gamma-secretase integral membrane protease complex [60]. The Piggy-

back (PB) transposon, a class II transposable element originally derived from the

cabbage looper moth, has been favoured in the bio-production field because of ease

of handling and its capability for mobilizing very large DNA sequences, such as

bacterial artificial chromosomes [61]. However, the frequency of transposition

decreases as the size of the artificial transposon increases beyond 14 kb. In a

side-by-side comparison, Matasci and colleagues [62] showed that the PB trans-

poson system resulted in 15–20 times more recombinant cells in the transfectant

population and that the derived clonal cell lines had higher average volumetric

productivity and greater production stability than cell lines originating from the

standard plasmid vector. Based on this result, the group utilized the PB transposon

system for rapid transfectant pool generation to produce high titres of an antibody

and a human tumour necrosis factor receptor-Fc (TNFR-Fc) fusion protein [63].
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The PB transposon pools expressing TNFR-Fc fusion protein had a constant

volumetric productivity for up to 3 months in the absence of selection. Further

optimisation of the PB transposon system has been performed by incorporating a

human MAR sequence into the PB vector, which significantly increased transgene

integration and transcription [64]. This study also showed that, with the PB trans-

poson system, transfectants can readily be generated without selection, and high

levels of expression could be obtained from as few as 2–4 genomic copies of the

MAR-containing transposon vector. The attributes of low transgene copy number

and stability in the absence of selection that are conferred by the PB transposon

system are highly desirable for production cell lines as they are associated with

transgene stability over long-term culture. Moreover, the higher productivity and

the increased frequency of productive cell lines are highly beneficial for the

efficiency of the cell line development process.

5.3 Targeted Integration

Integration at a predefined chromosomal locus that gives homogeneous, high

expression is advantageous for protein production and the efficiency of cell line

generation. In addition, because cells with the same isogenic background are

expected to have similar and predictable growth and metabolism, this approach is

also beneficial for upstream process development [65]. Site-specific recombinase

systems such as Cre-Lox and Flp-FRT have been the common tools used for

targeted integration (reviewed by Bode et al. [66] and Turan et al. [67]). These

systems are usually operated in two steps: first, following random integration,

screening and tagging expression hotspots using a reporter gene vector that also

contains a recombination-specific sequence tag (Lox or FRT) and then, second,

targeting integration of a vector containing the cargo gene(s) and complementary

recombination-sequences to the pre-tagged locus using transient expression of the

recombination enzyme. Several groups have successfully demonstrated the gener-

ation of homogeneous cell lines expressing recombinant protein with good produc-

tivity and long-term production stability by using this approach [68, 69]. However,

this is a lengthy process, and, as only a single copy of the transgenes is integrated,

the resulting cell lines tend to have lower titres than the best cell lines derived from

a random integration approach. In addition, as fluorescent reporter genes are not

secreted, the tagged cell lines that are selected are not necessarily proficient in the

production of secreted proteins.

To speed up the hotspot screening step and integrate an increased number of

transgene copies, two technologies, ϕC31 integrase and CRE-Lox recombinase

systems, have been combined [70]. The ϕC31 integrase mediates attB-specific

DNA integration into the CHO genome at pseudo-attP sites. As there is a limited

number (100–1,000) of pseudo-attP sites in the CHO genome, the scale of the first

step of searching and tagging (with LoxP integration sites) of transcriptionally

active pseudo attP spots is manageable. Moreover, it has been shown that targeted
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integration of two copies of antibody genes doubled the titres compared with

targeted integration of one copy of the genes. Meanwhile, Zhang and colleagues

[71] have used a vector containing mAb genes flanked with recombination

sequences for large-scale screening to identify cell lines with good productivity,

long-term production stability and possession of low-copy number transgenes.

After removing the mAb genes through recombinase-mediated cassette exchange

(RMCE) using an Flp-FRT-containing null cassette, the resulting host was used for

the efficient and consistent construction of cell lines possessing high mAb produc-

tivity (2–2.5 g/L in fed-batch shake flasks) and stability of expression for more than

100 generations. This approach not only identified transcriptional hotspots for

integration but also generated host cells with intrinsic production capability and

stability that was inherited from the progenitor cell lines.

In addition to naturally occurring site-specific enzymes, such as Cre, Flp and

ϕC31, which are capable of recognising specific sequences and then promoting the

interchange between two recombination sites, a number of programmable

sequence-specific nucleases that generate double-stranded breaks (DSBs) have

been applied to genome editing in mammalian cells. The first of these programma-

ble reagents were the ZFNs where protein engineering is used to enable targeting of

double-strand DNA cleavage adjacent to chosen DNA sequences (reviewed by

Chandrasegaran and Carroll [72]). Typically, the chromosomal DSBs introduced

by ZFNs are repaired by a non-homologous end joining (NHEJ) repair pathway, in

which the DSBs are ligated without the use of a homologous template. In some

instances, the DNA joining repair is imprecise and leads to a deletion or insertion of

nucleotides, causing a frameshift that can result in gene disruption. By designing

and engineering a nuclease target site into the donor plasmid vector, Cristea and

colleagues [73] showed that a ZFN can cleave both donor and chromosome DNA to

produce efficient integration of the donor plasmid into the CHO genome through a

non-homologous end joining (NHEJ) pathway.

The transcription activator-like effector nucleases (TALENs) are another class

of programmable site-specific nucleases. TALENs consist of two domains, an

engineered TALE that binds to a specific DNA sequence and a DNA cleavage

domain. It has been demonstrated that a large expression cassette that includes a

gene encoding a single-chain Fv-Fc (scFv-Fc) can be knocked in at a predefined

locus in the CHO genome mediated by a TALEN with micro-homology to the

targeted locus [74, 75]. The simplicity of the vector construction that requires no

large regions of homology along with the efficiency of the process for isolating

knock-in cell lines is advantageous for the generation of production cell lines.

