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Recombinant proteins used in biomedical research,
diagnostics and different therapies are mostly pro-
duced in Chinese hamster ovary cells in the pharma-
ceutical industry. These biotherapeutics, monoclonal
antibodies in particular, have shown remarkable mar-
ket growth in the past few decades. The increasing
demand for high amounts of biologics requires contin-
uous optimization and improvement of production
technologies. Research aims at discovering better
means and methods for reaching higher volumetric
capacity, while maintaining stable product quality.
An increasing number of complex novel protein thera-
peutics, such as viral antigens, vaccines, bi- and tri-
specific monoclonal antibodies, are currently entering
industrial production pipelines. These biomolecules
are, in many cases, difficult to express and require
tailored product-specific solutions to improve their
transient or stable production. All these requirements
boost the development of more efficient expression
optimization systems and high-throughput screening
platforms to facilitate the design of product-specific cell
line engineering and production strategies. In this mini-

review, we provide an overview on recent advances in
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CHO cell line development, targeted genome manipu-
lation techniques, selection systems and screening
methods currently used in recombinant protein pro-

duction.

Introduction

Biological therapeutics and diagnostics (theranostics) are
rapidly growing products in the pharmaceutical market. They
include various monoclonal antibodies (mAbs), vaccines,
hormones, and other proteins, all of which have wide range
of applications. Since 2002 there have been more than 300
biopharmaceutical approvals by FDA (U.S. Food and Drug
Administration), and this number is growing, as biologics
(proteins, nucleic acids, sugars and their complexes) are
entering more and more fields in diagnostics and therapies
[1]. Meeting the increasing demand for these products
remains a challenge and drives constant innovation in the
manufacturing processes. Strategies aim at optimizing pro-
tein expression to achieve higher volumetric productivity
along with stable product quality and low manufacturing
costs, in reduced times.

A significant portion of available biologics are recombinant
proteins, most of which are produced in mammalian expres-
sion platforms. In this review, we focus on this expression
system, although other systems for producing active recom-
binant proteins are also available and under evaluation for
potential use in the pharmaceutical industry. Mammalian
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cells tend to become predominant hosts for industrial bio-
pharmaceutical production, largely because of their ability to
produce diverse, correctly folded and glycosylated proteins.
The importance of posttranslational modifications, glycosyl-
ation in particular, and the question of how they affect
different properties of recombinant proteins has attracted
much attention over the last decade. Extensive research led
to the discovery that for potential therapeutic use large and
complex proteins need to have human-like posttranslational
modifications in order to be functional and non-immuno-
genic. Several studies from different groups have demonstrat-
ed that proper glycosylation profile promotes biological
activity and stability, increases half-life and reduces immu-
nogenicity of protein therapeutics [2-4].

The CHO expression platform for pharmaceutical
recombinant protein expression

Mammalian expression-based systems involve various cell
lines of different origins, from hamster (CHO, BHK), human
(HEK293, HT-1080, PER.C6, CAP, HKB-11, Huh-7) and mouse
(NSO, Sp2/0). However, 70% of biologics, and almost all mAbs
, are produced in Chinese hamster ovary (CHO) cells, as the
most commonly used and preferred hosts for biopharmaceu-
tical protein production [5]. Their popularity lies in the facts
that they are capable of high productivity (0.1-1 g/L in batch
and 1-10 g/L in fed-batch cultures), exhibit consistently good
growth phenotypes, are suitable for large-scale industrial
culturing, can easily be adapted to various chemically defined
media, are less susceptible to infections by human viruses,
and they are able to perform human compatible glycosyla-
tion [1,3,4,6].

CHO ori cell line was isolated and immortalized by Theo-
dore Puck in 1956 [7]. Subclones were then further developed
by introducing mutations or via adaptation to different cul-
ture conditions. CHO ori-derived cell lineages own specific
properties favouring more efficient protein production or
producer cell line establishment, as compared to the parental
cell line. CHO DXB11 (dhfr+/—), CHO DG44 (dhfr—/—) and
CHO-GS-/- (CHO-K1SV) hosts have been generated to make
clone selection easier and faster by utilizing metabolic mar-
kers, the dihydrofolate reductase-mediated methotrexate
(MTX)-based and the glutamine synthetase-mediated methi-
onine sulfoximine (MSX)-based selection systems, respective-
ly. At the same time, MTX selection also works as a gene
amplification system, which allows for high product yields
[3,4]. CHO-S and derived cell lines have been adapted to
suspension culture with the aim to achieve higher volumetric
production by increasing producer cell density.

