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Abstract 

Recombinant therapeutic antibodies mimic and upgrade common functions of natural IgG 

antibodies, mediating novel modes of action and therapeutic effects beyond their natural 

counterpart. Complex heterodimeric bispecific antibodies attach to multiple extracellular 

target specific epitopes sequentially or simultaneously, conveying functionalities which 

would not exist in mixtures of the parental binders. The extended target space is, however, 

chained to difficulties in manufacturing: their asymmetric nature requires two distinct heavy 

and light chains to pair with strict stoichiometry to prevent formation of non-functional or 

monospecific molecules. State-of-the-art CHO biofactories therefore need to assure optimal 

production of heterodimeric bispecific antibodies by control over the relative level at which 

each chain is constitutively expressed. This is enabled by targeted integration into pre-

defined genetic hot spots, obviating intra-clonal heterogeneity by generation of isogenic 

clones. Additionally, static cell engineering efforts generate CHO biofactories with disruptive 

step-change in cellular competence. As of now, the field can therefore generate isogenic 

targeted integration CHO cell lines with improved functionality. Still, within clonally-derived 

cellular populations distinct sub-lineages emerge rapidly and substantial phenotypic 

variance with regard to production-relevant parameters remains. As the underlying reasons 

are incompletely understood, establishing new CHO producer cell lines relies on laborious 

empirical screenings with limited a priori knowledge to identify phenotypes feasible for large-

scale manufacturing.  

 

This thesis applies insights from the interdisciplinary field of synthetic biology, i.e. rational 

genetic engineering using standardized biological parts and forward genetic screens, to 

improve the manufacturing capabilities of CHO biofactories. In the first part of this thesis, 

rational design-build-test-learn cycles are employed to investigate and eliminate the 

formation of 5R-hydroxylysine in T cell bispecific antibodies (TCB). These undesired 

post-translational modifications were found in multiple sites within each TCB molecule, with 

a conspicuous hotspot motif located at the crossed CH1-VL domain of each T cell bispecific 

antibody. As only 2OG-dependent hydroxylases can catalyze the formation of 

5R-hydroxylysine in mammalian cells, procollagen-lysine 2-oxoglutarate 5-dioxygenases 

(PLODs) were conclusively identified as the catalyzing enzymes accountable. Depletion of 

all three PLOD isoenzymes is demonstrated to be required and sufficient for complete 

inhibition of Hyl formation. 
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In the second part of this thesis, an arrayed CRISPR screening is utilized to characterize 

genotype-phenotype relationships in two high producer clones to uncover previously 

unknown genes determining CHO productivity. The screening comprised 187 rationally 

chosen target genes in two CHO high producer clones expressing two different complex 

antibody formats in a production-mimicking set-up. Notably, Myc depletion was revealed to 

drastically increased product expression (>40%) by enhancing cell-specific productivity. 

Myc-depleted cells demonstrated retarded proliferation rates associated with substantially 

higher product titers in industrially-relevant bioprocesses employing scale-down bioreactors. 

To prove reliability, the effects of Myc depletion were validated across multiple different 

clones, each expressing a distinct heterodimeric antibody format. Our findings reinforce the 

mutually exclusive relationship between growth and production phenotypes and provide a 

targeted cell engineering approach to impact productivity without impairing product quality. 

 

In the third part of this thesis, the underlying factors contributing to phenotypic diversity in 

CHO cells are characterized using genomic barcodes for lineage tracing. Genomic 

barcoding of CHO biofactories provided novel insights about clone diversity during stable 

cell line selection on pool level, enabled an imaging-independent monoclonality assessment 

after single cell cloning, and eventually improved hit-picking of antibody producer clones by 

monitoring of cellular lineages during the cell line development (CLD) process. Strikingly, 

clonal cell lines from one individual TI event demonstrated a significantly lower variance 

regarding production-relevant and phenotypic parameters as compared to cell lines from 

distinct TI events. This implies that the observed cellular diversity lies within pre-existing cell-

intrinsic factors and that the majority of clonal variation did not develop during the CLD 

process, especially during single cell cloning. Enriching cellular diversity improved CLD 

screening workflows and reduced the screening burden by propelling phenotypic variance. 

