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Chinese hamster ovary (CHO) cells are by far the most commonly used mammalian
expression system for recombinant expression of therapeutic proteins in the
pharmaceutical industry. The development of high-yield stable cell lines requires
processes of transfection, selection, screening and adaptation, among which the
screening process requires tremendous time and determines the level of forming highly
productive monoclonal cell lines. Therefore, how to achieve productive cell lines is a major
question prior to industrial manufacturing. Cell line development (CLD) is one of the most
critical steps in the production of recombinant therapeutic proteins. Generation of high-
yield cell clones is mainly based on the time-consuming, laborious process of selection and
screening. With the increase in recombinant therapeutic proteins expressed by CHO cells,
CLD has become a major bottleneck in obtaining cell lines for manufacturing. The basic
principles for CLD include preliminary screening for high-yield cell pool, single-cell isolation
and improvement of productivity, clonality and stability. With the development of modern
analysis and testing technologies, various screening methods have been used for CLD to
enhance the selection efficiency of high-yield clonal cells. This review provides a
comprehensive overview on preliminary screening methods for high-yield cell pool
based on drug selective pressure. Moreover, we focus on high throughput methods
for isolating high-yield cell clones and increasing the productivity and stability, as well as
new screening strategies used for the biopharmaceutical industry.

Keywords: Chinese hamster ovary cells, screening system, recombinant therapeutic protein, semi-solid medium,
high-yield clone

INTRODUCTION

Chinese hamster ovary (CHO) cells are one of the most commonly used host cells for the industrial
production of recombinant therapeutic protein drugs. Among the top 10 drugs in global sales in
2019, eight are biopharmaceuticals, and seven are monoclonal antibodies produced in CHO cells
(Walsh, 2018; Bhutani et al., 2021), mainly due to its ability to express various recombinant proteins
with a post translational modification pattern similar to that of the proteins from human cells
(Harcum and Lee, 2016). The genome data of CHO cells have a similar proportion of glycosylation-
related transcripts to human cells (Xu et al., 2011). The use of CHO cells can also avoid human virus
infection and further improve product safety.

The expression of recombinant therapeutic proteins for clinical and commercial production
requires the stable integration of gene of interest (GOI) into the CHO genome. The most common
approach is to randomly integrate GOI into the host genome as part of a plasmid and then screen
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transgenic cells (Noh et al., 2019). The homogenous levels of
protein expression between individual transfected cells are rarely
observed due to factors such as cell-to-cell heterogeneity,
difference in gene copy number and chromosomal
environment (West and Fraser, 2005; Lee et al., 2019). The
heterogeneity caused by random gene integration can be
alleviated by single-cell sorting, which contributes to the
consistency of product quality and manufacturing. Another
reason for single-cell sorting preference is that after
transfection and  selection, high-yield clones appear
infrequently in heterogeneous cell populations (Lattenmayer
et al., 2007; Chusainow et al., 2009).

In addition to the unpredictable effects of random integration,
CHO cell lines and most immortalized cell lines are subjected to
highly clonal variation in genotypes and phenotypes (Pilbrough
et al., 2009; Lewis et al., 2013). This trait is not desirable in
industrial production because it complicates the screening of
sufficient clones to avoid heterogeneity. Given that the expression
of target protein consumes energy and resources from the host,
the growth of low-yield cell lines with different expression levels is
generally faster than that of high-yield cell lines, further leading to
a gradual decrease in their expression level (Zeyda et al., 1999).
Isolation and expanding individual high-yield cells into a
population of highly expressing cells with clonal properties are
necessary. Screening can take advantage of modern technology
and robotics; however, the development of cell line production is
still a time-, labor-, and capital-intensive effort that typically takes
6-12 months. Clonal screening and selection involve many
analytical screening techniques to ensure the selection of high-
yield clones that produce recombinant proteins with high titers,
good quality, and stability without productivity loss over time
(Ritter et al., 2017).

Therefore, advances in cell line development (CLD)
technology are critical to support the rapid development of
recombinant protein products. Improvements in development
processes and the ease of producing high-yield cell lines in
research conditions contribute to the rapid advancement of
biosimilars and innovative products. In the production of
innovative recombinant therapeutic protein drugs, shortening
the time to market is also beneficial for biopharmaceutical
manufacturers to maximize the profitability of the biologic
product during the limited patent exclusivity period. Advances
in CLD technology focus on the improvement of protein
expression and screening technologies for high-yield clones. In
this review, the advances in high-yield cell clone screening and
evaluation techniques in cell clone sorting are summarized and
assessed for the industrial production of therapeutic
protein drugs.

CELL POOL SELECTION MARKERS AND
SCREENING METHODS

Screening Systems Based on Metabolic
Pathways

The main challenge in CLD for recombinant protein production
is to generate and isolate rare high-yield clones in a short period

Screening for High-Yield Clones

of time from thousands of low-yield or unstable clones. The two
most commonly used expression systems are based on metabolic
pathway screening methods to establish stable, high-yield
recombinant CHO cell lines: dihydrofolate reductase (DHFR)
system and glutamine synthetase (GS) system (Table 1). DHFR
catalyzes the conversion of folic acid to tetrahydrofolate, a process
required for the biosynthetic pathway that produces glycine,
purine, and thymidylate (GHT). The DHFR system can be
used in CHO cell mutant strains, such as DXB11 and DG44,
in which the DHFR gene is mutated or deleted. The growth of
such nutrient-deficient cell lines requires a medium containing
GHT or transfection of DHFR. In the DHFR system, GOI is
generally transfected into host cells with DHFR gene in the same
expression vector.

The transfected cells are cultured in the medium without
GHT, and the surviving cell pool contains GOI and DHFR
genes in their genomes. When the cell medium contains
methotrexate (MTX) (Figure 1), the dihydrofolate reductase is
inhibited, and the gene is amplified through feedback regulation.
All genes in the upstream and downstream range of 100-1,000 kb
are amplified accordingly (Urlaub et al., 1986). Therefore, GOI
can be amplified by inserting within the range of this site. The
DHER system is widely used because of its high efficiency in gene
amplification. The first bottleneck in isolating high-yield cell lines
is the selection of clones with the best productivity and growth
rates from the amplified cell pool. These characteristics are partly
dependent on the copy number. Standard methods include
isolating individual clones by limiting dilution and cloning
cylinders (De et al.,, 2004; Quiroz and Tsao, 2016; Zhou and
Shaw, 2018). Assessment of the growth rate of each clone and the
productivity of target protein revealed that the process is time-
consuming and thus hinders the development of new
biopharmaceuticals. Two different strategies can be adopted
for selecting high-yield clones. The first approach involves
isolating individual clones from the first concentration level of
MTX selection, then placing each clone in a relatively high
concentration level of MTX selection, and finally isolating the
individual clones again. Subcloning can also be performed to
optimize homogeneity (Kim et al., 1998). The second strategy
involves pooling clones at each stage of MTX selection and
isolating single clones from the final MTX resistance library. A
study compared the effectiveness of the two strategies by
examining the antibody productivity of 30 parent clones and
10 parent cell pools after undergoing MTX amplification program
(Jun et al., 2005). High-yield clones were isolated from the cell
pool at an antibody titer of 5pug/ml within 15 weeks. After
approximately 17 weeks, high-yield cell clone strains were
isolated from 30 parent clones, with the highest subclone
reaching a titer of 17 pg/ml. The individual cloning strategy
proved to be labor intensive and time consuming due to the
additional cloning steps, and the scheme was not improved by
incorporating MTX in the initial selection of transfectants. The
cell-pool strategy is less labor intensive, but the highest producers
are approximately one third of those isolated using the individual
cloning strategy. Therefore, a selection strategy based on
individual clones is favored for establishment of high-
producing CHO clones because it is more efficient to perform
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TABLE 1 | Common selection markers used in cell line development.