Despite sharing the same common ancestor, different CHO
lineages exhibit substantial genetic heterogeneity as a result
of extensive mutagenesis and clonal selection [8,9]. These
genetic differences, which affect karyogram and epigenetic
variations, as well, account for host cell-specific differences
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among the most widely used CHO cell lines (mostly CHO-K1,
CHO DXB11, CHO-S and CHO DG44). Thus, CHO expression
platform offers a wide variety of choices for host cell selection
and protein production optimization. Comparative studies
from different groups provide large amount of data on cell-
specific growth and product formation of different recombi-
nant CHO cell lines for various biologics [10]. In a represen-
tative example, Reinhart et al. have shown that CHO-K1 cells
favoured cell-specific productivity (7-16 pg/cell/day), wheres
CHO-S had a preference for biomass production, but lower
mAD expression (2-6 pg/cell/day), which was similar in CHO
DG44 cells ((2-4 pg/cell/day) in the same experimental setup.
The group also investigated the preference of CHO hosts for
different culture conditions (batch, fed-batch, semi-continu-
ous perfusion culture) and chemically defined media. The
study concluded that the observed differences in expression
were related to host cell-specific phenotype and metabolism,
and showed no strong correlation with the cultivation meth-
od or cell culture media [10].

CHO cell line optimization - a historical perspective
For decades, research groups all over the world have put
tremendous efforts into trying to improve the performance
of producer CHO cell lines. These attempts for cell line
manipulation aimed to achieve higher productivity and
product yields and took advantage of the pre-existing knowl-
edge on transcription, translation, cell metabolism, signal-
ling pathways and secretion machinery. A main strategy for
host cell engineering was based on overexpressing genes
beneficial for cell proliferation, longevity, stress and apopto-
sis resistence, protein production and secretion. Numerous
studies have demonstrated that transient or stable overex-
pression of key genes involved in cellular metabolism, pro-
tein biosynthesis and glycosylation increased growth rates,
productivity, and resulted in better product quality, respec-
tively [11]. Cell viability and culture performance have also
been shown to be improved by the overexpression of various
transcription factors, anti-apoptotic (e.g. BCL2, XIAP, AVEN,
MCL1) and pro-proliferative genes (reviewed by Fischer et al.
[11]). Advances in proteomics have also contributed to the
rational engineering of host cells. Analysis of proteomics data
was used to identify potential targets for gene manipulation
in order to enhance product yields, as reported for the gluta-
mate-cysteine ligase modifier subunit [12].

In contrast to the forced expression of beneficial genes,
other approaches for cell line optimization focused on the
elimination or repression of’ disadvantageous’ genes by ge-
nomic knock-out or via RNAi-mediated gene silencing. There
are different ways for disrupting gene function or eliminating
gene products: i) partial or complete deletion of a specific
gene by targeted genome manipulation, ii) switching off”
gene function by mutagenesis, iii) sSiRNA-mediated gene si-
lencing. MicroRNAs, which are known to play an essential
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role in transcriptome regulation in mammalian cells, have
also been intensively investigated in the past decade for their
potential in CHO cell engineering. A growing number of
evidence suggest that miRNAs have influence on several
cellular functions such as transcription, translation, ribosome
biogenesis, secretion, cell cycle, metabolism and cell death.
Exploiting the miRNA regulation system thus represents a
highly efficient molecular tool for the engineering of entire
cellular pathways. miRNA overexpression (e.g. miR-2861,
miR-23, miR-17) or knock-down by antagomiRs, or via viral
vectors, sponge and tough decoy vectors (e.g. miR-7, miR-
106b, miR-14 and many others) has been successfully used in
CHO cell line optimization to adapt cells to stressful envi-
ronment, temperature changes and to enhance protein pro-
duction [13-17]. A recent study has reported the deletion of
miR-744 using the CRISPR/Cas9 genome editing system with
the aim of improving CHO bioprocess performance [18].
Manipulation of miRNA-mediated regulation have also been
applied to boost the production of artifically designed diffi-
cult-to-express new biotherapeutics [9,19].