Overall, these results revisit and update CHO cell engineering options in the context of 

isogenic targeted integration cell line development. 
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1 General introduction  

1.1 Drug development of recombinant antibodies 

1.1.1 Recombinant antibodies as therapeutic agents 

Recombinant therapeutic antibodies are designed molecules which mimic and potentially 

extend common functions of antibodies found in the immune system (Posner et al., 2019) 

(Figure 1). These proteins recognize and target specific epitopes on an antigen, typically cell 

bound or secreted molecules, resulting in constant affinity to a single antigenic domain 

(Hafeez et al., 2018). The feasibility to use cells as expression systems for recombinant 

therapeutic proteins has first been demonstrated with the peptide Somatostatin in 1977 

(Itakura et al., 1977). This discovery essentially repurposed cellular systems to biofactories, 

with the first FDA-approved therapeutic protein (HumulinÈ, Insulin) for human application in 

1982 produced with Escherichia coli. As of now, recombinant therapeutic proteins provide 

indispensable treatment options for broad indications including cancer, inflammation-related 

conditions, neutropenia, and diabetes. Notably, the World Health Organization (WHO) list of 

essential medicines contains insulin, vaccines, human growth hormones, erythropoietin, 

monoclonal antibodies, interferons and coagulation factors which are all produced using 

cellular expression systems (WHO, 2023). This trend continues currently with more than 

7800 recombinant therapeutic molecules in clinical development globally and over 1000 in 

clinical phase 3 studies (Walsh & Walsh, 2022). These copious demands require potent 

cellular expression systems which allow industrial scale production. Among the recombinant 

therapeutic proteins, monoclonal antibodies (mAbs) have become the predominant 

treatment modality for various diseases (Lu et al., 2020). Using IgG-like mAbs as a basis, 

the field has since created novel heterodimeric bispecific antibody (bsAb) formats extending 

the therapeutic target space by, e.g. neutralization, cytolytic activity, and membrane receptor 

targeting (Figure 1). Utilizing recombinant expression systems circumvents the restrictions 

faced by previous use of canonically occurring antibodies (i.e. full-length monospecific 

antibodies), and extend the possible mode-of-action substantially. This is exemplified by 

over 60 bispecific formats, which vary in binding valency for each antigen, spatial geometry 

of antigen-binding sites, pharmacokinetic half-life, and in some cases effector functions. 

(Spiess et al., 2015). As of now, mammalian expression systems continue to be the most 

frequently used expression system for recombinant antibody production, dictated by the 

need of human-like glycosylation (Walsh & Walsh, 2022). 
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Figure 1. Systematic overview of bispecific antibody formats (increasing valency from left to right). 
Formats are divided into fragment-based (lacking an Fc domain), asymmetric-, and symmetric 
Fc-bearing molecules. Molecules of all formats increasingly contain mutations which positively 
influence pharmacokinetics/dynamics, or manufacturability parameters, e.g. Fc-mediated effector 
functions, half-life, or chain pairing. Reprinted from Labrijn et al. (2019) 
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The main host organisms for recombinant protein production are bacteria (Escherichia coli), 

yeast (Saccharomyces cerevisiae, Pichia pastoris), and mammalian cells (CHO, BHK, HEK, 

and NS0 cells (C. J. Huang et al., 2012)). Mammalian cells are used for the majority of 

approved recombinant proteins, because of their capability to produce human-like N-

glycosylation. Protein glycosylation substantially influences efficacy, serum half-life, and 

antigenicity of therapeutic proteins (Egrie & Browne, 2001; Elliott et al., 2003; Wolf et al., 

2022). Accordingly, non-glycosylated therapeutic proteins are mostly produced in bacterial 

and yeast expression systems due the overall lower costs in contrast to mammalian 

expression systems (Demain & Vaishnav, 2009). The importance of glycosylation as a 

critical quality attribute is highlighted by guidelines from the US Food and Drug 

Administration (FDA, 2012a, 2012b) and the European Medicines Agency (EMEA, 2014a, 

2014b).  

 

The choice of the most appropriate expression host depends on the specific therapeutic 

protein to be expressed. In case of non-glycosylated therapeutic proteins, bacterial and 

yeast expression systems are preferred as they have low media requirements, display rapid 

cell growth and return high protein yields. However, bacterial systems lack the intracellular 

compartmentalization and the enzymatic components necessary for complex human-like 

glycosylation (Ghaderi et al., 2012; Graumann & Premstaller, 2006). Therapeutic proteins 

expressed in bacterial expression systems often aggregate and form inclusion bodies 

because of low intracellular solubility and absence of appropriate protein chaperone 

systems. In contrast, yeast cells can display glycosylation with a human-like N-glycan core 

structure (Ghaderi et al., 2012). However, the hyper-mannosylated N-glycans are highly 

immunogenic for humans, result in short in vivo half-life, and reduced efficacy (Gerngross, 

2004). 