Screening for High-Yield Clones

Selection markers Screening Selection principle Concentration
reagents range

DHFR MTX A folic acid antagonist that causes cytotoxicity by inhibiting DHFR activity and thus nucleic ~ 25-1000 nM
acid synthesis

GS MSX Inhibits glutamine synthetase gene 25-500 uM

Puromycin acetyltransferase Puromycin Aminoglycoside antibiotics that block protein synthesis in mammalian cells by interfering ~ 10-50 pg/ml
with ribosome function

Blasticidin deaminase Blasticidin A nucleoside antibiotic that specifically inhibits protein synthesis in prokaryotes and 5-50 pg/ml
eukaryotes by interfering with the formation of peptide bonds in ribosomes

Aminoglycoside Geneticin Aminoglycoside antibiotics, one of the most commonly used resistance screening agents  200-700 pg/ml
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FIGURE 1 | lllustration of the typical development of a mammalian cell line for recombinant protein manufacturing.
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cell cloning at the initial selection stage of parental cell clones
(Imanaka and Aiba, 1981). The first-round pool selection at the
outset followed by LDC and the pool selection using higher
concentration MTX might give higher titers (Noh et al., 2013).

The GS system utilizes the GS gene as a selection marker. GS
synthesizes glutamine from ammonia and glutamic acid in cells,
which is then hydrolyzed by adenosine triphosphate (ATP) to
provide energy. L-methionine sulfoximine (MSX), a GS inhibitor,
was added into a culture medium without exogenous glutamine
(Figure 1). The results showed that the GS gene and its associated

target genes were amplified effectively, thus improving the
expression level of target genes. The advantages of this system
are as follows. 1) The CHO-KI1 cell line with genetic defect is not
needed as the host cell, while GS-knockout cell line is a better
expression platform. 2) CHO-KI1 cells are easy to culture and
grow faster. 3) Glutamine need not be added in the culture
medium, thus avoiding the problem of high ammonia level in
the culture system caused by glutamine decomposition, reducing
the difficulty of process control, improving cell fermentation
density, and prolonging cell survival time. Wild-type CHO
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cells have endogenous GS genes that can be selected by adding
MSX at low levels (Bebbington et al., 1992; Brown et al., 1992).
CHO-K1 cell line was first used in the GS system (Cockett et al.,
1990). GS-knockout cell lines are also developed to improve the
efficiency of cell line screening, and the use of the GS-knockout
CHO host cell line facilitates the rapid generation of high
producing clones (Fan et al., 2012; Noh et al., 2018). In recent
years, the genome editing tools including Clustered Regularly
Interspaced Short Palindromic Repeat (CRISPR)/CRISPR-
associated protein 9 (Cas9) and zinc finger nucleases (ZFNs)
have been used to generate GS-knockout cell lines with desired
growth and recombinant protein expression characteristics (Grav
et al., 2017; Feary et al, 2021; Huhn et al, 2021). The DHFR
system requires a long time for gene amplification through the
gradual increase in MTX, whereas the GS system can achieve
sufficient expression levels through a round of selection and
amplification, thus reduce the total time required for cell line
generation (Barnes et al., 2000). The workflows and timelines for
DHEFR and GS system are shown in Figure 2. In addition, the GS
system diminishes the accumulation of ammonia in the medium
because overexpressed GS catalyzes the conversion of glutamic
acid and ammonia to glutamine (Wurm, 2004).

The high expression of GS system depends on the existence of
MSX to a certain extent, but MSX is not conducive to industrial

production. Mutants with low activity were obtained through GS
modification. Hence, the CHO cell lines with low activity of GS as
the screening marker could efficiently express antibodies after
MSX removal (Lin et al., 2019). As an attenuated selective marker
produced by the CHO cell line, GS mutation R324C can
substantially increase the antibody production in the stable
transfection pool and obtain stable clones with high antibody
productivity (Lin et al, 2019). In addition to DHFR and GS
systems, other screening systems based on defects in different
metabolic pathways are currently being developed. In CHO cell
lines lacking the proline metabolic pathway function, the
pyrrolin-5-carboxylate synthase gene is applied as a selection
marker to allow the use of proline-free medium for selection (Sun
et al., 2020). CRISPR-Cas9 is employed to knock out the genes
encoding the last two steps of a bifunctional enzyme that catalyzes
the de mnovo synthesis of pyrimidines and purines (5-
aminimidazolium-4-formamide ribosylnucleotide transferase/
IMP cyclic hydrolase [ATIC], respectively). The survival of
these bistrotrophic cells depends on the availability of purine
and pyrimidine sources or the transfection and integration of the
open reading frame that encodes these two enzymes. One of these
double trophic deficiency forms is used to select a stable
transfector carrying the target protein. The transfected clones
could stably produce large quantities of recombinant proteins.
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This double trophic deficiency provides a rapid and effective
selection method for the separate or simultaneous transfer of
multiple target genes into CHO cells by using readily available
commercial mediums without purine and pyrimidine (Zhang
et al, 2020). Polyamine plays an important role in cell
proliferation, DNA replication, transcription, and translation
(Igarashi and Kashiwagi, 2021). Depletion of putrescine and
spermine in cells resulting in the stagnation of cell growth and
ultimately death. The CHO-K1 cells of a serum-free medium
might require supplementation of putrescine because these cells
cannot facilitate the polyamine production of the first kind of
enzyme, arginase, based on their phenotype. A proline-based
selection system was also constructed and could obtain stable and
high-yield cell lines by screening cells in the medium without
L-ornithine and putrescine (Sun et al., 2020).

Screening Systems Based on Exogenous
Resistance Genes

Another selection method is the use of antibiotic-based resistance
genetic markers that confer resistance to antibiotics, such as
Geneticin, Zeocin, Hygromycin B, and Puromycin (Capecchi,
1989) (Table 1; Figure 1). Resistance gene screening is usually
combined with traditional limited dilution method to obtain
monoclones, and high-yield clones are further identified by
ELISA and Western blot. The most common traditional
method for screening monoclones is the limited dilution
method, which requires multiple rounds of subclones to
ensure monoclonal properties. Given that the newly
transfected cells are highly heterogeneous, the cell density
must be increased in the first step to maximize the number of
cells within a single wells. Screening is usually performed in a 96-
or 384-well plate. In the first screening step of subclone, the newly
transfected cells undergo limited dilution at an average cell
density of 2,500 cells during initial plating (Borth et al., 2000).
After a period of pressure screening, the surviving cells grow and
form a cell population. A single cell population in the well is called
monoclonal cell. If the formation of monoclonal cells in the first
round is insufficient, then a second round subclone is selected
from the cells of the selected monoclonal in the first round. This
step remarkably reduces the heterogeneity of cells in the second
round. A stable monoclonal cell could then be obtained after a
period of pressure screening with a low plating density in the
second round. Although limited dilution can be used as an
effective method, its several limitations prevent it from being a
viable screening technique for high-yield clones. First, this
technique is a time-consuming and labor-intensive process
with a long screening cycle. For cell lines expressing non-
secreted proteins, the cells are usually permeabilized or
disrupted, ELISA can be performed, and downstream
experiments are required to determine the productivity of each
clone cell. The whole process can take up to 8 months due to the
considerable additional work required to fully characterize each
monoclonal cell line.

In recent years, the method of antibiotic resistance genes has
been successfully optimized for the selection of high-yield cell
lines. One approach is to weaken antibiotic resistance genes on
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plasmids containing target genes (Bandaranayake and Almo,
2014), thereby allowing the selection of high-yield cell lines at
low doses of selective antibiotics and avoiding the problem of
slow cell growth that occurs in the presence of high antibiotic
doses (Sautter and Enenkel, 2005). Weak promoters, such as
herpes simplex virus (HSV) promoter, had been applied to
achieve this purpose (Niwa et al., 1991). Another approach is
to associate the target gene with the resistance gene through
polycistronic elements, such as the most commonly used internal
ribosome entry site (IRES) and 2A elements, to minimize non-
expressed clones and achieve stable monoclonal antibody
productivity without gene amplification (Ho et al., 2012; Ho
et al., 2013).

In addition, different antibiotic resistance genes have various
selection effects. Lanza et al. (2013) identified the order of
bleomycin > hypopycin B > neomycin > puromycin by
analyzing the expression of green fluorescent protein (GFP) in
two commonly used human cell lines. Although these simple
methods are useful and the materials are easily obtained,
antibiotic selection could reduce the rate of cell growth and
even result in morphological changes. Only a few reports
comprehensively compared the efficiency and effect of
different selection systems in CHO cells (Lanza et al, 2013;
Yeo et al., 2017). More advanced selection methods should be
developed to obtain additional high-yield cell lines.