Gene ablation studies have historically been directed
against metabolic (e.g. LDHA), pro-apoptotic (BAX, BAK)
and anti-proliferative genes, and cell cycle checkpoint kinases
(ATR). As expected, the elimination or silencing of these
selected genes has resulted in improved culture performance,
apoptosis resistance and enhanced product yields. Genes
involved in chromatin remodeling (e.g. HDACs) and glyco-
sylation (e.g. FUTS8, SLC35C1) have also been targets for
knock-out studies in order to get a better understanding of
how cell lines can be manipulated to express recombinant
proteins with tailored posttranslational modification profile
[11].

All these achievements in host cell engineering are rightly
considered as a success story, as they have led to the generation
of CHO host derivatives outperforming their parental cell lines
regarding growth, stress resistance and productivity. Engi-
neered production cell lines have been shown to be able to
achieve record high 3—7 g/L volumetric productivities [20].
However, data from monitoring production efficiency in the
industrial manufacturing suggest that, in many cases, it is not
possible to recover the full amounts of products from bioreac-
torsin high-titer production processes. Due to this downstream
processing bottleneck, products do not seem to benefit from
very high titers and efforts to further increase titers likely yield
diminishing returns. Furthermore, in many cases, recombi-
nant cell lines have been observed to show decline in viability
and productivity during long term cultivation, thus making
the industrial community face further challenges.

New focus areas in industrial cell line development

Before 2010, many of the biopharmaceutical companies fol-
lowed the policy of developing their own production cell
lines, but the past decade has seen a change in this approach.

Now companies tend to use the same host cell line for
production and for initial clinical trials as they have realized
that this strategy simplifies the cycle of cell line development
and optimizes the way to the clinic. Besides, it reduces the risk
of product comparability issues and help manufacturers meet
product quality requirements and consistency expectations
[20].

These changing priorities have contributed to new direc-
tions in innovation regarding the CHO expression platform.
The focus of industrial cell line development has shifted
towards the issues of host cell line stability for ensuring stable
long term production, the use of targeted integration tech-
niques for expression optimization, especially for complex
engineered recombinant therapeutics, and the development
of selection and screening systems for faster and more effec-
tive clone selection (Fig. 1).

CHO cell line instability

All CHO cells, used in the pharmaceutical industry, are
characterized by good adaptability to genetic manipulations
and changing culture conditions. This feature is the conse-
quence of the inherently plastic genome of these cell lines
and it makes them amenable for large-scale industrial pro-
duction [1]. On the downside, this cell plasticity gives CHO
cells higher propensity for genomic rearrangements (dele-
tions, translocations) and it becomes a source for cell line
instability during the bioproduction process. Producer cells
are under high genomic and metabolic demand, which may
cause genomic and epigenetic changes resulting in a decline
in productivity and product quality [21,22]. Despite all this,
the numerous advantages offered by CHO cell lines make
them ideal hosts for recombinant protein production, thus, it
is unlikely that the scientific and industrial community will
abandon this expression system in the near future. Therefore,
much effort has recently been put into understanding the
phenomenon of CHO cell line instability. Research focuses
on finding solutions to overcome the problem of phenotypic
instability during the manufacturing process to ensure long
term stable production, process consistency and to assure
acceptable product quality.

CHO host cell lines, as all other rapidly growing immor-
talized cells, are genomically unstable and intraclonally het-
erogenous, which gives the system robustness and flexibility,
but causes problems with production stability. To better
understand the heterogenous nature of CHO cells, Borth
and her group investigated in a series of experiments how
heterogeneity is transferred during subcloning and clonal
selection for producer cell line generation. They found that
subcloning itself did not result in reduced genetic and phe-
notypic heterogeneity in subclones as compared to the origi-
nal cell pool, either in host or in recombinant cell lines. On
the contrary, selection for a specific cell property led to
increased karyotypic homogeneity and chromosomal stabili-
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ty [23]. The connection among CHO cell line instability,
karyotype variation and production instability has also been
investigated by Baik and Lee. They proposed a model for the
mechanism of production instability, where random chro-
mosomal rearrangements were associated with growth ad-
vantage and non- or low-producing clones. At the same time,
MTX selection for a specific phenotype/genotype reduced
growth rates but improved product yields [24,25].