 

  



1 General introduction 

4 

         

1.1.2 Eukaryotic hosts used for recombinant antibody production 

Recombinant antibody production requires mammalian cells, which are competent in 

expressing large and complex recombinant proteins with human-like PTMs (i.e. 

glycosylation, disulfide bond formation, phosphorylation, or proteolytic processing). The 

specific selection of an appropriate mammalian host species is mainly driven around safety 

concerns, as recombinant proteins possibly transmit disease-causing agents during human 

application. Until today, three cellular components are commonly agreed as potential risk 

factors if they were found to be contaminants in biological products: (retro-) viruses, 

(potentially) oncogenic cellular DNA, and transforming proteins (prions). The selection of an 

appropriate mammalian host thus requires a balanced risk versus benefits decision for each 

biological product. For production of recombinant proteins in general, three types of 

mammalian cells ï classified by their growth characteristics - have been used until today: i) 

primary cells explanted from normal tissues, ii) diploid cells with finite amount of cell 

divisions, and iii) continuous cell lines. Primary cells, i.e. primary monkey kidney cells for 

production of attenuated live poliovirus vaccine, were first accepted for commercial 

production of recombinant proteins. This was based on the early assumptions that cells 

derived from ñnormalò tissues bear the lowest risk in terms of an (at that time) unspecific 

oncogenic potential (Hilleman, 1968). Notably, during the first decades of bioproduction, 

several human pathogenic viruses, in contrast to a latent unknown oncogenic potential, were 

identified as a clear risk in primary cells and tissues: e.g. polio vaccines contamination with 

SV-40 (Sweet & Hilleman, 1960), hepatitis B viruses in plasma derivatives (Gerety & 

Aronson, 1982), and transmission of rabies by corneal grafts (Baer et al., 1982). Gradual 

acceptance of diploid cells was therefore achieved, as diploid cells have the advantage of 

greater assurance of virus-free material, being independent of fresh tissue supply, storing 

certified cell seed stocks, more economic cell production, and the possibility for cultivation 

in chemically defined media (Vaccines, 1963). In the 1970s, little was known about the basis 

for human cancer, emphasis was placed on karyotype as a major criterion for ñnormalityò 

and diploid cells were accepted as equivalent to normal cells as long as the karyotype was 

stable (Moorhead et al., 1974). WI-38 (human fetal lung cells) represents the first defined 

mammalian expression system and characterized production host with a stable 

chromosomal pattern. (Swim & Parker, 1957). 

 

While production of recombinant proteins in diploid cells is feasible for vaccines and other 

low demand products, manufacturing of pharmaceutical drugs, at that time especially 

interferon, was economically unviable in freshly collected human leukocytes. Additionally, 
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diploid fibroblast cells yielded a molecule which was chemically and biologically different 

from human interferon (WHO, 1978). Production in lymphoblastoid cell lines (Namalwa) 

however, was proven to be a reliable and economically acceptable source of human-like 

interferon (Zoon et al., 1978). Namalwa cells originated from a Burkitt tumor patient, are 

ñtransformedò, and contained the Epstein-Barr virus genome integrated into the cellular 

DNA. This bares the risk of transmitting whole virus or DNA with viral elements together with 

interferon products. Based on an advanced purification process (Hughes et al., 1974), 

potential contamination with virus and cellular DNA was mitigated by affinity 

chromatography, low pH of the eluate, and TCA/ethanol treatment (Beale, 1979). The final 

interferon product was free of Epstein-Barr virus and cellular DNA, which were both 

undetectable after purification. The FDA therefore allowed human clinical studies with 

material generated in Namalwa cells, by the end of the 1970s (Petricciani & Sheets, 2008). 

 

Continuous cell lines, i.e. cancer cell lines, were subsequently the host of choice because 

of their rapid growth in suspension, high protein expression levels, and less stringent media 

requirements. After numerous conferences in the US and Europe, a broad consensus 

emerged from conclusions of the WHO Study Group on Biologicals in 1986 (WHO, 1987). 

While transforming proteins and cellular DNA (limited to 100 pg per dose) were essentially 

dismissed as an area of concern, major focus was placed on viral contamination. Cellular 

DNA can contain up to 0.01% of integrated retroviral sequences (Benveniste et al., 1977). 

Transmissible retroviruses have consecutively been detected, albeit only under laboratory 

conditions with extensive co-cultivation of Macaca arctoides cells using heterologous 

indicator cells (George J. Todaro et al., 1978). Notably, in a more extensive study 

transmissible retroviruses could not be isolated from other species of Old World monkeys, 

higher apes, or from human normal or tumor tissues (G. J. Todaro et al., 1976). In murine 

and avian systems transmissible virus transformation with retroviruses requires 

combinatorial events. However, transformation events have been extremely rare with less 

than one in one hundred million (Rapp & Todaro, 1978). The risk of retroviral contaminants 

in biological products therefore lacks evidence for demonstrable clinical significance and 

importantly evidence that infectious nucleic acid sequences are more common in 

immortalized cell lines than primary cell cultures. As a major conclusion of the WHO Study 

group, the host cells for production may simply be chosen based on efficiency of production 

as long as the manufacturing process can eliminate potential viruses and host DNA to 

acceptable levels. 
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More continuous cell lines were gradually accepted by regulatory authorities, with Chinese 

Hamster Ovary (CHO) cells being used for the first recombinant therapeutic protein 

(recombinant tissues plasminogen activator, ActivaseÈ) in 1987. For biotherapeutic antibody 

production, murine myeloma cell lines (NS0 and Sp2/0) and CHO cells were dominantly 

chosen. 