More recently, RNA-guided nucleases, based on the CRISPR–Cas9 system from

prokaryotes, have been developed and are being widely used for genome editing,

including for CHO cells (reviewed by Lee et al. [76, 77]). Cas9 is an endonuclease

that uses a guide RNA to target specifically cleavage of DNA sequences that are

complementary to the guide RNA. Unlike ZFNs and TALENs, which require

complex protein engineering to cleave new DNA target sequences, the CRISPR–

Cas9 system uses a universal DNA endonuclease and cleavage specificity is

engineered by simply modifying the sequence of the guide RNAs. Therefore, the
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CRISPR–Cas9 system significantly increases the efficiency and reduces the cost of

the design and generation of the reagents for genome engineering. Furthermore,

engineering of a CRISPR–Cas9 recognition site into a donor plasmid can promote

NHEJ-based integration of transgenes into a predefined locus, albeit at a low

efficiency [78]. The efficiency of NHEJ targeted integration remains low even

with the aid of promoter trapping (HEK293) or phenotypic screening (HPRT - in

CHO) strategies at 0.17% and 0.45%, respectively. However, using a transgene

cassette flanked by homology arms in the presence of locus-specific guide RNAs

and Cas9 protein enables more efficient integration (10.2–27.8%) into multiple

pre-defined loci in the CHO genome through a homology-directed repair mecha-

nism [76, 77]. The application of the CRISPR–Cas9 system for targeted integration

shows benefits in terms of the consistency of transgene expression in the resulting

cell lines. In addition, the insert capacity for multiple gene cassettes (~5 kb) and the

increasing targeting efficiency mediated by the CRISPR–Cas9 system advocate its

development as a targeted integration platform for production cell line generation.

However, challenges remain as off-target effects, presumably because of

non-targeted integration, have the potential to affect cellular functions in the

engineered cells.

Targeted integration technologies provide advantages for the rapidity of cell line

development and also the potential homogeneity and consistency of cell line

productivity. These inherent benefits are exploited by the deployment of targeted

integration as a research tool and for rapid supply of early preclinical and clinical

supply of therapeutic proteins. However, a key drawback of targeted integration

systems for commercial manufacturing is the lower productivity compared with

that of cell lines derived from conventional random integration and screening

approaches. The lower expression results from the lower transgene copy number

and also the lack of epigenetic selection for high expression for targeted integration

compared with random integration. These factors are being addressed by ongoing

developments to enable targeted integration of multiple transgene cassettes and also

by “reusing” a high-yielding, stable, random-integration production cell line by

removing and replacing the product genes with a suitable targeting cassette, as

demonstrated with an RMCE system by Zhang et al. [71]. However, there is a

concern as to whether a single clonal targeted integration host can possess all the

intrinsic properties, genetic and epigenetic, to generate the desired product quality

characteristics for all molecular formats. Therefore, a toolbox of host clones might

be required, with different host clones for different products.

6 Glycoengineering

Glycosylation is the enzymatic addition of carbohydrate (glycans) and is one of the

most important PTMs for therapeutic proteins as it can affect biological activity,

stability, pharmacokinetics and immunogenicity. N-linked and O-linked glycosyl-

ation are the most common types of protein glycosylation, with the pathways for
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N-linked glycosylation being the best characterised in mammalian cells (reviewed

by Hossler et al. [79]). The sites for glycosylation are determined by the structure of

the protein, and the protein conformation can also affect glycan structures. The host

cell line and the cell culture conditions also influence the glycan structures and the

glycan homogeneity [79]. This can result in heterogeneous glycan profiles and,

because of the potential impact on biological activity, there can be a need to demon-

strate consistent lot-to-lot glycosylation depending on the mode of action of the

molecule [80]. Although CHO cell lines generally produce human-like glycans,

they can also produce some non-human glycoform structures (NGNA and

non-human alpha-gal) which are undesirable from an immunogenicity perspective.

The natural N-glycosylation profiles from CHO cells can be improved by cell line

engineering to produce more-homogeneous and more-desirable glycosylation pro-

files (reviewed by Dicker and Strasser [81]). A “glycodelete engineering” strategy

to produce simplified and homogeneous glycan structures has been developed in

HEK 293 cells [82]. This approach could be beneficial for production of mAbs from

CHO in which the mode of action is antigen neutralization without effector

function. Recent work on engineering the N-linked glycoforms in the CHO cells

most relevant for therapeutic recombinant proteins is described below.

6.1 Terminal Sialylation

Sialylation plays important roles in the half-life of therapeutic proteins. The hepatic

asialoglycoprotein receptor (ASPR) can recognise terminal galactose residues and

mediates serum protein degradation. Terminal sialylation can hide the galactose

from recognition; thus sialylated proteins are cleared more slowly than those that

are asialylated. Consequently, it is highly desirable to control and increase the level

of sialylation, but recombinant proteins from CHO cells tend not to be fully

sialylated. Therefore, sialylation pathways are genetic engineering targets for

improving the extent and/or consistency of recombinant protein sialylation profiles.

There are different ways to attach sialic acid to galactose: human proteins

predominantly use the α2,6-linkage, whereas CHO cells have incomplete α2,3-
linked sialic acid. This difference is because of the lack of significant expression of

the α2,6-sialyltransferase gene in CHO cell lines [17]. Early work showed the

feasibility of using genetic engineering approaches to enhance sialylation of recom-

binant glycoproteins secreted from CHO cell lines by co-expressing α2,6-
sialyltransferase or α2,3-sialyltransferase in recombinant CHO cell lines

[83, 84]. More recently, a CHO-K1 host cell line has been engineered to express

the hamster ST6GAL1 gene, which encodes α2,6-sialyltransferase [85]. Antibody

produced in the engineered host not only showed the human-like α2,6-linked
terminal sialic acid, but also a twofold increase in the overall sialylation level

compared with that of the unmodified host. Similarly, recent work conducted by

Yin and co-workers [86] showed that overexpression of the human ST6GAL1 gene

in CHO cell lines producing human erythropoietin (EPO) resulted in increased
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sialylation. Furthermore, co-expression of two additional glycosyltransferases,

α1,3-D-mannoside β1,4-N-acetylglucosaminyltransferase (GnTIV/Mgat4) and

UDP-N-acetylglucosamine: α1,6-D-mannoside β1,6-N-acetylglucosaminyl trans-

ferase (GnTV/Mgat5) in the ST6GAL1-modified CHO cells, produced further

enhancement of the terminal branching. As a result, tri- and tetra-antennary N-
glycans represented approximately 92% of the total N-glycans on the resulting EPO
protein. RNAi knock-down experiments have been conducted to investigate further

which of the six CHO α2,3-sialyltransferases (ST3GAL1-ST3GAL6) with their

different substrate specificities are critical for alpha 2,3-sialyation linkage of CHO

glycoproteins [87]. Results indicated that ST3GAL3, ST3GAL4 and ST3GAL6 are

involved in N-linked sialylation and ST3GAL4 may play a vital role in glycoprotein

sialylation of complex glycoproteins such as EPO. This study demonstrated the

power of RNAi as a screening tool to identify individual and combinatorial effects

of multiple genes in the glycosylation pathway and to provide targets for successful

glycoengineering.