SCREENING METHODS OF HIGH-YIELD
MONOCLONAL CELLS

Screening Methods Based on Fluorescence
Signals

Flow cytometry has rapidly become one of the most widely used
tools to select cells with desirable phenotypes. In particular,
fluorescence-activated cell sorting (FACS) classifies cells based
on the determined fluorescence level (Figure 1). One of the most
desirable features of flow cytometry is its high throughput
capability to analyze millions of cells per minute, thus saving
time, manpower, and money/resources (Kumar and Borth, 2012).
The sorting rate is determined by multiple factors, such as the size
and density of cells. In addition to being a tool for selecting highly
expressed variants, flow cytometry can also be used to analyze cell
growth and metabolism, both of which can affect cell productivity
(Hinterkorner et al., 2007).

The expression level of the target protein must be
characterized by fluorescence signals to successfully utilize flow
cytometry. The available methods are generally divided into two
categories: 1) GOI co-expression with reporter gene whose
expression levels in different clones can be used to determine
GOI expression levels, and 2) detection of secreted GOI on or
near the surface of a single producing cell by fluorescently labeled
antibodies specific to GOI. Reporter-gene expression is usually
maintained at a lower level than GOI expression to reduce the
burden of reporter-gene expression on cells. This condition can
be achieved by using a defective promoter, a weak Kozak
sequence, or by placing internal IRES between the reporter
gene and GOI (Cha and Bentley, 2007). Common reporter
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genes include green fluorescent protein (GFP), yellow fluorescent
protein (YFP), and red fluorescent protein (RFP) (Sleiman et al.,
2010). GFP is toxic to some cells at high concentrations and
therefore reduces the growth and stability of generative cells
(Zeyda et al., 1999). Cell productivity is positively correlated with
the fluorescence intensity of GFPS65T, an eGFP mutant.
Compared with continuous MTX selection, three rounds of
separation (sorting is 2 weeks after each round of growth)
produce more than six times the productivity of cloning
(Meng et al., 2000). Although the time required is the same
for artificial and cell sorting, the workload is greatly reduced
because ELISA is not required for high-yield cell strain selection.
In addition, further selection pressure can be applied in
combination with cell sorting. This finding has been verified
in CHO cells that co-express the metallothionin-green
fluorescent protein fusion protein and target protein; due to
the combination of metallothionin-based gene amplification
with FACS, high-yield cell strains can be isolated within
4 weeks (Bailey et al., 2002).

Most biological drugs are monoclonal antibodies and have
heterotetramer structures composed of isomolar light and heavy
chain polypeptides. Hence, the efficiency of antibody assembly is
largely dependent on the expression ratio of these chains. The
ratio of heavy to light chains affects the final antibody production
titer. Therefore, selecting the cell lines with the optimal ratio of
heavy to light chains is crucial for monoclonal antibody assembly
(Schlatter et al., 2005). FACS assay based on heavy- and light-
chain assemblies provided insights into the optimal antibody
expression in CHO cells by first performing a two-color sorting of
green fluorescent protein and yellow fluorescent genes that fused
with recombinant antibody heavy- and light-chain genes,
respectively (Sleiman et al., 2010). Fluorescent fusion antibody
chains are co-expressed by IRES-based vectors. Dual fluorescent
clones selected by FACS showed a 38-fold increase in antibody
production within 12 weeks relative to that of their parent pool.

Another example of a fluoresce-based automated system
technology is the combination of cell growth in semi-solid
medium with automated fluorescence detection and screening
by automated cell pickers, such as clonal fluorescence microscopy
(Clonepix). Roy et al. (2017) developed a method to analyze the
expression levels of individual immobilized cells by growing cells
in semi-solid medium, providing the nutrients necessary for cell
growth, and adding fluorescently labeled antibodies to the surface
of the semi-solid medium. The cells must be characterized by flow
cytometry in the early cloning selection stage to identify cell lines
with high productivity potential and help eliminate unstable cell
lines. The unique combination of clonographic fluorescence
screening and flow cytometry methods contributes to the
efficient isolation of clone cell lines at high productivity within
15 weeks and their possible application to NSO and CHO cells.
One of the greatest advantages of semi-solid medium technology
is that high-yield clones can be isolated using an automated cell
selector after productivity analysis by an imaging system. Hence,
the time and labor required to select high-expressing variants are
reduced, and the selection of high-yield cells is better than that in
traditional manual methods. Compared with sorting via flow
cytometry, the main advantage of this method is that the resulting
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fluorescent signal is an integral part of the productivity during
clone development. In addition, flow cytometry is an indirect
measure of the secretory rate during clone sorting.

The Clonepix system detects fluorescence by adding
fluorescence-bound “clone detection” reagents (Figure 1). Hou
et al. (2014) used the CloneTable to develop stable, highly
expressed clones with specific productivity exceed 20 pg/cell/
day (pcd) after 4 weeks. CloneTable evaluates each clone based
on user-defined parameters such as size, shape, fluorescence, and
position. Among the 384 clones selected from 96-well plates, 104
identified as having industry-relevant estimated
productivity, namely, higher than 20 pcd. This system (such as
tables and cloning cells based on fluorescence accelerometer) is
provided by the automation, and the cells can grow for 2-3 weeks
in the semi-solid medium without the fact of subculture. As a
result, the number of clones to be filtered is increased, and the
amount is lower than that in the traditional artificial selection.

were

Screening Methods Based on Site-Specific

Integration
The influence and heterogeneity of random integration sites of
target genes on protein expression is one of the important reasons
for increasing the workload of screening. Target gene integration
has the potential to reduce clonal variation and thus accelerate the
selection of high-yield CHO cell lines (Kelley, 2020; Sun et al,,
2020). Integrating target genes into preselected genomic sites
enables the predictable generation of isogenic cell lines with
consistent phenotypes and expression level (Grav et al., 2018).
After site-directed integration in mammalian cells was reported
in the late 1980s (Thomas and Capecchi, 1987) and early 1990s
(O’Gorman et al., 1991; Schlake and Bode, 1994), several methods
for targeting gene integration have been developed. These
methods utilized site-specific recombinases such as CRE, FLP,
and BXBI for site recombination, Recombinase mediated cassette
exchange (RMCE), or programmable nucleases such as CRISPR/
Cas9 (Wirth et al.,, 2007; Turan et al., 2013; Hamaker and Lee,
2018). However, this strategy has not been used on an industrial
scale largely due to the low specific productivity of the target
protein resulting from the single-copy GOI integration and the
challenge of finding highly active transcription sites (hot spots) in
the genome (Baumann et al., 2017; Hamaker and Lee, 2018).
Several companies have published reports of using the RMCE
system to produce monoclonal antibodies. In 2013, Genentech
established a CRE based monoclonal antibody expression
platform for RMCE by screening transcriptional active sites in
the CHO genome (Crawford et al., 2013). Inserting a single
expression cassette with heavy and light chain genes can
produce stable cell lines for five different mAbs expression
levels with a repeatable qP of 3-4pcd. Inserting two
monoclonal antibody expression cassettes into the same
genomic site doubles the specific productivity to a maximum
of 10 pcd. Pfizer developed FLP-based RMCE and BXB1-based
RMCE platforms for the expression of single-copy monoclonal
antibodies to the qP of 3 pcd (Zhang et al., 2015; Inniss et al.,
2017). In 2020, Genentech showed that in the RMCE system,
monoclonal antibodies can be expressed at a qP of 20-50 pcd by
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integrating multiple copies of heavy and light chains into a single
genomic site (Carver et al., 2020). qP can be improved by the site-
specific integration of multiple copies of the target gene at
multiple high transcriptional activity site (Sergeeva et al,
2020). With the identification of many highly transcriptional
active sites, site-specific integration may be the most effective and
rapid method for the selection of high-yield clone cell lines.

Label-Free Screening Methods Based on
Cell Surface Display Technology

Screening methods using resistance genes or report gene
negatively affect the host cell metabolism. The introduced
gene, other than the target gene, will occupy the cell protein
synthesis resources, resulting in the decrease in target protein
expression. With the progress on instrumental analysis methods,
many high-yield clonal screening methods without labels have
been established.