 

CHO cells showed several major advantages in contrast to other continuous cell lines: i) 

suspension growth with serum-free chemically defined media (Ishida et al., 1990) ii) 

compatibility with gene amplification systems for stable transfection, such as dihydrofolate 

reductase (DHFR)-mediated (Scahill et al., 1983) or glutamine synthetase (GS)-mediated 

gene amplification (Nunberg et al., 1978). iii) human-like post-translational modifications 

(PTMs), with bioactive and human compatible glycosylation patterns iv) high tolerance to 

changes in process parameters, such as pH, oxygen level, pressure or temperature (Lai et 

al., 2013), and v) species barrier protection for many viral agents, with less expression of 

many viral entry genes as compared to other mammalian cell lines (Berting et al., 2010).  

Most importantly, CHO cells are preferred as they produce proteins with human-like complex 

bioactive PTMs (Figure 2). Specifically, CHO-derived proteins are decorated with 

glycosylation patterns closely mimicking material produced in human cells with only minor 

deviations. Rodent cell lines (CHO, NS0, and Sp2/0) can produce glycans not expressed in 

humans, i.e. galactose-Ŭ1,3-galactose (Ŭ-gal) and N-glycolylneuraminic acid (NGNA). 

Humans are genetically deficient in biosynthesizing terminal Ŭ-gal on N-glycans which 

consequently can lead to immune response (Galili, 2004). NGNA is synthesized by the 

CMAH gene, which is irreversibly mutated in all humans in contrast to non-human 

mammalian cells (Varki, 2007). Because of these potential immunogenic PTMs non-human 

cell lines are typically screened to identify clones with acceptable glycan profiles (Ghaderi 

et al., 2010). While NS0 and Sp2/0 cells are equipped with the cellular machinery to secrete 

antibodies, as they originate from immunoglobulin-producing tumors, antibodies produced 

in these cell lines have a greater tendency to confer immunogenic Ŭ1,3-linked galactose and 

NGNA residues (K. N. Baker et al., 2001). Driven by the overall efficiency of antibody 

production, CHO cells are currently dominantly chosen for 89% of mAb products (95 out of 

107 mAb products with modest interest in developing alternative hosts (Walsh & Walsh, 

2022)). 
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Figure 2 N-linked glycosylation patterns vary across different organisms. Recombinant proteins 
expressed from yeast, insect, or plant cells are deficient in synthesizing complex oligosaccharides 
such as galactose and terminal sialic acid (upper panel). Notably, yeast cells additionally show high-
mannose type oligosaccharides. In contrast, murine and hamster cells are capable of synthesizing 
human-like glycosylation patterns, which are bi-antennary, contain fucose and galactose and 
additionally terminal sialic acid. Reprinted from Soo Min Noh et al. (2019) 
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1.1.3 The CHO expression platform for stable recombinant antibody expression 

Historically, different CHO sub lineages were generated from the original CHO ori cell line, 

which was isolated from Chinese Hamster ovaries in 1956 (Puck et al., 1958). Initially, these 

cells were fundamental for research in molecular cell genetics. CHO cells have large 

chromosomes which enabled convenient studies on association of chromosomal 

rearrangements with gene functions (Siciliano et al., 1985; Thompson & Baker, 1973). 

However, CHO cells quickly gained popularity because of their resilience and rapid 

adaptation to in vitro cultures with fast generation times. Recombinant proteins are produced 

by two main approaches: transient gene expression, where recombinant plasmid DNA is 

solely delivered into the host cell, and stable gene expression with stably integrated foreign 

DNA into the host cell genome. Transient gene expression is an established method for 

small-scale and rapid production during pre-clinical development of recombinant antibodies 

(Pham et al., 2006). Stable transfection is the method of choice for large-scale production 

of recombinant antibodies with consistent product quality, as transiently transfected cells 

inevitably lose the plasmid DNA after several cell divisions. CHO cells, undergoing extensive 

undirected mutagenesis in early research, enabled the isolation of auxotrophic cell lines, 

facilitating their use for convenient stable transfection (Puck & Kao, 1967). Early stable 

transfection was achieved using such auxotrophic cell lines and random (no pre-defined 

integration site) selection systems, namely the dihydrofolate reductase-mediated (DHFR) 

methotrexate (MTX)-based and the glutamine synthetase-mediated (GS) methionine 

sulfoximine (MSX)-based selection systems. Two CHO cell lines have been routinely used 

for DHFR-based selection: DUXB11 and DG44, which originate from an early sub clone of 

CHO ori: CHO-K1 (Urlaub & Chasin, 1980). These cells are engineered to be deficient in 

dihydrofolate reductase activity and require exogenous nucleotide precursors for survival. 