6.2 High-Mannose Glycans

High-mannose glycans are known to increase antibody immunogenicity and

decrease half-life, making them undesirable for therapeutic proteins [88]. Never-

theless, proteins with mannose-only glycans are advantageous for X-ray crystal-

lography studies because of the simple and homogeneous glycan structure

[89, 90]. The MGAT1 gene product, also called GnTI, catalyses the transfer of

N-acetylglucosamine to the Man5GlcNAc2 (Man5) N-glycan structure as part of

complex N-glycan synthesis. Disruption of the MGAT1 gene either by chemical

mutagenesis followed by lectin selection [91] or ZFN-mediated targeted knock-out

(KO) technology [92] in multiple CHO cell lines resulted in the production of

protein with Man5 as the predominant N-linked glycosylation species. Unlike the

chemical mutagenesis method, ZFN mediates precise genomic modifications, so

that the growth and productivity of the resulting KO cell lines are not adversely

affected by random mutagenesis throughout the genome. The MGAT1 KO host is

also useful in the production of mannose-terminated enzymes, such as recombinant

glucocerebrosidase to treat patients with Gaucher disease, as the terminal mannose

residues bind with better efficiency to the mannose receptor on the surface of the

target macrophage cells [93]. Interestingly, by re-introducing theMGAT1 gene into
the mgat1 mutant or KO cell lines, two independent groups have shown that the

sialylation levels of IgG1 molecules were improved as well [85, 94–96]. This

phenomenon was not observed when the MGAT1 transgene was expressed in

wild-type CHO K1 cells. Although the exact mechanism is not well understood,

this strategy of restoring the MGAT1 function in deficient cells has been applied in

CHO cells from transient expression through to stable and large-scale perfusion

systems to produce EPO with a greater proportion of tri- and tetra-antennary

sialylation [94, 95].
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6.3 Afucosylation for Increased Antibody-Dependent
Cell-Mediated Cytotoxicity

Fucosylation remains a major target for glycoengineering as afucosylated mAbs

have enhanced ADCC activities and an increased anti-tumour activity. Knocking

out the FUT8 transferase gene through traditional homology-based recombination

approaches [97] or ZFN-mediated gene disruption [98] has been shown to produce

completely afucosylated antibodies. The recent development of the CRISPR–Cas9

technology has significantly increased the efficiency of gene editing, and it has been

reported that the triple gene targets FUT8, BAK and BAX can be knocked out in a

one-step manipulation to produce a FUT8-deficient host with anti-apoptotic prop-

erties [99]. This work demonstrated the multiplexing capability of the CRISPR–

Cas9 system for genome editing with high efficiency.

Besides the FUT8 gene, many other genes in the fucosylation pathway have

become engineering targets. Haryadi and colleagues [100] used a ZFN to inactivate

the GDP-fucose transporter gene (Slc35c1) in a cell line with an existing mutation

in the CMP-sialic-acid transporter gene (Slc35a1). This resulted in a cell line

(CHO-gmt5) that produced afucosylated and asialylated mAbs. These investigators

also compared ZFN, TALEN and CRISPR–Cas9 technologies for the modification

of the slc35c1 gene locus and found changes in mAb titre in cell lines engineered

with ZFN and CRISPR–Cas9, but not with TALEN, suggesting that TALEN might

have fewer off-target effects.

A novel approach to engineering the fucosylation pathway is that of “biosyn-

thetic deflection”. Von Horsten and colleagues [101] described the expression of a

bacterial enzyme, GDP-4-keto-6-deoxymannose, to divert an intermediate substrate

from the fucose synthesis pathway. This resulted in the production of afucosylated

mAbs even when the expression levels of the bacterial gene were relatively low.

6.4 O-Glycoengineering

In contrast to N-linked glycosylation, the capabilities of CHO cells for O-linked
glycosylation of proteins are less well understood. However, work using a

“SimpleCell” strategy has been used to increase knowledge of O-glycoproteins

and sites of O-glycan attachments in the CHO proteome [102]. This approach used

a ZFN to knock out a component of the O-glycan pathway, leading to homogenous

and truncated O-glycans and allowing enrichment of O-linked glycan proteins for

identification by mass spectrometry. Data analysis from the study indicates that

CHO cells have a limited capacity for O-glycosylation, which supports

transcriptome studies also showing expression of a limited number of

O-glycosylation GalNAc transferases [18]. Consequently, cell engineering

approaches have the potential to improve O-linked glycosylation, which is impor-

tant for PTMs in molecules such EPO and Etanercept (TNF alpha receptor-Fc-

fusion).
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7 New Formats and “Difficult-to-Express” Proteins

More recently, new classes of proteins such as multi-specific antibody and fusion

proteins have been designed as therapeutic proteins for unmet medical needs. These

novel formats can pose more challenges to mammalian cell expression systems

compared with conventional mAbs. They can be poorly expressed and show

undesirable levels of aggregation because of a combination of the intrinsic proper-

ties of these proteins and the limited biosynthetic capacity of the host cell lines for

these heterologous proteins. In addition, there are some mAbs and “natural”

molecules that also fall into this class of DTE proteins. Although high levels of

transcription are required for high levels of protein expression, steps downstream

from transcription are also important in regulating protein secretion from mamma-

lian cells. These post-transcriptional steps include mRNA translation, translocation

of polypeptides from the cytosol into the ER, polypeptide folding and assembly,

addition of PTMs and secretion. Depending on the individual recombinant protein,

limitations in these steps can result in aggregation and low productivity of the

desired product. Investigations have been focussed on understanding the bottle-

necks that underlie the poor levels of expression of these proteins and addressing

these bottlenecks with cell line and vector engineering tools. A summary of some of

the successful approaches is given below and in Table 1.

7.1 Protein Trafficking, Assembly and Secretion

Secretory proteins have an N-terminal secretory peptide that targets the polypeptide

for processing through the secretory machinery of the cell. As the nascent poly-

peptide emerges from the ribosome, the signal peptide binds to the signal recogni-

tion particle (SRP) and the resulting complex is targeted to the translocon on the ER

membrane. As the polypeptide is translocated into the ER, the signal peptide is

cleaved off by the signal peptidase so that the signal peptide is not part of the mature

protein. Newly synthesized proteins are folded and assembled in the ER, before

addition of PTMs and progression through the Golgi and final secretion. If the ER

capacity for protein folding is exceeded, then the resulting unfolded or misfolded

proteins accumulate in the ER, and this is detected and induces the unfolded protein

response (UPR). The UPR aims to maintain protein homeostasis by shutting down

translation or increasing the level of chaperones to aid folding (reviewed by

Chakrabarti et al. [111]). At the same time, misfolded proteins are removed by

upregulation of ER degradative enzymes. If ER stress is sustained, this can result in

apoptosis and cell death. Where the production of unfolded or misfolded recombi-

nant protein is contributing to significant ER stress then this naturally selects for