By combining surface plasma resonance imaging (SPRI) and
self-sorting micropore technology, Abali et al. (2017) realized the
real-time monitoring, tracking, and quantification of antibody
secretion of a single cell without labeling and separated the
selected cells by pressing cells out of micropores using the
micropore position coordinates obtained by SPRI. The target
cells can be removed aseptically from the array of micropores for
further culturing. After overnight culturing, thousands of cells
can be screened out in hours rather than weeks.

Chakrabarti et al. (2019) used a simple living cell staining
method to detect mitochondrial membrane potential, a key
indicator of cell metabolic activity, for the identification of
cells with high productivity in the FACS step. The intensity of
the burst fluorescence signal is related to the titer of batch
culturing of producing clones, and high-yield clones are
selectively enriched via the cell sorting based on the optimal
WM staining strength from the non-monoclonal cell pool. These
clones are phenotypically stable for the production of
recombinant proteins.

In addition to establishing stable CHO cell lines that produce
therapeutic recombinant proteins by antibiotic and/or metabolic
selection, Muralidharan-Chari et al. (2021) reported a new
technique, namely, PT Select, which utilizes siRNA to clone
upstream of GOI and generate functional PT Select-siRNAs
through ligation to achieve cell aggregation. Cells with stable
integration of GOI are selected and isolated from the cells without
GOI by transfecting CD4/siRNA gene regulated by PT Select-
siRNAs and using the variable expression of CD4 on the cell
surface. PT Select quickly establishes a cell pool with the same
stability and productivity as the pool generated by traditional
methods. This pool can be further used to monitor productivity
changes caused by clonal heterogeneity and identify single low-
yield cells.

Traditional static batch culturing screening is not related to
suspension batch culture used in production and therefore has
minimal predictive utility. Small batch screening of feedstock in
suspension culture is associated with the bioreactor process, but
the number of clones that can be manually screened is limited.
When combined with automated liquid handling, small culture
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systems, such as shaken deep-well plates, offer an effective way to
screen many clones. Wang et al. (2018) developed a deep-well
plate culture platform with a shaking table to effectively screen
384 clones using the suspension fed-batch method. The set-up
was equipped with an automated liquid handling system that
integrates cell counting and protein titer measurement
instruments. Stirring speed and culture volume are the key
factors that correlate deep suspension culture with flask
culture. With this automated system, the number of clones to
be screened is five times more than using manual batch flask or
flask culture tube. Statistical analysis in this study showed that
384 is the optimal number of clones for screening, with a 99%
probability that six clones in the 95th productive percentile are
included in the screening process (Wang et al., 2018). Cell lines
with production levels greater than 6 g/L can also be identified.

Although most RNAs are spliced into transcripts that encode
secretory proteins, Aebischer-Gumy et al, 2020 described a
mammalian expression construct (SPLICELECT™) that allows
a portion of secretory proteins to be redirected to the cell surface
by using selective splicing. However, a weakly spliced donor site
produces a secondary transcript that encodes another C-terminal
transmembrane region. In their study, the cell surface in stable
cell lines is correlated with the levels of target secreted proteins
and heterodimer in the case of bispecific antibodies to regulate the
level of cell surface display and secretion in an independent
manner. In addition, the constructed antibody could be used
for the rapid screening of multiple antibody candidates in the
transient post-transfection binding test. On the basis of the
correlation between product quantity and quality of secretory
and membrane display products and the flexibility of the
constructed plasmid in terms of cell surface display/secretion
levels, SPLICELECT is a valuable tool with many potential
applications including industrial cell line development and
antibody engineering.

OTHER SCREENING METHODS

Novel cell line screening methods mostly rely on high-throughput
technology to improve the screening efficiency. Moreover, several
high throughput methods for CLD are listed, and Tejwani et al.
(2021) give more details in the development of these technologies.

Cyto-Mine

In recent years, with the development of microfluidic technology,
the single cell separation by water-in-oil has become more and
more mature. It provides a completely different innovative
technology platform for improving the traditional method of
separating single cells. The sphere fluidics produced by Cyto-
Mine is a high-throughput microfluidic single-cell analysis and
screening system, which uses the droplet wrapping technology to
quickly separate and wrap thousands of single cells in a short time
to form hundreds of skin liters of small droplets, making each
droplet an independent system for cell culture and detection of
single cells (Josephides et al., 2020). By detecting the expression
and secretion level of single cells, the cells with the highest
antibody expression level can be quickly detected and screened
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within a few hours, and then sorted into a separate well in the
culture plate. In the whole process, the cells are wrapped in
droplets to avoid the influence of shear force from the fluid, which
ensures a large number of valuable single cells are easier to form
monoclonal antibodies. In addition, the Cyto-Mine platform also
integrates high-speed imaging technology to collect images of
droplets flowing in microfluidic pipes. By analyzing the number
of cells in the droplet, it can automatically provide evidence for
screening the origin of monoclonal cells. The above processes are
integrated into one system, and the whole process only takes a few
hours. It can easily complete 1~2 rounds of screening processes in
one working day, thus greatly saving time and cost for
pharmaceutical discovery and production.

OSCAR

New technologies such as the OSCAR expression system have
emerged to provide faster development of high-yield stable cell
lines and reduce cost than traditional systems for accelerated
commercialization (Costa et al, 2012). Evaluation on the
monoclonal antibody in CHO-KI1 cell line transfected with
OSCAR revealed that this technology is relatively quick,
simple, and has no negative effect on cell growth
characteristics. However, the value of this approach in the
biopharmaceutical industry remains to be explored.

Verified In-Situ Plate Seeding

Verified In-Situ Plate Seeding (VIPS) was developed by Solentim
and is combined with Cytena single cell printer instruments,
which combine cell seeding with microscopic imaging to ensure
the single cell deposition and origin of derived clones (Yim and
Shaw, 2018; Pekle et al, 2019). Compared with the limiting
dilution single-cell cloning workflow, this strategy dramatically
reduces the number of microtiter plates needed for the single-cell
cloning of industrial cell lines by combining single-cell printing
and plate imaging with manual image verification. Therefore, the
number of acquired and stored high-resolution images is reduced.

Beacon Platform

The Beacon platform from Berkeley Lights utilizes nanofluid and
opto-electropositioning  technology ~ for the culturing,
manipulation, and characterization of thousands of cells in
parallel on a single chip via software-controlled operations (Le
etal., 2018; Le et al., 2020; Tihanyi and Nyitray, 2020). Compared
with the FACS-enabled microtiter plate-based workflow, the
Beacon platform could generate comparable clonal cell lines
with reduced resources. Recently, Opto Cell Line Development
2.0 was developed by Berkeley Lights. It is used to screen and
select clones whose titer is 1.5-3 times higher than that selected by
traditional clone selection technology. From the moment the cells
are cloned into the NanoPen  chamber, they can be intuitively
tracked through on-chip culture, measurement and clone
recovery for many days. The top level clones can be recovered
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with more than 99% monoclonal assurance and an advanced
packet containing a separate visual record of all clones.

CONCLUSION AND FUTURE
PERSPECTIVES

In recent years, the progress in the field of life science has
continuously optimized the process of CLD. The key steps to
optimize the integrated CLD process are as follows: Set the
workflow and then use gene amplification methods for clonal
selection to select cell lines suitable for this workflow. The
synthetic vector technology is used to improve the expression
level of recombinant proteins. Although the selection of high-
yield clones remains a challenging task, the choice of optimal
cell lines has been simplified using more advanced
techniques. This selection process is important in the
continuous journey of unraveling the cellular mechanisms
necessary to achieve high-quality protein production. In the
future, more innovative screening methods will be explored
and developed.

It is worth noting that there is no one particular method
suitable for all cases. Each stage of the CLD workflow needs to be
optimized for a specific clone. The performance of cell lines in
large-scale bioreactors is another important consideration in their
application for the industrial production of recombinant protein
drugs. However, with the establishment of automatic cell biology
platform, the corresponding process can be optimized step by
step. This is also an effective way to reduce labor-intensive
processes, cost and risks. Yet, combining these automatic
models will help broaden our understanding and improve the
various screening systems used for the biopharmaceutical
industry. These powerful tools will bring valuable contribution
to the advance of high-yield cell clone screening and development
in biotechnology.