An important issue during the development of stable re-
combinant cell lines is to generate and identify high produc-
ing clones, which do not lose their expression capability over
time. (Clonality is considered critical in therapeutic protein
production, as clonal lineages are thought to offer a stable
and consistent product quality profile.) Production of select-
ed clones then needs to be assessed during long term cultiva-
tion, which is a labour intensive and time consuming process.
However, the rapidly accumulating transcriptomic data avail-
able on CHO cell lines open the way for functional analysis to
identify regulators and biomarkers of high production and
clonal stability [26,27]. Following this approach, Ritter and
co-workers have analyzed the gene expression profiles of low
and high producing CHO clones to find potential targets for
cell engineering to make clone selection faster and more
efficient. They found that the majority of stable high produc-
ing clones were marked by the loss of the telomeric region of
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chromosome 8. Results from the established experimental
model confirmed that CHO-C8DEL cells (with the telomeric
region of chromosome 8 deleted) exhibited higher volumet-
ric productivity and generated significantly more stable pro-
ducer clones, as compared to control CHO-K1 cells [28].
Further on, the group performed a series of knock-out and
knock-down studies and identified two specific targets within
the selected telomeric region, Fam60A and C120rf35, which
played a role in creating the observed phenotype of CHO-
C8DEL cells. Deletion or reduced expression of these genes
was reported to correlate with higher productivity and faster
recovery from selection [29,30].

Targeted genome manipulation techniques

In recombinant cell line generation, the most intensive re-
search line focuses on the use of targeted genome integration
techniques for expression optimization. For the establish-
ment of stable and clonal (isogenic) producer cell lines,
transgenes need to be integrated into the host genome.
The conventional method for this relied on the random
integration of expression vectors, followed by a time con-
suming screening for suitable cells from a recombinant cell
pool with heterogenous transgene insertions. This approach
has two major shortcomings: the low efficiency of integration
and the position effect at the integration sites. There are
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different attempts to overcome these problems. Integration
efficiency was successfully improved with the help of differ-
ent transposon systems (Sleeping Beauty, Leap-in, PiggyBac,
Tol2). Recombinant CHO pools generated in only 2-3 weeks
using transposon-mediated gene integration have been
reported to be able to achieve extraordinarily high product
titers (>7 g/L) and hence can be used for rapid production of
large amounts of proteins [31,32]. Gene integration with the
help of transposon systems is still an area of interest and is
under evaluation for its potential use in different areas of
biomedical research.

The problem of ‘position effect’ occurring as a result of
random integration has also been addressed by several re-
search groups over the past decade. Ubiquitous Chromatin-
opening Elements (UCOEs), reviewed by Neville et al., and
other regulatory motifs identified in the genome of high
producer cells have been applied to prevent gene silencing
and to maintain high levels of expression [33,34]. Bacterial
Artificial Chromosomes (BACs) also represent a popular and
widely used alternative method for ensuring site-indepen-
dent, stable and high-level expression for integrated trans-
genes (e.g. 0.75 g/L in lab-scale bioreactors and 1.12 g/L in
shake flasks for selected antibodies) [10,35].

Targeted genome manipulation techniques enable the
knock-in of recombinant protein coding genes into well-
defined and transcriptionally active genomic sites. This is a
much faster and far more efficient way for establishing pro-
ducer clones, as compared to random integration. Targeted
genetic modification of cells has been made possible by the
emergence of target-specific genome-editing tools, such as
zinc finger nucleases (ZFNs), transcription activator-like ef-
fector nucleases (TALENSs), clustered regularly interspaced
short palindromic repeats (CRISPR)-CRISPR associated pro-
tein 9 (Cas9) RNA guided nucleases [36-38]. Among these, the
CRISPR/Cas9 system became the most popular for its ease of
use (as compared to ZFNs and TALENS), high editing efficien-
cy and low cost. Programmable nucleases generate double
strand breaks, which are resolved in mammalian cells by
endogenous DNA repair mechanisms. These comprise differ-
ent pathways: i) non-homologous end joining (NHE]), ii)
homology-directed repair (HR) and iii) microhomology-me-
diated end-joining (MMEJ). The main applications of targeted

genome editing tools involve the knock-out or knock-in of
genes of interest in the genome of cells or organisms.