low levels of productivity of the recombinant protein. The UPR is a dynamic and

complex process, and two groups have developed UPR-responsive reporter systems

in order to monitor and understand better the factors that can contribute to UPR

26 J. Zhu and D. Hatton



T
a
b
le

1
S
u
m
m
ar
y
o
f
th
e
ap
p
ro
ac
h
es

to
in
cr
ea
se

th
e
p
ro
d
u
ct
iv
it
y
an
d
p
ro
d
u
ct

q
u
al
it
y
o
f
“d
if
fi
cu
lt
-t
o
-e
x
p
re
ss
”
p
ro
te
in
s

A
tt
ri
b
u
te

R
ec
o
m
b
in
an
t

p
ro
te
in

C
el
lu
la
r
ta
rg
et

o
r

p
at
h
w
ay

A
p
p
ro
ac
h
es

R
es
u
lt

R
ef
er
en
ce

A
g
g
re
g
at
io
n
an
d
p
ro
d
u
ct

q
u
al
it
y

A
ct
R
II
B
-F
c

T
ra
n
sc
ri
p
ti
o
n
ra
te

R
ed
u
ce
d
in
p
u
t
D
N
A
an
d
re
d
u
ce
d

cu
lt
u
re

te
m
p
er
at
u
re

8
0
%

re
d
u
ct
io
n
in

p
la
sm

id
D
N
A

in
2
9
3
-E
B
N
A
1
ce
ll
s
re
su
lt
ed

in

d
ec
re
as
ed

ag
g
re
g
at
io
n
fr
o
m

3
6
to

1
4
%

at
3
7
� C

,
an
d
to

4
%

at
3
2
� C

A
ls
o
sh
o
w
ed

in
cr
ea
se
d
si
g
n
al

p
ep
ti
d
e
cl
ea
v
ag
e
an
d
N
-l
in
k
ed

g
ly
co
sy
la
ti
o
n
p
ro
fi
le
s

[1
0
3
]

A
g
g
re
g
at
io
n
an
d

g
ly
co
p
ro
fi
le

m
A
b

K
in
et
ic
s
o
f
m
A
b

as
se
m
b
ly

In
cr
ea
se
d
re
la
ti
v
e
le
v
el

o
f
L
C
:

H
C
ex
p
re
ss
io
n
u
si
n
g
at
te
n
u
at
ed

IR
E
S
fo
r
H
C
g
en
e
o
r
b
y

re
-t
ra
n
sf
ec
ti
o
n
o
f
L
C

In
cr
ea
se
d
L
C
:H
C
ra
ti
o
>
1

re
su
lt
ed

in
in
cr
ea
se

in
m
o
n
o
m
er

le
v
el

to
>
9
7
.5
%
.
In
cr
ea
se

in
L
C
:

H
C
ra
ti
o
fr
o
m

0
.3
2
to

3
.4
3

d
ec
re
as
ed

le
v
el

o
f
h
ig
h
-m

an
n
o
se

g
ly
ca
n
fr
o
m

3
3
to

1
4
%

[4
4
–
4
7
]

L
o
w

p
ro
d
u
ct
iv
it
y

m
A
b

S
ig
n
al

p
ep
ti
d
e

p
ro
ce
ss
in
g

O
v
er
ex
p
re
ss
io
n
o
f
si
g
n
al
re
ce
p
to
r

p
ro
te
in

S
R
P
1
4

U
p
to

tw
o
fo
ld

in
cr
ea
se

in
sp
ec
ifi
c

p
ro
d
u
ct
iv
it
y
ra
te

(S
P
R
)

[1
0
4
]

m
A
b

R
at
e
o
r
ce
ll
u
la
r
ca
p
ac
it
y

fo
r
m
A
b
fo
ld
in
g
an
d

as
se
m
b
ly

C
h
an
g
ed

L
C
:H
C
g
en
e
ra
ti
o
an
d

co
-e
x
p
re
ss
io
n
o
f
B
iP
,C

y
p
B
,P

D
I,

an
d
ac
ti
v
e
fo
rm

s
o
f
A
T
F
6
an
d

X
B
P
1

U
p
to

tw
o
fo
ld

ti
tr
e
in
cr
ea
se

b
y

in
cr
ea
si
n
g
L
C
:H
C
ra
ti
o
o
r

co
-e
x
p
re
ss
in
g
C
y
p
B
,
P
D
I,
A
T
F
6

o
r
X
B
P
1
s

[1
0
5
]

F
c
fu
si
o
n

p
ro
te
in

S
p
3
5
F
c

C
el
l
g
ro
w
th

an
d
p
ro
te
in

fo
ld
in
g

C
y
p
B
co
-e
x
p
re
ss
io
n
an
d
ad
d
it
io
n

o
f
ch
em

ic
al

ch
ap
er
o
n
es

C
y
p
B
an
d
ch
ap
er
o
n
es

in
cr
ea
se
d

S
P
R
b
y
1
.5
-f
o
ld
;
C
y
p
B
re
d
u
ce
d

ag
g
re
g
at
io
n
b
y
4
0
%
;
re
d
u
ce
d

te
m
p
er
at
u
re

d
ec
re
as
ed

ag
g
re
g
a-

ti
o
n
si
g
n
ifi
ca
n
tl
y
(5

to
1
%
)

[1
0
6
]

m
A
b

U
P
R
p
at
h
w
ay

In
d
u
ci
b
le

ex
p
re
ss
io
n
o
f
X
B
P
1
s

R
ed
u
ce
d
cu
lt
u
re

te
m
p
er
at
u
re

F
o
u
rf
o
ld

in
cr
ea
se

in
S
P
R
w
h
en

X
B
P
1
s
is
in
d
u
ce
d
w
it
h
D
O
X

an
d

te
m
p
er
at
u
re

re
d
u
ce
d
to

3
0
� C

[1
0
7
]

(c
o
n
ti
n
u
ed
)

New Mammalian Expression Systems 27



T
a
b
le

1
(c
o
n
ti
n
u
ed
)

A
tt
ri
b
u
te

R
ec
o
m
b
in
an
t

p
ro
te
in

C
el
lu
la
r
ta
rg
et

o
r

p
at
h
w
ay

A
p
p
ro
ac
h
es

R
es
u
lt

R
ef
er
en
ce

A
g
g
re
g
at
io
n
an
d

p
ro
d
u
ct
-i
n
d
u
ce
d
to
x
ic
it
y

le
ad
in
g
to

ce
ll
li
n
e

in
st
ab
il
it
y

m
A
b

R
eg
u
la
te
d
ta
rg
et

g
en
e

ex
p
re
ss
io
n

T
u
rn
ed

o
n
ta
rg
et

g
en
e
ex
p
re
ss
io
n

w
it
h
“T

et
o
n
”
in
d
u
ci
b
le

sy
st
em

o
n
ly

d
u
ri
n
g
p
ro
d
u
ct
io
n
p
er
io
d

In
d
u
ci
b
le

ex
p
re
ss
io
n
m
ai
n
ta
in
ed

at
h
ig
h
le
v
el
s
fo
r
u
p
to

1
4
5
d
ay
s

o
f
cu
lt
u
re

[1
0
8
]