AUTHOR CONTRIBUTIONS

WY and JZ: manuscript preparation and revision. YX: proofread
and manuscript revision. LW: data collection. TW and JZ:
manuscript design and revision.

FUNDING

This work was supported by the grant from the National Natural
Science Foundation of China (No. U1604193) and Open Program
of International Joint Research Laboratory for Recombinant
Pharmaceutical Protein Expression System of Henan (No.
KFKTYB202205) and College Students Innovation and
Entrepreneurship Program (No. 202210472015).

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

June 2022 | Volume 10 | Article 858478


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

Yang et al.

REFERENCES

Abali, F,, Stevens, M., Tibbe, A. G. J., Terstappen, L. W. M. M., van, der, Velde, P.
N., and Schasfoort, R. B. M. (2017). Isolation of Single Cells for Protein
Therapeutics Using Microwell Selection and Surface Plasmon Resonance
Imaging. Anal. Biochem. 531, 45-47. doi:10.1016/.ab.2017.05.021

Aebischer-Gumy, C., Moretti, P., Ollier, R., Ries Fecourt, C., Rousseau, F., and
Bertschinger, M. (2020). SPLICELECT™: an Adaptable Cell Surface Display
Technology Based on Alternative Splicing Allowing the Qualitative and
Quantitative Prediction of Secreted Product at a Single-Cell Level. MAbs 12,
1709333. doi:10.1080/19420862.2019.1709333

Bailey, C. G., Tait, A. S., Sunstrom, N.-A., RiesFecourt, C., and Rousseau, F. (2002).
High-throughput Clonal Selection of Recombinant CHO Cells Using a
Dominant Selectable and Amplifiable Metallothionein-GFP Fusion Protein.
Biotechnol. Bioeng. 80, 670-676. doi:10.1002/bit.10424

Bandaranayake, A. D., and Almo, S. C. (2014). Recent Advances in
Mammalian Protein Production. FEBS Lett. 588, 253-260. doi:10.1016/j.
febslet.2013.11.035

Baumann, M., Gludovacz, E., Sealover, N., Bahr, S., George, H., Lin, N, et al.
(2017). Preselection of Recombinant Gene Integration Sites Enabling High
Transcription Rates in CHO Cells Using Alternate Start Codons and
Recombinase Mediated Cassette Exchange. Biotechnol. Bioeng. 114,
2616-2627. doi:10.1002/bit.26388

Bebbington, C. R., Renner, G., Thomson, S., King, D., Abrams, D., and
Yarranton, G. T. (1992). High-level Expression of a Recombinant
Antibody from Myeloma Cells Using a Glutamine Synthetase Gene as
an Amplifiable Selectable Marker. Nat. Biotechnol. 10, 169-175. doi:10.
1038/nbt0292-169

Bhutani, P., Joshi, G., Raja, N., Bachhav, N., Rajanna, P. K., Bhutani, H., et al.
(2021). U.S. FDA Approved Drugs from 2015-June 2020: A Perspective. J. Med.
Chem. 64, 2339-2381. doi:10.1021/acs.jmedchem.0c01786

Borth, N., Zeyda, M., and Katinger, H. (2000). Efficient Selection of High-
Producing Subclones during Gene Amplification of Recombinant Chinese
Hamster Ovary Cells by Flow Cytometry and Cell Sorting. Biotechnol.
Bioeng. 71, 2662. doi:10.1002/1097-0290(2000)71:4<266::aid-bit1016>3.0.co;
2-2

Brown, M. E., Renner, G., Field, R. P., and Hassell, T. (1992). Process
Development for the Production of Recombinant Antibodies Using the
Glutamine Synthetase (GS) System. Cytotechnology 9, 231-236. doi:10.
1007/BF02521750

Capecchi, M. R. (1989). Altering the Genome by Homologous Recombination.
Science 244, 1288-1292. doi:10.1126/science.2660260

Carver, J., Ng, D., Zhou, M,, Ko, P., Zhan, D., Yim, M., et al. (2020). Maximizing
Antibody Production in a Targeted Integration Host by Optimization of
Subunit Gene Dosage and Position. Biotechnol. Prog. 36, €2967. doi:10.1002/
btpr.2967

Cha, H. ], and Bentley, W. E. (2007). Monitoring and Visualization of Baculovirus
Infection Using Green Fluorescent Protein Strategy. Methods Mol. Biol. 388,
407-417. doi:10.1007/978-1-59745-457-5_21

Chakrabarti, L., Mathew, A., Li, L., Han, S., Klover, J., Albanetti, T., et al. (2019).
Mitochondrial Membrane Potential Identifies Cells with High Recombinant
Protein Productivity. J. Immunol. Methods 464, 31-39. doi:10.1016/j.jim.2018.
10.007

Chusainow, J., Yang, Y. S., Yeo, J. H. M., Toh, P. C., Asvadi, P., Wong, N. S. C,, et al.
(2009). A Study of Monoclonal Antibody-Producing CHO Cell Lines: what
Makes a Stable High Producer? Biotechnol. Bioeng. 102, 1182-1196. doi:10.
1002/bit.22158

Cockett, M. I, Bebbington, C. R., and Yarranton, G. T. (1990). High Level
Expression of Tissue Inhibitor of Metalloproteinases in Chinese Hamster
Ovary Cells Using Glutamine Synthetase Gene Amplification. Nat.
Biotechnol. 8, 662-667. doi:10.1038/nbt0790-662

Costa, A. R,, Rodrigues, M. E., Henriques, M., Melton, D., Cunnah, P., Oliveira, R.,
et al. (2012). Evaluation of the OSCAR System for the Production of
Monoclonal Antibodies by CHO-K1 Cells. Int. J. Pharm. 430, 42-46. doi:10.
1016/}.ijpharm.2012.03.028

Crawford, Y., Zhou, M., Hu, Z., Joly, J., Snedecor, B., Shen, A., et al. (2013).
Fast Identification of Reliable Hosts for Targeted Cell Line Development

Screening for High-Yield Clones

from a Limited-Genome Screening Using Combined ¢C31 Integrase and
CRE-Lox Technologies. Biotechnol. Prog. 29, 1307-1315. doi:10.1002/btpr.
1783

de Boer, L., Gray, P. P., and Sunstrom, N.-A. (2004). Enhanced Productivity of G1
Phase Chinese Hamster Ovary Cells Using the GADDI153 Promoter.
Biotechnol. Lett. 26, 61-65. doi:10.1023/b:bile.0000009462.10772.a4

Fan, L., Kadura, L, Krebs, L. E., Hatfield, C. C., Shaw, M. M, and Frye, C. C. (2012).
Improving the Efficiency of CHO Cell Line Generation Using Glutamine
Synthetase Gene Knockout Cells. Biotechnol. Bioeng. 109, 1007-1015. doi:10.
1002/bit.24365

Feary, M., Moffat, M. A., Casperson, G. F., Allen, M. J., and Young, R. J. (2021).
CHOKI1SV GS-KO SSI Expression System: A Combination of the Fer1L4 Locus
and Glutamine Synthetase Selection. Biotechnol. Prog. 37, e3137. doi:10.1002/
btpr.3137

Grav, L. M,, la Cour Karottki, K. J., Lee, J. S., and Kildegaard, H. F. (2017).
Application of CRISPR/Cas9 Genome Editing to Improve Recombinant
Protein Production in CHO Cells. Methods Mol. Biol. 1603, 101-118.
doi:10.1007/978-1-4939-6972-2_7

Grav, L. M., Sergeeva, D., Lee, J. S., Marin de MasMas, I. I, Lewis, N. E., Andersen,
M. R, et al. (2018). Minimizing Clonal Variation during Mammalian Cell Line
Engineering for Improved Systems Biology Data Generation. ACS Synth. Biol. 7,
2148-2159. doi:10.1021/acssynbio.8b00140

Hamaker, N. K,, and Lee, K. H. (2018). Site-specific Integration Ushers in a New
Era of Precise CHO Cell Line Engineering. Curr. Opin. Chem. Eng. 22, 152-160.
doi:10.1016/j.coche.2018.09.011