Much effort has been put into identifying transcriptional’
hot spots’ in host cell genomes in recent years. Target sites
have been chosen based on previous empirical data available,
transcriptomic data analysis or with the help of lentiviral
screens [39]. Locuses used recently by different research
groups involve of Fer1L4, Rosa26, Hprt, Hippll, C120rf35
and GS [39-42,72-74]. Today, the state-of-art technique is
to integrate not only individual transgenes, but also complex
cassettes, called’ landing pads’, to generate master host cell
lines. Landing pads contain selection markers and recogni-
tion sites for recombinases or integrases, which allow the
precise insertion of any kind and any number of expression
cassettes into the established sites. There are numerous sys-
tems that have been effectively used for mediating expression
cassette exchange by site-specific recombination in mamma-
lian cells, such as Cre-loxP [40,72], Flp-FRT [41], BxB1 recom-
binase [39,41], PhiC31 integrase [42] (see Table 1).

A recent study has reported the development of multi-land-
ing pad DNA integration platforms, with 3-4 landing pads
inserted into different genomic hot spots, for advanced cell
engineering [39]. Alternative versions, by other groups, have
been generated to allow the cumulative integration of multiple
copies of the same gene or different genes [40]. Such construc-
tions may bring about the problem of repeat-mediated gene
silencing (also affecting polycistronic constructions and genes
in close vicinity of each other), however, various methods are
available (e.g. the use of epigenetic modifying elements, such as
insulators, UCOEs) to prevent the silencing of transgenes in
CHO cells [43,44]. These platforms discussed above have been
developed tofacilitate the generation of recombinant producer
celllines in the pharmaceutical industry. They are also valuable
and promising tools for the expression optimization of novel
complex protein therapeutics and might be applied in synthet-
ic biology, as well.

Expression optimization for difficult-to-express recombinant protein
therapeutics with regard to product quality and quantity

A large number of engineered, complex recombinant pro-
teins are currently filling industrial production pipelines.
Despite using advanced CHO cell expression platforms, these

Table |I. Targeted genomic hotspots and methods for expression construct integration and design in CHO cell lines.

Transcriptionally active genomic locus Method for site specific Reference
for transgene or’ landing pad’ integration expression cassette exchange

Fer!L4 (CRISPR/Cas9) Bxbl recombinase Flp-FRT [41]
Rosa26 (CRISPR/Cas9) Bxbl recombinase [39]

hprt (CRISPR/Cas9) Cre-loxP [40,72]
Hipp 1| (CRISPR/Cas9) PhiC31 integrase [42]
Cl2o0rf35, hprt, GRIKI (CRISPR/Cas9) [73]

GS (glutamine synthetase) (ZFN vs CRISPR/Cas9) [74]
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proteins, in many cases, prove to be difficult-to-express”
(DTE). A major area of innovative research in the pharma-
ceutical industry focuses on improving the manufacturability
of these bioproducts. There have been numerous attempts
from different research groups to try to understand the causes
for production bottlenecks and to seek solutions for these
problems recently.

The first key question to be addressed is expression optimi-
zation at the level of transcription, which involves expression
construct design, method of genomic integration, and interac-
tion with the genomic environment of the integration site.
Transcriptional levels of recombinant proteins even at well-
characterized integration sites are affected by the interplay
between the integration site and the expression cassette com-
ponents. The investigation of this phenomenon is highly nec-
essary for programmable cell engineering to be able to predict
how multiple components contribute to the final net expres-
sion of inserted transgenes. To address this question, Kildegaard
and co-workers have developed a molecular toolbox for the
systematic evaluation of product and site specific recombinant
gene expression. Using CRISPR/Cas9 technology, they con-
structed a series of CHO-S model cell lines with targeted inte-
gration site for a landing pad containing a recombinant gene
under defined 5’ proximal regulatory elements. They showed
that different regulatory elements generated robust recombi-
nant gene expression patterns at defined integration sites with a
wide range of transcriptional outputs [45]. Cartwright and co-
workers have reported the development of a high-throughput
microscale platform for the multiparallel testing of different
genetic components and for the systematic assessment of their
effects on DTE protein production. The group aimed to opti-
mize cell engineering solutions for both stable and transient
productions of a model DTE IgG. They concluded that optimal
methods were product and genetic context specific and signifi-
cantly differed for stable and transient productions [46]. Tadau-
chi et al. have conducted a systematic investigation aiming to
understand what makes antibody expression difficult. They
have constructed model cell lines with landing pads at defined
genomic integration sites, where the inserted transgene was
driven under the control of an (Tet/Dox) inducible promoter.
This system made it possible to characterize the expression of
proteins, which may be toxic or for any reason difficult-to-
express [47]. Other works have focused on transcriptional regu-
lation, asin the case of miRNA mediated (miR-557) engineering
of host cells, which has been shown to help enhancing DTE
protein expression [48].