P
ro
d
u
ct
-r
el
at
ed

ce
ll
to
x
-

ic
it
y
ca
u
si
n
g
lo
w

p
ro
d
u
ct
iv
it
y

H
u
m
an

IG
F
-1

IG
F
-1

re
ce
p
to
r

IG
F
-1

re
ce
p
to
r
g
en
e
w
as

k
n
o
ck
ed

d
o
w
n
w
it
h
sh
R
N
A

o
r
K
O

w
it
h

Z
F
N

T
en
fo
ld

in
cr
ea
se

in
ti
tr
e
fr
o
m

0
.1
–
0
.2

to
1
.3

g
/L

[1
0
9
]

L
o
w

p
ro
d
u
ct
iv
it
y

S
m
al
l
p
o
si
-

ti
v
el
y

ch
ar
g
ed

p
ro
te
in

R
ec
o
m
b
in
an
t
p
ro
te
in

b
in
d
in
g
to

ce
ll
su
rf
ac
e

ca
u
si
n
g
g
ro
w
th

in
h
ib
it
io
n

U
se
d
m
u
lt
ip
le

h
o
st
ce
ll
s;
se
le
c-

ti
o
n
o
f
h
o
st
ce
ll
s
“r
es
is
ta
n
t”

to

ta
rg
et

p
ro
te
in

b
y
ad
ap
ti
n
g
th
e

h
o
st
ce
ll
s
in

th
e
p
re
se
n
ce

o
f
p
o
s-

it
iv
el
y
ch
ar
g
ed

p
ro
te
in
;
in
cr
ea
se
d

sc
re
en
in
g
sc
al
e
an
d
m
ed
ia

d
ev
el
o
p
m
en
t

T
en
fo
ld

im
p
ro
v
em

en
t
in

p
ro
d
u
c-

ti
v
it
y
fr
o
m

5
0
to

5
0
0
m
g
/L

[1
1
0
]

28 J. Zhu and D. Hatton



stress [112, 113]. As highlighted below and in Table 1, components of the UPR,

including chaperones, present potential engineering targets to improve cell line

productivity for DTE proteins, as do strategies to reduce the levels of unfolded or

misfolded protein.

Using an empirical modelling system to compare the transient expression of a

panel of eight IgG1 molecules with a fourfold variation in volumetric productivity,

Pybus and colleagues [105] determined that the mAb-specific expression limitation

can be at the folding and assembly step. The DTE mAbs showed an induction of

UPR in host CHO and a decrease in cell growth. By changing the ratio of heavy-

chain (HC) and light-chain (LC) expression, and by co-expression of a variety of

molecular chaperones, foldases or UPR transactivators (Table 1), the expression

level of the DTE mAbs was significantly improved. A similar strategy and screen-

ing platform was used by Johari and colleagues [106] to investigate successfully the

low productivity of an Fc-fusion protein (Sp35Fc), which was associated with the

formation of intracellular oligomeric aggregates. By screening a panel of cellular

and chemical chaperones and UPR transactivators, specific productivity and cell

growth were manipulated and the productivity was increased by combinatorial

approaches with reduced culture temperature (Table 1). An inducible system to

express the spliced form of human X-box binding protein (XBPs) in combination

with reduced temperature has also been used to increase mAb productivity [107].

Besides the manipulation of chaperones and the UPR pathway, the work from Le

Fourn and co-workers [104] identified light-chain signal-peptide processing as the

limiting step for the expression of a DTE antibody. The low level of mAb secretion

was associated with an intracellular accumulation of unprocessed light chain that

had retained the signal peptide. Overexpressing a human signal receptor protein,

SRP14, and other components of the secretory pathway improved both the

processing of the LC signal peptide and levels of mAb secretion. Other studies

have shown that changing the secretory leader sequence can improve expression,

although the mechanism underlying this effect is not well understood [114].

7.2 Aggregation

Protein aggregates are a concern for recombinant therapeutic proteins as they can

impact efficacy as well as induce immunogenic responses and cause adverse events

upon administration to patients. Therefore, there is a desire to minimize and control

protein aggregation. By testing a tenfold range of ratios of LC to HC in stable CHO

pools, Ho and colleagues [44, 45] have found that a higher ratio (>1) of LC:HC

resulted in higher mAb titres and higher levels of monomer (Table 1). They also

found that high-mannose-type N-glycans increased, whereas fucosylated and

galactosylated glycans decreased significantly at the lowest LC:HC ratio. Further

work by this group [46, 47] showed that the antibody aggregates consisted mostly

of HC polypeptide, and, if cell pools producing higher levels of aggregate were

re-transfected with the LC gene, then the level of aggregate was reduced.
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Overexpression of the BiP chaperone also reduced the level of aggregate, although

the effect was less dramatic. It was found that the level of aggregation of an

Fc-fusion protein was proportional to the gene dose in a HEK293 transient system

[103]. As shown in Table 1, reducing input vector DNA and lowering the temper-

ature significantly reduced mAb aggregation. It also increased the cleavage effi-

ciency of a signal peptide, presumably because the reduced transcription rate

allowed more time for cells to translate and process polypeptide. In a separate

study of 28 individual mAb-expressing cell lines, the level of aggregate had an

inverse correlation with intracellular and secreted light chain [115]. Another study

of a bispecific antibody suggested a relationship between N-glycans and aggre-

gation, with aggregate present in the cell culture medium containing antibody with

reduced levels of N-glycan fucose and galactose residues [116]. Culture process

development, such as optimisation of osmolarity and temperature, can also be used

to reduce protein aggregation [117, 118]. Together these studies suggest that,

depending on an individual recombinant protein, optimisation of the protein expres-

sion rate, the balance of expression of different subunits and the extent of glyco-

sylation might be beneficial in reducing aggregation. High-throughput expression

systems, such as that described by Hansen and colleagues [119], would potentially

be useful in evaluating and optimising factors that influence these processes for an

individual recombinant protein to improve expression and reduce aggregation.

7.3 Product-Related Cell Toxicity

There are several examples of recombinant proteins showing toxic effects in CHO

cells, including reduced cell growth. Not surprisingly these proteins are difficult to

express as the selection pressure generated by such toxicity leads to low produc-

tivity or productivity loss during cell expansion. Depending on the nature of the

underlying interaction of these recombinant proteins with the CHO cell line,

different mitigations have been identified to allow improved expression of these

“toxic” products.