By combining the recombinant gene of interest with a DHFR gene, only cells with rare stable 

integration of the plasmid DNA survive in the absence of nucleotide precursors. This method 

results in reliable and simple stable gene expression, with additional gene amplification by 

MTX (a competitive DHFR inhibitor). Increasing supplementation of MTX in the cultivation 

media results in selection of cells with multiple copies of DHFR integration which frequently 

correlates with increased transgene copy number and high product yields (Lai et al., 2013). 

The ability to transfect, select, amplify and stably express recombinant biotherapeutic 

proteins using the DHFR system was fundamental for large-scale production (Jayapal et al., 

2007).  
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Stably transfected cell populations remain heterogeneous, consisting of cell lineages with 

various integration sites and copy numbers (placement effects) which impact specific 

productivity. To ensure high productivity and product quality, individual cell colonies (cell 

clones) are isolated to receive a more uniform cell population. The chosen clones are 

expanded and subsequently tested in scale-down model systems mimicking large-scale 

production facilities. Random integration results in substantial productivity variations due to 

copy number and placement effects, requiring extensive clone screening programs. As an 

alternative, site-specific integration of the transgene at a pre-defined ñgenetic hotspotò with 

high and stable long-term expression levels has emerged (Crawford et al., 2013; J. Y. Kim 

et al., 2012). Here, recombinase-mediates cassette exchange (RMCE) systems (e.g. 

Cre/loxP, Flp/FRT, PhiC31) enable targeted integration of transgenes flanked by 

recombinase-recognition sequences using site-specific recombinases. The Cre/loxP 

systems, consisting of the Cre recombinase and loxP recognition sequences, was first used 

to achieve high-producing clones by site-specific integration (Inao et al., 2015; Kito et al., 

2002). Alternatively endonuclease-mediated targeted integration technologies have been 

used for site-specific integration, i.e. zinc-finger nuclease, transcription activator-like effector 

nuclease, and clustered regularly interspaced short palindromic repeats (CRISPR) 

/CRISPR-associated protein RNA-guided nuclease (Carroll, 2014). As a compromise 

between site-specific integration and random integration, DNA transposons, such as 

Sleeping Beauty, Tol2, Mos1, and PiggyBac have been demonstrated to integrate 

transgenes into specific regions of the genome (X. Huang et al., 2010; Wu et al., 2006). 

 

For bioproduction, cells have initially been grown in batch cultivation over 3-4 days to allow 

synthesis and product secretion. Accumulation of end-products of cellular metabolism (lactic 

acid and ammonia), depletion of nutrients (mostly glucose and glutamine), changes of pH, 

and osmolality then quickly limit cell growth and productivity. Thus, volumetric productivity 

has substantially improved with a shift from batch mode production towards fed batch 

cultures with feeding of concentrated nutrients (L. Z. Xie & Wang, 1997). Of note, 

proliferating cells tend to ingest more nutrients than bioenergetically needed (DeBerardinis 

et al., 2008; Heiden et al., 2009). Nutrient overfeeding consequently can shift cells to a less 

efficient energy metabolism leading to higher lactate productivities (Reinhart et al., 2015). 

Most successful strategies therefore maintain a balanced low target concentration of the 

major carbon substrates to limit excessive ammonia and lactate production (Butler, 2005). 

Fed batch typically follow an initial proliferation phase followed by arrested cell division, e.g. 

by using a decrease in culture temperature (Fox et al., 2004) to optimize volumetric 
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productivity. Substantial work has been done in optimizing the chemical environment, e.g. 

media optimizations (Gronemeyer et al., 2014), and adapted feeding strategies (Reinhart et 

al., 2015). The chemical environment combined with controlled physical environment 

parameters such as temperature, pH, pO2, and agitation rate together form the production 

process. Manufacturer invest extensive resources on the production process which is 

individually performed for each cell line (F. M. Wurm, 2004). Fed batch cultivation remains 

the dominantly chosen production mode, due to batch traceability, short operation period, 

and high volumetric titers (Pollock et al., 2013).  