Secretion deficiencies comprise another main field of in-
terest in the case of complex therapeutics, especially DTE
mAbs (e.g. infliximab) [49]. There are various approaches
from different groups to face this problem. In recent papers,
Hussein et al. have described a novel protein engineering
strategy to bypass secretory bottlenecks and thus to improve
production of DTE proteins. The group performed a step-by-
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step analysis to understand the molecular mechanisms which
restricted the production of the selected recombinant pro-
teins, TIMP-3 and TIMP-4, and identified a posttranslational
processing block as a limiting step in protein expression. To
overcome this limitation, a fusion protein was created that
included a short pro-sequence from a secretory growth factor
with a native cleavage site for the protease furin. At the same
time, furin was overexpressed in the same experimental cell
line. This strategy has been successfully used to improve
protein production in the case of two members of the TIMP
family which originally showed poor secretion. Following
this study, a computational tool has been applied to analyze
TIMP-3 coding nucleotide sequence to identify sequence
features which contributed to poor secretion. Based on the
data acquired, the group constructed a model for a protein
chimera design to be used for DTE recombinant targets
[50,51]. Otte and her group have reported the establishment
of an automated confocal microscopy-based method for the
investigation of DTE protein expression within the cells to
explore the causes of production bottlenecks. In representa-
tive studies, Mathias et al. followed the processing of selected
recombinant DTE proteins during cellular synthesis and in-
vestigated their distribution within the respective organelles
of the secretory pathway. They showed that in the case of a
selected antibody wrong folding was the rate limiting step
and the reason for hampered secretion, as it caused the ER-
associated degradation of the molecule [52,53].

Besides volumetric productivity, product quality is also of
key importance for biotherapeutic protein production and is
constantly in the focus of industrial technology development
efforts. Glycoproteins are the fastest-growing class of biother-
apeutics. Correct posttranslational modifications, especially
glycan structures are crucial for the potency and control of
pharmacokinetic and pharmacodynamic properties of these
biologics. Moreover, it is not only the nature and amount of
glycosylation (sialylation, fucosylation) what matters, but
also the heterogeneity of N-glycans can be an issue. This
heterogeneity, arising due to the variability of N-glycan
processing, may compromise the activity and safety of gly-
cotherapeutics [54]. Yang and co-workers have described how
CHO cells can be genetically engineered to produce glyco-
proteins in a nearly homogenous form. They performed a
knockout screen for CHO glycosyltransferases to identify key
genes that control decisive steps in N-linked glycosylation
and showed that CHO cells tolerated glycoengineering with-
out compensatory changes. Based on their results, they pro-
vided a strategy for the reconstruction of more homogeneous
glycosylation capacities in the model cell lines [55].

Recent advances in the development of high-throughput selection
and screening systems

Selection systems have become standardized during the dec-
ades, however, the advantages versus disadvantages of differ-
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ent selection systems continue to form a matter of debate,
especially in the case of the MTX selection system. Several
studies have demonstrated that the gene amplification result-
ing from MTX selection is a major cause for production
instability in recombinant cell lines. Moreover, multiple
rounds of MTX selection require a longer time for cell line
generation. Recently, Yeo et al. have also published a large-
scale comparative work on how various types of selection
marker genes affect production stability in different CHO cell
lines. Their results indicate that selection marker expression
needs to be optimized for different types of CHO cells to
improve selection stringency for best producer clones [56].