Misaghi et al. [108] observed up to a fourfold decrease in the expression of a

mAb by clonal cell lines over 45 days of expansion, and the reduction was not

associated with a decrease in heavy- and light-chain gene transcription. An induc-

ible expression system was established that reduced the exposure of cells to the

product, and, as a result, the stability of mAb productivity was maintained. In

another example, cell line engineering proved to be a powerful tool in down-

regulating a specific receptor to avoid the toxicity produced by expression of a

bioactive ligand product. Romand and co-workers demonstrated that expression of

human IGF-1 variants resulted in both poor growth and low productivity in CHO

cells [109]. The negative effect of the IGF-1 product on cell growth was found to be

mediated through the CHO IGF-1 receptor (IGF-1R). Consequently, by knocking

out or knocking down the IGF-1R receptor gene in the CHO host cell lines, the

productivity of recombinant IGF-1 in CHO cell lines was increased up to tenfold. In
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a cell line and process development case-study for another recombinant protein that

bound to the cell surface and inhibited cell growth, one approach included selecting

a host cell population that was able to grow in the presence of the recombinant

protein in the culture medium [110]. Transfectant pools generated from the adapted

host produced levels of the recombinant protein that were approximately threefold

higher than those from the non-adapted host. Other approaches included using

multiple host cell lines with diverse genetic composition, significantly increasing

the bioreactor screen size during cell line development by using micro-bioreactors

and also developing a modified cell culture medium to improve cell growth in the

presence of the recombinant protein. This integrated approach resulted in a tenfold

titre improvement.

8 Operating Existing Systems in New Ways

With the increasing emphasis on reducing timelines from lead discovery to clinical

studies, there is a desire to accelerate the preclinical development phases, including

toxicology studies. The availability of product of the appropriate quality is a

limiting step for preclinical studies. To produce representative material, it is desir-

able to use the final cell line clone in the manufacturing bioreactor process. Progres-

sion to this stage of clonal cell line and process development can be expedited by

the use of standard production platforms and processes, but it is still time consum-

ing – in the order of at least 8 months from transfection to final clone and process.

However, material can be made much earlier using transients or pools of cells, as

outlined below. In considering this approach it is important to recognise the risks

and impact if the product quality from the final clone and process is significantly

different from that of the preclinical material. However, this risk can be mitigated

by screening final cell lines and processes for product quality that matches that of

the early material used for preclinical studies.

8.1 Transients

In contrast to stable expression, transient gene expression (TGE) does not require

integration of the expression plasmid into the host cell genome and so no selection

pressure is applied. The expression plasmid DNA is transfected into host cells; the

DNA that reaches the nucleus is transcribed and the resulting transcript translated

into protein, which is then secreted into the cell culture medium. The cells express

the recombinant proteins encoded by the plasmid over a period of a few days to a

few weeks. TGE has traditionally been used for the rapid production of recombi-

nant proteins for use during discovery as research reagents as well as for the

production of candidate molecules for evaluation and early characterisation.

Although the capacity for high TGE yields from HEK 293 cells has been well
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established for many years [120], expression in CHO cells was limited until

relatively recently. The product quality of recombinant proteins obtained from

HEK and CHO cells can be different because of the differences in PTMs [121–

124]. The desire to generate early material that is representative of later-stage

processes that use stable CHO cell lines has driven the development of improved

CHO transient expression systems. The strategies for enhancing transient expres-

sion have involved engineering the CHO host cell line, and developing the transient

transfection and production processes with either wild-type or engineered CHO

host cell lines. The various approaches for CHO transient expression development

that have been documented in the literature have recently been reviewed by Jager

and colleagues [125] and are summarised in Table 2. However, as a key driver for

CHO transient system development is producing representative material of stable

cell lines, industrialists have tended to set up optimised systems that are bespoke to

their individual CHO host cell lines and production platforms, and consequently

this information is not necessarily in the public domain. With the advent of the

“Expi CHO” system there is now a commercially available CHO transient expres-

sion kit that is widely accessible (Table 2).

8.2 Transient Scale-Up

The strategies to improve CHO transient expression systems have culminated in the

ability to express mAbs at 2 g/L in 21 days from transfection to harvest at a 6-L

culture volume in a wave bioreactor using a process that is amenable to further

scale-up [128]. Such high productivities at scale mean that it is now feasible to

produce sufficiently large yields of recombinant proteins by transient expression to

enable preclinical development and potentially even clinical development. How-

ever, sourcing the large amounts of plasmid DNA of the appropriate quality

required for transient expression at large-scale is challenging and represents a

different potential bottleneck for recombinant protein production compared with

stable cell line systems. The inherent variability of transient transfections can also

make the reproducibility of transient batches technically challenging.

8.3 Expression Predictability

Although it is now feasible to perform CHO transient expression at scale, the

typical development process is to use a clonal cell line for the manufacture of

clinical products. It typically takes several weeks to obtain readouts on expression

from the stable cell line development process, which can cause project delays if

there are issues with expression. However, the recent performance improvements in

the CHO transient system allow prediction of the productivities in stable CHO cell

lines as there is a correlation between CHO expression of mAbs in transient and
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stable expression formats. Therefore, CHO transient expression is also a valuable

tool in screening different molecules during the discovery process to predict expres-

sion titres rapidly as well as producing batches of representative product for

developability studies.

8.4 Stable Pools for Rapid Large-Scale Supply

In contrast to transient transfections at scale, the process for generating clonal stable

cell lines requires much less plasmid DNA, but is both time and resource intensive

as individual clones are recovered from single cells and then expanded for screen-

ing. An intermediate solution for more rapid production is to use transfectant pools

of cells. Instead of screening individual transfectants, multiple transfectants are

selected and recovered together as a pool, allowing a more rapid recovery of cell

populations and therefore a more rapid scale-up for production. However, a trans-

fectant pool is heterogeneous, containing a mixed population of cells with different

levels of productivity that gives lower overall productivity than can be obtained

from the best individual clonal cell lines. Furthermore, transfectant pools can show

instability of expression over time. There are some technologies that promote more

homogeneous transfectant expression, improving expression levels and expression

stability; these include incorporation of UCOE sequences into expression vectors

along with targeted integration and transposon-based systems, which were

described in Sect. 5. These pool approaches are also compatible with the use of

platform bioreactor processes that are typically used for clonal cell lines, which

helps to ensure that the pool-derived product is representative of product from

later-stage clonal cell lines.