 

Most recently the constantly changing environment in fed batch processes (depletion of 

nutrition, accumulation of metabolic by-products and the target protein) can be circumvented 

in perfusion processes with constant media exchange. Notably, this changing environment 

influences product quality attributes (PTMs) resulting in product heterogeneity in fed batch 

processes (Figure 3b-d) (Pacis et al., 2011; W. C. Yang et al., 2014). The final product in fed 

batch processes is consequently the average collection of heterogeneous molecules across 

the process time. In contrast, perfusion processes allow a steady state environment by 

exchanging media, extracellular material, and excessive cells (cell ñbleedò) with more 

constant product quality attributes (Ivarsson et al., 2014; W. C. Yang et al., 2014) (Figure 3).  
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Figure 3 Comparison of production-relevant parameters comparing fed-batch production mode with 
perfusion mode. Comparison of a) cellular viable cell density and viability profiles, b) product glycan 
fractions including FA2G0 (ƴ), FA2G1 (ǒ), FA2G2(ƶ) c) residence time distribution, i.e the variation 
in the time that different molecules or cells spend within the reactor, and d) and product charge 
isoform distributions (after full downstream purification) Reprinted from Karst et al. (2018) 
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1.1.4 Scale-down model systems to mimic large-scale bioreactors 

Small scale model systems (i.e. plates, shake flasks, bench top bioreactors) aim to mimic 

large-scale industrial bioreactors to accurately translate processes from laboratory to 

industrial scale (Manahan et al., 2019). Cellular physiology strongly depends on 

environmental conditions with consequences for product yield and quality if the culture milieu 

cannot be maintained (Lara et al., 2006). Scale-independent parameters which are stable 

across scales include, e.g. pH, temperature, dissolved oxygen, seeding density, cell age. In 

contrast, scale-dependent parameters such as agitation and gas transfer rates require 

special scaling strategies (Flickinger, 2010). Expression host and culture milieu form a 

complex relationship requiring extensive multifactorial statistical experimentation. Reliable 

testing systems demonstrate monitoring and control of scale-independent parameters, with 

laboratory-scale stirred tank bioreactors (STB, 1-100 l) as the cultivation vessel of choice 

(Doig et al., 2006). STB demonstrate a defined environment with extensive analytical options 

because of the large volumes utilized. As STB are geometrically identical to industrial scale 

vessels, all output information is applicable for scale-up (Xing et al., 2009). However, the 

number of experiments is restricted by the labor intensive setup which involved cleaning, 

sterilization, calibration, and inoculation in large volumes.  

 

For high throughput experiments, especially during early stages of cell line cultivation, 

microtiter plates and Erlenmeyer shake flasks are extensively used, despite a low amount 

of parameter control in these uncontrolled systems (Figure 4) (Buchs, 2001). Both systems 

use orbital shaking for mixing, rely on surface aeration for oxygen mass transfer, and have 

very limited oxygen and pH control options. Because of their substantial higher throughput 

options they still remain valuable screening tools during early stages of cell line 

development. Driven by the need for high throughput cell line cultivation in controlled 

systems, miniaturized small-scale bioreactors are now dominantly used during cell line and 

bioprocess development (Bareither et al., 2013).  
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Figure 4. Inverse relationship between experimental throughput and information content observed 
during CHO cell line development. While microplates are uncontrolled systems with low information 
content, they offer high-throughput and vice versa for stirred-tank bioreactors. Reprinted from Doig 
et al. (2006). 
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1.2 CHO cell line development for recombinant antibodies 

Development of stable recombinant CHO cell lines is essential for manufacturing of 

large-scale therapeutic proteins with consistent batch-to-batch quality (Shin & Lee, 2020). 

Historically, expression vectors (plasmid DNA) encoding the gene of interest (GOI) and a 

selection marker were transfected into CHO host cells for random integration. To enrich the 

stochastic random integration events, cells are cultivated in media containing selection 

pressure. Cells with stable integration retain the ability to express the GOI and the selection 

marker, thereby allowing these cells to survive. In contrast, cells without stable integration 

quickly dilute the expression vectors with subsequent cell division events and cannot survive 

after loss of plasmid DNA. Simple monoclonal antibodies (humanized IgG) could be 

produced with volumetric productivities using random integration technology. However, 

fundamental problems of random integration remain, such as placement effects of the 

integration site, loss of copy numbers, and transgene/chromosomal rearrangement (J. S. 

Lee et al., 2019). With increasingly complex heterodimeric antibody formats, e.g. artificial 

fusion proteins and bsAb, high volumetric productivities are additionally challenged by post-

translational bottlenecks such as improper single chain folding, light chain aggregates, or 

incorrect chain association (Kaneyoshi et al., 2019; Klein et al., 2012; Mathias et al., 2020). 