Harcum, S. W, and Lee, K. H. (2016). CHO Cells Can Make More Protein. Cell
Syst. 3, 412-413. doi:10.1016/j.cels.2016.11.007

Hinterkérner, G., Brugger, G., Miiller, D., Hesse, F., Kunert, R., Katinger, H., et al.
(2007). Improvement of the Energy Metabolism of Recombinant CHO Cells by
Cell Sorting for Reduced Mitochondrial Membrane Potential. J. Biotechnol. 129,
651-657. doi:10.1016/j.jbiotec.2007.02.002

Ho, S. C. L., Bardor, M., Feng, H., MariatiTong, Y. W., Tong, Y. W., Song, Z., et al.
(2012). IRES-mediated Tricistronic Vectors for Enhancing Generation of High
Monoclonal Antibody Expressing CHO Cell Lines. J. Biotechnol. 157, 130-139.
doi:10.1016/j.jbiotec.2011.09.023

Ho, S. C. L., Bardor, M., Li, B, Lee, J. J., Song, Z, Tong, Y. W., et al. (2013).
Comparison of Internal Ribosome Entry Site (IRES) and Furin-2A (F2A) for
Monoclonal Antibody Expression Level and Quality in CHO Cells. PLoS One 8,
€63247. doi:10.1371/journal.pone.0063247

Hou, J. J. C.,, Hughes, B. S., Smede, M., Leung, K. M., Levine, K., Rigby, S., et al.
(2014). High-throughput ClonePix FL Analysis of mAb-Expressing Clones
Using the UCOE Expression System. New Biotechnol. 31, 214-220. doi:10.1016/
j-nbt.2014.02.002

Huhn, S. C, Ou, Y, Tang, X,, Jiang, B., Liu, R,, Lin, H,, et al. (2021). Improvement
of the Efficiency and Quality in Developing a New CHO Host Cell Line.
Biotechnol. Prog. 37, €3185. doi:10.1002/btpr.3185

Igarashi, K., and Kashiwagi, K. (2021). Functional Roles of Polyamines and Their
Metabolite Acrolein in Eukaryotic Cells. Amino Acids 53, 1473-1492. doi:10.
1007/s00726-021-03073-w

Imanaka, T., and Aiba, S. (1981). A Perspective on the Application of Genetic
Engineering: Stability of Recombinant Plasmid. Ann. N. Y. Acad. Sci. 369, 1-14.
doi:10.1111/§.1749-6632.1981.tb14172.x

Inniss, M. C., Bandara, K., Jusiak, B., Lu, T. K., Weiss, R., Wroblewska, L., et al.
(2017). A Novel Bxb1 Integrase RMCE System for High Fidelity Site-specific
Integration of mAb Expression Cassette in CHO Cells. Biotechnol. Bioeng. 114,
1837-1846. doi:10.1002/bit.26268

Josephides, D., Davoli, S., Whitley, W., Ruis, R., Salter, R., Gokkaya, S., et al. (2020).
Cyto-Mine: an Integrated, Picodroplet System for High-Throughput Single-
Cell Analysis, Sorting, Dispensing, and Monoclonality Assurance. SLAS
Technol. 25, 177-189. doi:10.1177/2472630319892571

Jun, S. C., Kim, M. S., Baik, J. Y., Hwang, S. O., and Lee, G. M. (2005). Selection
Strategies for the Establishment of Recombinant Chinese Hamster Ovary Cell
Line with Dihydrofolate Reductase-Mediated Gene Amplification. Appl.
Microbiol. Biotechnol. 69, 162-169. doi:10.1007/s00253-005-1972-8

Kelley, B. (2020). Developing Therapeutic Monoclonal Antibodies at Pandemic
Pace. Nat. Biotechnol. 38, 540-545. doi:10.1038/s41587-020-0512-5

Kim, S.J., Kim, N. S, Ryu, C.]., Hong, H. ], and Lee, G. M. (1998). Characterization
of Chimeric Antibody Producing CHO Cells in the Course of Dihydrofolate

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

June 2022 | Volume 10 | Article 858478


https://doi.org/10.1016/j.ab.2017.05.021
https://doi.org/10.1080/19420862.2019.1709333
https://doi.org/10.1002/bit.10424
https://doi.org/10.1016/j.febslet.2013.11.035
https://doi.org/10.1016/j.febslet.2013.11.035
https://doi.org/10.1002/bit.26388
https://doi.org/10.1038/nbt0292-169
https://doi.org/10.1038/nbt0292-169
https://doi.org/10.1021/acs.jmedchem.0c01786
https://doi.org/10.1002/1097-0290(2000)71:4<266::aid-bit1016>3.0.co;2-2
https://doi.org/10.1002/1097-0290(2000)71:4<266::aid-bit1016>3.0.co;2-2
https://doi.org/10.1007/BF02521750
https://doi.org/10.1007/BF02521750
https://doi.org/10.1126/science.2660260
https://doi.org/10.1002/btpr.2967
https://doi.org/10.1002/btpr.2967
https://doi.org/10.1007/978-1-59745-457-5_21
https://doi.org/10.1016/j.jim.2018.10.007
https://doi.org/10.1016/j.jim.2018.10.007
https://doi.org/10.1002/bit.22158
https://doi.org/10.1002/bit.22158
https://doi.org/10.1038/nbt0790-662
https://doi.org/10.1016/j.ijpharm.2012.03.028
https://doi.org/10.1016/j.ijpharm.2012.03.028
https://doi.org/10.1002/btpr.1783
https://doi.org/10.1002/btpr.1783
https://doi.org/10.1023/b:bile.0000009462.10772.a4
https://doi.org/10.1002/bit.24365
https://doi.org/10.1002/bit.24365
https://doi.org/10.1002/btpr.3137
https://doi.org/10.1002/btpr.3137
https://doi.org/10.1007/978-1-4939-6972-2_7
https://doi.org/10.1021/acssynbio.8b00140
https://doi.org/10.1016/j.coche.2018.09.011
https://doi.org/10.1016/j.cels.2016.11.007
https://doi.org/10.1016/j.jbiotec.2007.02.002
https://doi.org/10.1016/j.jbiotec.2011.09.023
https://doi.org/10.1371/journal.pone.0063247
https://doi.org/10.1016/j.nbt.2014.02.002
https://doi.org/10.1016/j.nbt.2014.02.002
https://doi.org/10.1002/btpr.3185
https://doi.org/10.1007/s00726-021-03073-w
https://doi.org/10.1007/s00726-021-03073-w
https://doi.org/10.1111/j.1749-6632.1981.tb14172.x
https://doi.org/10.1002/bit.26268
https://doi.org/10.1177/2472630319892571
https://doi.org/10.1007/s00253-005-1972-8
https://doi.org/10.1038/s41587-020-0512-5
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

Yang et al.

Reductase-Mediated Gene Amplification and Their Stability in the Absence of
Selective Pressure. Biotechnol. Bioeng. 58, 73-84. doi:10.1002/(sici)1097-
0290(19980405)58:1<73::aid-bit8>3.0.co;2-r

Kumar, N., and Borth, N. (2012). Flow-cytometry and Cell Sorting: An
Efficient Approach to Investigate Productivity and Cell Physiology in
Mammalian Cell Factories. Methods 56, 366-374. do0i:10.1016/j.ymeth.
2012.03.004

Lanza, A. M., Kim, D. S., and Alper, H. S. (2013). Evaluating the Influence of
Selection Markers on Obtaining Selected Pools and Stable Cell Lines in Human
Cells. Biotechnol. J. 8, 811-821. doi:10.1002/biot.201200364

Lattenmayer, C., Loeschel, M., Schriebl, K., Steinfellner, W., Sterovsky, T.,
Trummer, E., et al. (2007). Protein-free Transfection of CHO Host Cells
with an IgG-Fusion Protein: Selection and Characterization of Stable High
Producers and Comparison to Conventionally Transfected Clones. Biotechnol.
Bioeng. 96, 1118-1126. doi:10.1002/bit.21183

Le, K, Tan, C,, Gupta, S., Guhan, T., Barkhordarian, H., Lull, ., et al. (2018). A
Novel Mammalian Cell Line Development Platform Utilizing Nanofluidics and
Optoelectro Positioning Technology. Biotechnol. Prog. 34, 1438-1446. doi:10.
1002/btpr.2690