8.5 Development of Cloning Technologies

Although feasible to make high yields of clinical grade recombinant proteins

rapidly through scaled-up transients and transfectant pools, clonal production cell

lines are central for commercial supply strategies because of their higher produc-

tivity and robustness for scale-up. Critical to the cell line development process is

the regulatory guidance to isolate production cell lines from single progenitor cells

[132] to ensure consistency of product quality. A number of different strategies and

technologies are used to isolate clonal cell lines, with more recent developments

focussing on reducing timelines and improving efficiency for cell line development.

In limiting-dilution cloning, dilute cell suspensions are dispensed into multi-well

plates at less than one cell per well and then cell lines are recovered from the single

colonies that grow in individual wells. A statistical analysis of data on the recovery

of colonies in wells and multiple rounds of cloning are used to support the clonality

of the derived cell lines. More recently, the development of high-content plate
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imaging systems has allowed the generation of detailed images of the originating

single cell in a well at the time of plating and can reduce the number of rounds of

cloning required to support clonality. Another approach uses the ClonePix tech-

nology, which involves introducing low concentrations of cells into a semi-solid

medium, allowing single cells to grow into colonies and then using the automated

imaging and picking capabilities of the robot to transfer single, well-separated

colonies into the individual wells of a multi-well plate [133]. Typically, ClonePix

methods use two rounds of cloning to derive cell lines with a suitable assurance of

clonality. Fluorescent detection reagents can be added to the semi-solid medium to

allow identification of the colonies that are secreting recombinant product. FACS is

an efficient technique for sorting cell suspensions and depositing single cells into

individual wells of a multi-well plate. In combination with multi-well plate imaging

of the deposited cells, FACS-based cloning requires only a single round of cloning

[134] and is therefore more rapid for cell line development than methods requiring

two rounds of cloning. In addition, the sorting capability of the FACS instrument

can be harnessed by using fluorescently labelled detection reagents to bind either

the product or a surrogate present on the cell surface, and then sorting on the basis

of the bound fluorescence signal. New microfluidics technologies are also being

applied to single-cell cloning [135]. Cell suspensions can be emulsified in oil,

creating picodroplets that can then be imaged on microfluidic chips, with those

containing a single cell being sorted and subsequently dispensed into plates. In

addition, microfluidics provides the prospect of being able to couple isolation of

single cells with performing assays on the picodroplet for secreted product to assess

yield or product quality [136]. Single-cell cloning technologies based on “cell

printing”, which involve microfluidic dispensing integrated with cell imaging and

analysis, also show potential for cell line development applications [137, 138].

8.6 Improved Cell Line Screening

Stable transfection generates cell lines that show variation in productivity, growth

and product quality. This diversity of characteristics arises from a combination of

the random integration of the expression vector into the host genome, variation in

transgene copy number and also from the phenotypic variation in individual cells in

the host cell population, as discussed in Sect. 3.2 of this chapter [22, 27]. With the

resulting recombinant cell line heterogeneity, it is important to incorporate the

appropriate screens during the cell line development process to ensure the selection

of candidate production cell lines with the appropriate growth, productivity and

product quality attributes. Many of the recent advances in cell line screening are

oriented towards increasing the efficiency of the cell line development process,

often through automation, and enhancing the predictability of the cell line screening

data of the performance of cell lines in bioreactors.

Key to the cell line development screening strategy is that cell lines are tested in

a process representative of the platform bioreactor process using production
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medium and feed. Hence, cell lines are selected to “fit-to-process”, and this reduces

the need for upstream process development before scale-up and clinical manufac-

ture. During cell line development, multiple cell lines are evaluated to find those

with suitable characteristics. To handle the large numbers of cell lines involved, this

evaluation process involves a screening cascade with a series of cell line assessment

steps where the numbers of cell lines reduce at each stage and at the same time the

amount of characterisation data for each cell line increases. The first step identifies

those cell lines expressing the recombinant protein usually by detecting product

secreted into the culture medium. Expressing cell lines are then advanced to the

next step that involves evaluating cell lines in fed-batch culture to assess growth

and productivity. This was traditionally performed using shake flask cultures, but

the laborious manual handling involved limits the number of cell lines that can be

evaluated in parallel to a few tens. The development of high-throughput, small-

scale, fed-batch culture processes using 24- or 96-well plates enables hundreds of

cell lines to be assessed in parallel [139], with automation further reducing the

manual handling effort required. Once the numbers of cell lines have been reduced

to the top 24–48, scaled-down bioreactor systems that control pH and dissolved

oxygen can be used to generate data that are predictive of larger-scale fed-batch

bioreactors in terms of cell growth, productivity and metabolism [140, 141]. These

microscale bioreactor systems are also being adapted to operate in a simulated

perfusion mode, enabling the screening and identification of cell lines that are

compatible with continuous upstream processes. Importantly, microscale bioreac-

tors provide not only predictive bioreactor performance data but also product for the

generation of representative product quality data; together these data are analysed

to identify candidate production cell lines for further process characterisation,

including cell line stability, before selecting the final clone for the creation of the

master cell bank that is used for manufacture.

8.7 Product Characterisation During Cell Line Screening

Both the cell line and the upstream process used for therapeutic protein expression

influence product quality attributes such as aggregation, fragmentation and PTMs.

Product quality screening therefore needs to be incorporated into the cell line

development process to ensure selection of cell lines that express product with

suitable characteristics. The product quality attributes that are characterised are

determined by the properties of the product itself, but typically include an assess-

ment of glycosylation, aggregation, fragmentation and amino acid sequence integ-

rity. The generation of analytical data for product from multiple cell lines during

cell line development is facilitated by high-throughput analysis of product within

the cell culture medium, for example for aggregation [142], or by integration with

high-throughput purification methods, for example glycosylation assays
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[143]. Mass spectrometry and peptide mapping methods [144] are used to confirm

that the product has the expected amino acid sequence. Product sequence variants

that contain one or more amino acid substitutions can result from mutations in the

encoding DNA or misincorporation of amino acids during translation [144–

147]. As these sequence variants are cell line specific, they can be screened out

during clone selection. Sequencing of cDNA can be used to characterise and

confirm that the correct transcript sequence is expressed. However, this might not

be sufficiently sensitive to identify low levels of a sequence variant, whereas next-

generation sequencing (NGS) is more sensitive and can also provide additional data

on transcript integrity [148–150].