In contrast to cell populations achieved by random integration, site-specific integration into 

pre-validated genomic hot spots show substantially reduce placement effects and copy 

number variations (J. S. Lee et al., 2015). However, CHO cells remain heterogeneous after 

stable integration due to inherent genomic and epigenetic plasticity (Dahodwala & Lee, 

2019; Lewis et al., 2013). To mitigate cell line heterogeneity, cell lines with single cell origin 

are generated, as clonal lineages are generally considered to offer a more stable and 

consistent product quality profile (Welch & Arden, 2019). To obtain the highest specific 

productivity from clonal cell lines, typically hundreds of cell clones are empirically screened 

(Borth et al., 2002). Thus, recent cell line development protocols aim to further reduce the 

observed variability and the amount of blind-screening of genetic heterogeneity by data-

driven rational engineering efforts (Srirangan et al., 2020).  
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Figure 5. Schematic comparison random and site-specific cell line development methods. a) 
Random integration methods relies on transgene amplification using DHFR (MTX) or GS (MSX) 
inhibitors to boost copy numbers and consequently cell productivity. Resulting clonal variability is 
high due to copy number variations and placement effects. In contrast, site-specific integration 
methods rely on either b) nucleases and HDR or c) recombinase-mediated-cassette-exchange, 
which consequently results in less phenotypic variation of producer clones. All methods 
subsequently undergo clone screening, process optimization, and scale up validation. Notably, 
clones generated via random integration require more intensive clone screening. CLD, cell line 
development, GOI, gene of interest, MTX; methotrexate, MSX, methionine sulphoximine, DSB, 
double strand break. Reprinted from Shin and Lee (2020) 
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1.2.1 Transgene subunit dosage in CLD 

Recombinant cell lines generated by random integration of expression vectors display 

substantial heterogeneity with regard to expression properties, cell growth, and transgene 

expression stability (Gºdecke et al., 2021). Synthetic gene expression cassettes perturbate 

the endogenous chromatin structure at the integration site, leading to unpredictable 

consequences for the endogenous neighboring genes and the transgene itself. These 

placement and copy number effects in combination with the intrinsic genomic epi-/genetic 

plasticity of the cells itself results in remarkable phenotypic variance. Notably, recombinant 

cell lines concurrently need to express 3-4 distinct polypeptides in case of heterodimeric 

bsAbs, in contrast to only 2 different polypeptides when expressing an homodimeric mAb 

molecule (Klein et al., 2012). Consequently, cell line development for heterodimeric 

bispecific antibodies is complicated by the need to optimize expression level stoichiometry 

of 3-4 distinct polypeptide chain to obtain acceptable levels of correctly associated antibody 

ï the so-called chain association issue (Z. Lee et al., 2024).  

 

To come up with a commercially acceptable clone, two main cell line development strategies 

are followed: i) high throughput screening after random integration of transgenes to identify 

rare phenotypic variants out of heterogeneous populations and ii) site-specific integration of 

expression cassettes into pre-characterized genomic hot spots. For homodimeric antibodies 

with two different polypeptides: heavy chain (HC) and light chain (LC), random integration 

in combination with high throughput screening remains a reliable strategy. Studies from 

murine pre-B cells reveal that HCs form homodimers which are retained in the ER until 

initiation of LC expression allow completion of the correct quaternary structure (HC2LC2) 

(Leitzgen et al., 1997). While free LC dimers can compete with HC secretion, LC excess 

generally supports antibody folding by minimizing accumulation of unfolded HC and 

reducing ER stress (Bertolotti et al., 2000; Y. K. Lee et al., 1999; Schlatter et al., 2005). High 

productivity cell lines therefore frequently display excess free LCs as the only undesired by-

product in the cell culture media. Subsequently, affinity chromatography using protein A 

(isolated from Staphylococcus aureus) shows negligible binding to the Fab region and can 

therefore reliably produce material with >99% purity in a single capture step (Shukla et al., 

2007). This results in a broad spectrum of possible subunit gene dosages with copy number 

variations and placement effects which are compatible with high productivity and quality.  
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Figure 6. Schematic illustration of a) all possible homo- and heterodimerization interfaces between 
light- and heavy-chain domains for heterodimeric bispecific antibodies, b) combinatorial options for 
random chain association if chains have no preferential binding site. The desired heterodimeric and 
fully functional antibody is formed in 12.5% of cases. c) improved light chain association issue when 
enforcing heavy chain heterodimerization leading to correctly formed bispecific antibodies in 25% of 
cases. Reprinted from Klein et al. (2012) 

 

In stark contrast, random assembly of heterodimeric bispecific antibodies results in 16 

combinations, with only 2 (12.5%) representing the desired main product (Figure 6a and b). 

(Brinkmann & Kontermann, 2017). Alternative chain assemblies can result in either non-

functional or monospecific molecules with possibly severe adverse effects, such as 

immunogenicity, anaphylaxis or neutralization of the antibody (Y. F. Li, 2019; van Beers & 

Bardor, 2012). This is of particular concern for T cell bispecific antibodies due to the possible 

formation of hyperactive CD3-binding homodimers resulting in off-target T cell activation 

through T-cell receptor dimerization (H. Y. Lee et al., 2019). Much progress has been 

achieved in enhancing heavy and light chain hetero dimerization by modifications of the 

respective structural interface between the chains. For heavy chains, a bulky ñknobò residue 

is introduced in one chain (achieved by specific mutations in the CH3 domain: S354C, 