Le, K., Tan, C,, Le, H,, Tat, J., Zasadzinska, E., Diep, J., et al. (2020). Assuring
Clonality on the Beacon Digital Cell Line Development Platform. Biotechnol. J.
15, 1900247. doi:10.1002/biot.201900247

Lee, J. S, Kildegaard, H. F., Lewis, N. E,, and Lee, G. M. (2019). Mitigating Clonal
Variation in Recombinant Mammalian Cell Lines. Trends Biotechnol. 37,
931-942. doi:10.1016/j.tibtech.2019.02.007

Lewis, N. E,, Liu, X, Li, Y., Nagarajan, H., Yerganian, G., O’Brien, E,, et al. (2013).
Genomic Landscapes of Chinese Hamster Ovary Cell Lines as Revealed by the
Cricetulus griseus Draft Genome. Nat. Biotechnol. 31, 759-765. doi:10.1038/nbt.
2624

Lin, P.-C., Chan, K. F,, Kiess, I. A., Tan, J., Shahreel, W., Wong, S.-Y., et al. (2019).
Attenuated Glutamine Synthetase as a Selection Marker in CHO Cells to
Efficiently Isolate Highly Productive Stable Cells for the Production of
Antibodies and Other Biologics. MAbs 11, 965-976. doi:10.1080/19420862.
2019.1612690

M. Barnes, L., Bentley, C. M., and Dickson, A. ]. (2000). Advances in Animal Cell
Recombinant Protein Production: GS-NS0O Expression System. Cytotechnology
32, 109-123. doi:10.1023/A:1008170710003

Meng, Y. G,, Liang, J., Wong, W. L., and Chisholm, V. (2000). Green Fluorescent
Protein as a Second Selectable Marker for Selection of High Producing Clones
from Transfected CHO Cells. Gene 242, 201-207. do0i:10.1016/s0378-1119(99)
00524-7

Muralidharan-Chari, V., Wurz, Z., Doyle, F., Henry, M., Diendorfer, A,
Tenenbaum, S. A., et al. (2021). PTSelect™: A Post-transcriptional
Technology that Enables Rapid Establishment of Stable CHO Cell Lines and
Surveillance of Clonal Variation. J. Biotechnol. 325, 360-371. doi:10.1016/j.
jbiotec.2020.09.025

Niwa, H., Yamamura, K., and Miyazaki, J. (1991). Efficient Selection for High-
Expression Transfectants with a Novel Eukaryotic Vector. Gene 108, 193-199.
doi:10.1016/0378-1119(91)90434-d

Noh, S. M., Sathyamurthy, M., and Lee, G. M. (2013). Development of
Recombinant Chinese Hamster Ovary Cell Lines for Therapeutic Protein
Production. Curr. Opin. Chem. Eng. 2, 391-397. do0i:10.1016/j.coche.2013.
08.002

Noh, S. M., Shin, S., and Lee, G. M. (2019). Cell Line Development for
Therapeutic Protein Production. Cell Cult. Eng., 23-47. do0i:10.1002/
9783527811410.ch2

Noh, S. M., Shin, S., and Lee, G. M. (2018). Comprehensive Characterization of
Glutamine Synthetase-Mediated = Selection for the Establishment of
Recombinant CHO Cells Producing Monoclonal Antibodies. Sci. Rep. 8,
5361. doi:10.1038/s41598-018-23720-9

O’Gorman, S., Fox, D. T., and Wahl, G. M. (1991). Recombinase-mediated Gene
Activation and Site-specific Integration in Mammalian Cells. Science 251,
1351-1355. doi:10.1126/science.1900642

Pekle, E., Smith, A., Rosignoli, G., Sellick, C., Smales, C. M., and Pearce, C. (2019).
Application of Imaging Flow Cytometry for the Characterization of
Intracellular Attributes in Chinese Hamster Ovary Cell Lines at the Single-
Cell Level. Biotechnol. J. 14, 1800675. doi:10.1002/biot.201800675

Screening for High-Yield Clones

Pilbrough, W., Munro, T. P., and Gray, P. (2009). Intraclonal Protein Expression
Heterogeneity in Recombinant CHO Cells. PloS One 4, e8432. doi:10.1371/
journal.pone.0008432

Quiroz, J., and Tsao, Y.-S. (2016). Statistical Analysis of Data from Limiting
Dilution Cloning to Assess Monoclonality in Generating Manufacturing Cell
Lines. Biotechnol. Prog. 32, 1061-1068. doi:10.1002/btpr.2290

Ritter, A., Nuciforo, S., Schulze, A., Oertli, M., Rauschert, T., Voedisch, B.,
et al. (2017). Fam60A Plays a Role for Production Stabilities of
Recombinant CHO Cell Lines. Biotechnol. Bioeng. 114, 701-704. doi:10.
1002/bit.26181

Roy, G., Miro-Quesada, G., Zhuang, L., Martin, T., Zhu, J., Wu, H,, et al. (2017).
Sequential Screening by ClonePix FL and Intracellular Staining Facilitate
Isolation of High Producer Cell Lines for Monoclonal Antibody
Manufacturing. J. Immunol. Methods 451, 100-110. doi:10.1016/j.jim.2017.
08.012

Sautter, K., and Enenkel, B. (2005). Selection of High-Producing CHO Cells Using
NPT Selection Marker with Reduced Enzyme Activity. Biotechnol. Bioeng. 89,
530-538. doi:10.1002/bit.20374

Schlake, T., and Bode, J. (1994). Use of Mutated FLP Recognition Target (FRT)
Sites for the Exchange of Expression Cassettes at Defined Chromosomal Loci.
Biochemistry 33, 12746-12751. doi:10.1021/bi002092003

Schlatter, S., Stansfield, S. H., Dinnis, D. M., Racher, A. ]., Birch, J. R., and James, D.
C. (2005). On the Optimal Ratio of Heavy to Light Chain Genes for Efficient
Recombinant Antibody Production by CHO Cells. Biotechnol. Prog. 21,
122-133. doi:10.1021/bp049780w

Sergeeva, D., Lee, G. M., Nielsen, L. K., and Grav, L. M. (2020). Multicopy Targeted
Integration for Accelerated Development of High-Producing Chinese Hamster
Ovary Cells. ACS Synth. Biol. 9, 2546-2561. doi:10.1021/acssynbio.0c00322

Sleiman, R. J., Gray, P. P., Mccall, M. N., Codamo, J., and Sunstrom, N.-A. S.
(2008). Accelerated Cell Line Development Using Two-Color Fluorescence
Activated Cell Sorting to Select Highly Expressing Antibody-Producing Clones.
Biotechnol. Bioeng. 99, 578-587. doi:10.1002/bit.21612

Sun, T., Kwok, W. C, Chua, K. ], Lo, T.-M.,, Potter, J., Yew, W. S,, et al. (2020).
Development of a Proline-Based Selection System for Reliable Genetic
Engineering in Chinese Hamster Ovary Cells. ACS Synth. Biol. 9,
1864-1872. doi:10.1021/acssynbio.0c00221

Tejwani, V., Chaudhari, M., Rai, T., and Sharfstein, S. T. (2021). High-throughput
and Automation Advances for Accelerating Single-cell Cloning, Monoclonality
and Early Phase Clone Screening Steps in Mammalian Cell Line Development
for Biologics Production. Biotechnol. Prog. 37, €3208. doi:10.1002/btpr.3208

Thomas, K. R., and Capecchi, M. R. (1987). Site-directed Mutagenesis by Gene
Targeting in Mouse Embryo-Derived Stem Cells. Cell 51, 503-512. d0i:10.1016/
0092-8674(87)90646-5

Tihanyi, B., and Nyitray, L. (2020). Recent Advances in CHO Cell Line
Development for Recombinant Protein Production. Drug Discov. Today
Technol. 38, 25-34. doi:10.1016/j.ddtec.2021.02.003

Turan, S., Zehe, C., Kuehle, J., Qiao, J., and Bode, J. (2013). Recombinase-mediated
Cassette Exchange (RMCE) - A Rapidly-Expanding Toolbox for Targeted
Genomic Modifications. Gene 515, 1-27. doi:10.1016/j.gene.2012.11.016