8.8 Next-Generation Sequencing for Cell Line
Characterisation

The level of annotation of the CHO and Chinese hamster genomes along with

bioinformatics tools relating to the analysis of CHO omics data are continuing to be

developed [151]. This facilitates the use of NGS to characterise the genomes of

CHO cell lines. NGS allows detailed analysis of the genome following transgene

integration or gene editing and can be used to assess transgene sequence, copy

number, integrity and integration site. NGS is a very powerful technology, produc-

ing vast amounts of sequence data and it is essential to have the appropriate

bioinformatics capabilities to process and analyse these data. Multiple targeted

massive parallel sequencing (MPS) approaches have also been developed to focus

on particular genomic regions defined by primers to reduce the scale of the data

[152]. Other applications for NGS are to compare the transgene structure and

integration at different times over long-term culture to assess the genetic stability

of stable cell lines. Next-generation nucleic acid sequencing technology also pro-

vides an additional potential method for testing and investigating incidences of

contamination [153]. As next-generation sequencing technology gains regulatory

acceptance, it also has the potential to reduce the need for the in vivo testing that

forms part of the traditional program of virus testing. Collaborative efforts involv-

ing regulators and cross-industry representatives are under way to investigate the

sensitivity, robustness and validation of NGS methodologies for safety testing and

to establish a framework for implementation [154, 155].

9 Perspectives on CHO Expression System Development

Traditionally, CHO cell line development for recombinant protein production has

been a screening-led process using a sequential cascade of assays to identify cell

lines with suitable characteristics in terms of growth, productivity and product
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quality for large-scale production. These screening processes mine the variation in

cell line performance that arises from a combination of heterogeneity of cells in the

host cell population and the heterogeneity resulting from random integration of the

plasmid expression vector into the host cell genome. Many of the developments for

CHO cell line generation have focussed on improving the predictability and

efficiency of the screening processes, as described above. These systematic

approaches have been very successful, leading to significant improvements in the

timelines and the resources needed for cell line development, and in concert with

intensive media development and bioreactor optimisation have delivered cell lines

with higher productivities, achieving up to 10 g/L for mAbs. Although highly

effective, these approaches have treated CHO cells as a “blackbox” with limited

molecular understanding of the integrated networks of CHO biosynthetic processes.

However, new challenges with increased requirements for efficiency in cell line

development, expression of innovative molecular formats and new production

processes require additional, more-rational design-led strategies to achieve the

required optimisation and develop the next generation of CHO cell line develop-

ment platforms.

The first publication of the genome sequence of CHO-K1 in 2011 [18] marked a

shift in the level of molecular understanding in CHO cells and has stimulated more-

rational engineering approaches to develop CHO production cell lines. Expression

profiling of CHO cells and their responses to bioprocessing conditions have enabled

a greater understanding of cellular processes and identified engineering targets to

make improvements [156]. Furthermore, CHO cells can now be evaluated with

multiple omics tools to describe the proteome and metabolome as well as the

genome and the transcriptome, allowing the application of systems biology model-

ling [157]. Data from these omics approaches can be integrated with metabolic

networks into computational “genome scale” metabolic models for specific path-

ways (reviewed by Gutierrez and Lewis [158]). These models are potentially very

powerful, generating the ability to perform in silico experiments to predict the

outcomes of changing components within biochemical pathways. Reported appli-

cations for these models to CHO cells have included media development and

understanding the impact of different culture conditions [158]. Further integration

of omics data to refine and build more-extensive models to incorporate biosynthetic

processes is computationally challenging, but will enable more detailed and accu-

rate predictions and further help to define engineering targets. Meanwhile, the

collection and mapping of data from the CHO glycoproteome and

phosphoproteome are improving the understanding of PTMs, which are important

for the product quality of therapeutic proteins.

Having identified potential gene engineering targets, tools such as shRNA for

gene knock-down and genome editing for gene knock-out along with standard

plasmid vectors for gene knock-in or overexpression have been essential in vali-

dating and exploiting these gene targets. High-throughput screening expression

systems such as that described by Hansen et al. [119] are potentially useful tools

to explore rapidly the impact of combinations of genes on the expression of

recombinant proteins and on product quality to validate potential targets.
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Programmable sequence-specific nucleases based on ZFN and TALEN technolo-

gies have shown great utility for knocking out single genes and in a few cases a

combination of a small number of genes. However, the advent of the CRISPR–Cas9

system with its simpler and more rapid target engineering capacity means that

multi-gene genome editing has become more feasible. Additional targeted genome

editing applications for CRISPR–Cas9 include gene insertion and gene activation

or repression as well as gene knock-out [76, 77], which are also important tools for

creating optimal production lines.

Standard expression plasmid vectors and gene editing technologies offer a way

to modulate individual or small numbers of genes involved in CHO cellular

pathways. However, engineering of miRNAs can allow simultaneous modification

of multiple genes across multiple pathways. MicroRNAs are small non-coding

RNAs that are involved in regulating many cellular processes by a mechanism

based on anti-sense recognition of specific sequences in target RNAs. The knowl-

edge of the function of miRNAs is still developing, but they have been character-

ised as being involved in cell growth, apoptosis and cell death, hypoxia and

oxidative stress as well as protein production (reviewed in Jadhav et al. [159]).

Therefore, miRNAs are promising engineering targets to improve CHO production

cell lines, and this is borne out by studies where overexpression of miR-17 and

miR-30 produced higher expression levels of recombinant proteins from CHO cells

[160, 161], although the molecular basis for these effects is not yet understood.

CHO cells can be conventionally engineered by accessing the natural diversity

of genetic sequences from CHO cells or other organisms. However, synthetic bio-

logy approaches can devise and develop novel combinations of biological compo-

nents and have the potential to redesign and improve CHO cellular processes

radically for recombinant protein production (reviewed by Lienert et al. [162] and

Xie and Fussenegger [163]). Through precise control of new gene networks, the

resulting “designer cells” have the potential to improve production efficiency and

robustness (e.g. through engineering metabolic and biosynthetic pathways),

improve product homogeneity (e.g. through engineering pathways for PTMs) and

enable the production of innovative and new molecular formats that are currently

challenging to express. The building blocks for synthetic CHO-based systems are

under development with the availability of libraries of new synthetic promoters to

regulate transcription in CHO cells [164] and the development of new multi-gene

engineering vectors to introduce new multi-gene synthetic networks into mamma-

lian cells [165].

With the advantages of regulatory provenance, increasing knowledge of, and

ability to manipulate, biosynthetic pathways and compatibility with new continuous

manufacturing processes, CHO expression systems are set to become an even more

flexible platform and are expected to continue to be central for delivery of increas-

ingly complex therapeutic proteins. In future, it is envisioned that the data from

omics technologies and integration with systems biology approaches will “open”

the CHO “blackbox” and should enable a step change in the understanding and

modelling of cellular processes in CHO cells to identify new rational engineering

targets to improve recombinant protein production [166]. At the same time, genome

40 J. Zhu and D. Hatton



editing in combination with synthetic biology technologies will provide the trans-

lational tools required to re-engineer CHO cells and exploit these targets. Together,

these approaches should allow implementation of a more rational engineering and

design-led approach to develop the next generation of CHO production cell lines

tailored according to the product and process requirements.
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