With the growing demand for biotherapeutic products in
the market, time and expenses are becoming important
factors regarding the manufacturing process. During process
design and optimization more attention is devoted to the
problem of how to reduce the time and costs required for
recombinant cell line generation for novel bioproducts. This
has boosted the development of novel methods and techni-
ques for high-throughput clone screening and characteriza-
tion. Many improvement efforts focus on monocloning, as
the most time consuming process during producer cell line
establishment. Several new techniques are now available for
more efficient single cell isolation replacing the classical
method of “limiting dilution”. Modern cloning approaches
employ specialized instruments to ensure that a single cell is
seeded into microtiter plate wells. Fluorescence-activated cell
sorting (FACS) has been successively used for sorting single
cells with specific cellular attributes indicative of high pro-
ductivity. VIPS (Verified in-situ plate seeding), developed by
Solentim, as well as Cytena single cell printer instruments
combine cell seeding with microscopic imaging to assure
single cell deposition, thereby the single cell origin of derived
clones [57-59]. The Beacon-platform from Berkeley Lights
which utilizes nanofluidics and optoelectro positioning tech-
nology allows the culturing, manipulation and characteriza-
tion of thousands of cells in parallel on a single chip, via
software-controlled operations [60,61]. ClonePX FL offers an
expression based method, on semi solid medium, for efficient
high producer clone / colony selection and isolation [62].

Many of these technology developments and modern
instruments providing possibility for high-throughput auto-
mated processes have already been successfully introduced in
the pharmaceutical industry and are now applied in indus-
trial recombinant protein production.

‘Omics technologies — a systems biology approach

Since the 2010’s, the emergence of ‘omics approaches and
‘omics technologies has contributed to the deeper under-
standing of cellular characteristics and identity profiles that
are indicative of optimal production. A vast amount of data is
now available (and is created day by day) in the field of
genomics, transcriptomics, proteomics, metabolomics, lipi-

domics and glycomics, which provide a systems level insight
into cellular states and characteristics in a given moment.
Stolfa et al. have published a comprehensive summary on
available resources and databases for CHO [63]. In parallel,
the constant development of computational methods and
algorithms in bioinformatics enables the translation” of
these ‘omics data into biologically relevant information on
cellular mechanisms and functions [64,65]. These informa-
tion together with computational modeling are used in all
fields of CHO research: for predicting cell behaviour [64], to
explore transcriptome level clonal variation underlying dif-
ferent production efficiencies in recombinant cell lines [66],
or to identify novel targets for manipulating stress response
and sensitivity in producer cell lines [67]. In a recent study,
Kol et al. have carried out multiplex secretome analysis to
investigate the impact of host cell proteins on recombinant
protein production [68]. By systematic in silico (computation-
al screening) and in vitro analysis, Nguyen et al. have identi-
fied endogenous promoters and enhancer elements from
CHO cells for potential use in transgene expression optimi-
zation [69]. Brown and co-workers have performed transcrip-
tome-based analysis to identify optimal reference CHO genes
for qPCR data normalisation. Results of the study have been
adapted for routine use in the pharmaceutical industry for
producer cell line stability characterization [70]. With the
advances in ‘omics technology, the system-wide analysis of
glycoprofiles provides new insights into the glycosylation
network of CHO cells and helps to develop novel glyco-
engineering strategies with the aim of generating more effi-
cacious therapies with fewer side effects — as summarized by
Tejwani et al. in a comprehensive review [54]. Stach et al.
describes a method for combining system-level kinetic mod-
els with synthetic biology to investigate the nature of N-
glycosylation and to test the synergistic behavior of genetic
perturbations on the galactosylation of a produced IgG [71].

Future perspectives

Systems biology approach has opened a new dimension for
enhancing CHO-based bioproduction.” Omics technologies
provide new opportunities to better characterize and under-
stand complex cellular functions, thus create a basis for the
possibility of mechanism-driven cell line optimization, in-
stead of manipulating a few key genes. However, a main
problem is that these modern technologies require special
instruments, materials, advanced information technology
facility, therefore they are still too complex and expensive
to be routinely used in industrial manufacturing. On the
other hand, data provided by different ‘omics technologies
so far cannot be integrated into a general mathematical
model, which would facilitate the transfer and application
of these information in experimental process design. How
this knowledge can be adapted and integrated into industrial
bioprocess optimization and development regarding recom-
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binant protein production still remains a challenge and needs
to be addressed in the future.
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