Urlaub, G., Mitchell, P. J., Kas, E., Chasin, L. A., Funanage, V. L., Myoda, T. T., et al.
(1986). Effect of Gamma Rays at the Dihydrofolate Reductase Locus: Deletions
and Inversions. Somat. Cell Mol. Genet. 12, 555-566. doi:10.1007/BF01671941

Walsh, G. (2018). Biopharmaceutical Benchmarks 2018. Nat. Biotechnol. 36,
1136-1145. doi:10.1038/nbt.4305

Wang, B., Albanetti, T., Miro-Quesada, G., Flack, L., Li, L., Klover, J., et al. (2018).
High-throughput Screening of Antibody-expressing CHO Clones Using an
Automated Shaken Deep-well System. Biotechnol. Prog. 34, 1460-1471. doi:10.
1002/btpr.2721

West, A. G., and Fraser, P. (2005). Remote Control of Gene Transcription. Hum.
Mol. Genet. 14, R101-R111. doi:10.1093/hmg/ddi104

Wirth, D., Gama-Norton, L., Riemer, P., Sandhu, U., Schucht, R., and Hauser, H.
(2007). Road to Precision: Recombinase-Based Targeting Technologies for
Genome Engineering. Curr. Opin. Biotechnol. 18, 411-419. doi:10.1016/j.
copbio.2007.07.013

Wurm, F. M. (2004). Production of Recombinant Protein Therapeutics in
Cultivated Mammalian Cells. Nat. Biotechnol. 22, 1393-1398. doi:10.1038/
nbt1026

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

10

June 2022 | Volume 10 | Article 858478


https://doi.org/10.1002/(sici)1097-0290(19980405)58:1<73::aid-bit8>3.0.co;2-r
https://doi.org/10.1002/(sici)1097-0290(19980405)58:1<73::aid-bit8>3.0.co;2-r
https://doi.org/10.1016/j.ymeth.2012.03.004
https://doi.org/10.1016/j.ymeth.2012.03.004
https://doi.org/10.1002/biot.201200364
https://doi.org/10.1002/bit.21183
https://doi.org/10.1002/btpr.2690
https://doi.org/10.1002/btpr.2690
https://doi.org/10.1002/biot.201900247
https://doi.org/10.1016/j.tibtech.2019.02.007
https://doi.org/10.1038/nbt.2624
https://doi.org/10.1038/nbt.2624
https://doi.org/10.1080/19420862.2019.1612690
https://doi.org/10.1080/19420862.2019.1612690
https://doi.org/10.1023/A:1008170710003
https://doi.org/10.1016/s0378-1119(99)00524-7
https://doi.org/10.1016/s0378-1119(99)00524-7
https://doi.org/10.1016/j.jbiotec.2020.09.025
https://doi.org/10.1016/j.jbiotec.2020.09.025
https://doi.org/10.1016/0378-1119(91)90434-d
https://doi.org/10.1016/j.coche.2013.08.002
https://doi.org/10.1016/j.coche.2013.08.002
https://doi.org/10.1002/9783527811410.ch2
https://doi.org/10.1002/9783527811410.ch2
https://doi.org/10.1038/s41598-018-23720-9
https://doi.org/10.1126/science.1900642
https://doi.org/10.1002/biot.201800675
https://doi.org/10.1371/journal.pone.0008432
https://doi.org/10.1371/journal.pone.0008432
https://doi.org/10.1002/btpr.2290
https://doi.org/10.1002/bit.26181
https://doi.org/10.1002/bit.26181
https://doi.org/10.1016/j.jim.2017.08.012
https://doi.org/10.1016/j.jim.2017.08.012
https://doi.org/10.1002/bit.20374
https://doi.org/10.1021/bi00209a003
https://doi.org/10.1021/bp049780w
https://doi.org/10.1021/acssynbio.0c00322
https://doi.org/10.1002/bit.21612
https://doi.org/10.1021/acssynbio.0c00221
https://doi.org/10.1002/btpr.3208
https://doi.org/10.1016/0092-8674(87)90646-5
https://doi.org/10.1016/0092-8674(87)90646-5
https://doi.org/10.1016/j.ddtec.2021.02.003
https://doi.org/10.1016/j.gene.2012.11.016
https://doi.org/10.1007/BF01671941
https://doi.org/10.1038/nbt.4305
https://doi.org/10.1002/btpr.2721
https://doi.org/10.1002/btpr.2721
https://doi.org/10.1093/hmg/ddi104
https://doi.org/10.1016/j.copbio.2007.07.013
https://doi.org/10.1016/j.copbio.2007.07.013
https://doi.org/10.1038/nbt1026
https://doi.org/10.1038/nbt1026
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

Yang et al.

Xu, X, Nagarajan, H., Lewis, N. E,, Pan, S., Cai, Z., Liu, X,, et al. (2011). The
Genomic Sequence of the Chinese Hamster Ovary (CHO)-K1 Cell Line. Nat.
Biotechnol. 29, 735-741. doi:10.1038/nbt.1932

Yeo, J. H. M,, Ho, S. C. L., Mariati, M., Koh, E., Tay, S. J., Woen, S., et al. (2017).
Optimized Selection Marker and CHO Host Cell Combinations for Generating
High Monoclonal Antibody Producing Cell Lines. Biotechnol. J. 12, 1700175.
doi:10.1002/biot.201700175

Yim, M., and Shaw, D. (2018). Achieving Greater Efficiency and Higher
Confidence in Single-cell Cloning by Combining Cell Printing and Plate
Imaging Technologies. Biotechnol. Prog. 34, 1454-1459. doi:10.1002/btpr.
2698

Zeyda, M., Borth, N., Kunert, R., and Katinger, H. (1999). Optimization of Sorting
Conditions for the Selection of Stable, High-Producing Mammalian Cell Lines.
Biotechnol. Prog. 15, 953-957. doi:10.1021/bp990089g

Zhang, L., Inniss, M. C., Han, S., Moffat, M., Jones, H., Zhang, B., et al. (2015).
Recombinase-mediated Cassette Exchange (RMCE) for Monoclonal Antibody
Expression in the Commercially Relevant CHOKI1SV Cell Line. Biotechnol.
Prog. 31, 1645-1656. doi:10.1002/btpr.2175

Zhang, Q., Jiang, B., Du, Z., and Chasin, L. A. (2020). A Doubly
Auxotrophic CHO-K1 Cell Line for the Production of Recombinant
Monoclonal Antibodies. Biotechnol. Bioeng. 117, 2401-2409. doi:10.
1002/bit.27367

Screening for High-Yield Clones

Zhou, Y., Shaw, D., Lam, C., Tsukuda, J., Yim, M., Tang, D., et al. (2018).
Beating the Odds: The Poisson Distribution of All Input Cells during
Limiting Dilution Grossly Underestimates whether a Cell Line Is
Clonally-Derived or Not. Biotechnol. Prog. 34, 559-569. do0i:10.1002/
btpr.2560

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Yang, Zhang, Xiao, Li and Wang. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY). The
use, distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

11

June 2022 | Volume 10 | Article 858478


https://doi.org/10.1038/nbt.1932
https://doi.org/10.1002/biot.201700175
https://doi.org/10.1002/btpr.2698
https://doi.org/10.1002/btpr.2698
https://doi.org/10.1021/bp990089g
https://doi.org/10.1002/btpr.2175
https://doi.org/10.1002/bit.27367
https://doi.org/10.1002/bit.27367
https://doi.org/10.1002/btpr.2560
https://doi.org/10.1002/btpr.2560
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

	Screening Strategies for High-Yield Chinese Hamster Ovary Cell Clones
	Introduction
	Cell Pool Selection Markers and Screening Methods
	Screening Systems Based on Metabolic Pathways
	Screening Systems Based on Exogenous Resistance Genes

	Screening Methods of High-Yield Monoclonal Cells
	Screening Methods Based on Fluorescence Signals
	Screening Methods Based on Site-Specific Integration
	Label-Free Screening Methods Based on Cell Surface Display Technology

	Other Screening Methods
	Cyto-Mine
	OSCAR
	Verified In-Situ Plate Seeding
	Beacon Platform

	Conclusion and Future Perspectives
	Author Contributions
	Funding
	References