T366W) whereas the other ñholeò HC is equipped with an appropriate pocket (achieved by 

the mutations: Y349C, T366S, L368A, Y407V, Figure 6c) (Ridgway et al., 1996). This 

ñknobs-into-holesò approach mitigates homo dimerization effectively as long as both chains 

are expressed with equal levels (Klein et al., 2012). Similarly, light chain hetero dimerization 
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is supported by Fab domain cross-over introduced in one arm of the bispecific antibody, the 

so called ñCrossMabò approach (Schaefer et al., 2011). Either the VH-VL or the CH1-CL 

domains are exchanged between heavy and light chain, resulting in strong preference of 

hetero dimerization without specific connectors or mutations. Of note, although potentially 

side-products are substantially reduced, a titration of the expression levels between the two 

different light chains remains necessary (Schaefer et al., 2011).  

 

For optimal expression of heterodimeric bsAbs, it remains inevitable to achieve control of 

the relative level at which each chain is constitutively expressed. This multigene 

co-expression at different stoichiometry is inherently context-specific and changes 

substantially depending on the respective transgene and vector design features (Patel et 

al., 2021). Site-specific integration into pre-defined genetic hot spots obviates intra-clonal 

heterogeneity by generating genetically uniform, i.e. isogenic, clones (Gºdecke et al., 2021). 

This single copy site-specific integration enables iterative testing of various expression 

vector designs which can be optimized in a uniform genomic context (Beal et al., 2023; 

Nehlsen et al., 2009). The emergence of genome engineering tools has facilitated 

wide-spread use of site-specific integration, notably: homology directed repair (HDR) using 

programmable nucleases, such as clustered regularly interspaced short palindromic repeats 

(CRISPR) / CRISPR-associated protein 9 (Cas9), and recombinase-mediates cassette 

exchange (RMCE), utilizing serine (e.g. Bxb1/attB, PhiC31) and threonine recombinases 

(e.g. Cre/loxP, Flp/FRT). Initial site-specific integration was mostly achieved using RMCE 

and paved the way for rational and controllable expression cassette design (Crawford et al., 

2013; Nov et al., 2007). RMCE requires the generation of host cell lines containing a ñlanding 

padò harboring recombination sites. These host cell lines are typically established using 

semi-/random landing pad integration followed by subsequent empirical screening and locus 

characterization (Crawford et al., 2013; L. Zhang et al., 2015). Empirical identification of hot 

spots with intrinsic stability and enhanced transcriptional activity remains the gold standard 

in CHO cells, as the underlying molecular mechanism are incompletely understood 

(Gaidukov et al., 2018). This is further exemplified by the predicted hot spot activity of 

ROSA26 and GRIK1 loci integration based on locus properties in human and murine cells 

(Cheng et al., 2016; Zambrowicz et al., 1997). While integration into the ROSA26 locus 

supported robust expression in CHO cells, GRIK1 integration was comparable to random 

loci (Gaidukov et al., 2018; Zhao et al., 2018). Importantly, site-specific integration supports 

reduced copy numbers, usually restricted to less than nine copies (Altamura et al., 2022), 

as compared to random integration, with up to 1000 copies after gene amplification 
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(Kaufman & Sharp, 1982). However, cells with optimized expression vector arrangements 

and genomic positions have been shown to match or exceed productivity of random 

integration clones, suggesting a limited benefit of integrating excessive transgene copies (Z. 

Lee et al., 2024; Ng et al., 2021; S. M. Noh et al., 2018). While the generation of host cell 

lines is labor-intensive due to the limited knowledge about favorable integration sites and 

the necessary clone screening process, the host cell line can subsequently be re-used for 

reproducible generation of many high-producing cell lines (Carver et al., 2020).  

 

In contrast, de novo site-specific integration utilizes HDR triggered by introduction of a 

double-strand break (DSB) in mammalian cells (Cong et al., 2013; J. S. Lee et al., 2015). 

Introducing DSBs via CRISPR/Cas9 to trigger HDR has emerged as the predominant 

methodology for de novo site-specific integration in CHO cells. The CRISPR/Cas9 method 

enables facile introduction of DSBs as compared to zinc finger nucleases or transcription 

factor-like effector nucleases which require extensive protein design, synthesis, and 

validation (Doudna & Charpentier, 2014). However, HDR efficiency is inherently limited in 

CHO cells with simultaneous high rates of random integrations, due to high activity of non-

homologous end-joining (NHEJ) pathway (Bosshard et al., 2019; Cristea et al., 2013; 

Vasquez et al., 2001). Notable attempts to overcome low HDR rates include i) fluorescent 

enrichment of genome-edited cells (J. S. Lee et al., 2016), ii) modifying culture conditions 

around transfection (Guo et al., 2018), iii) donor template modifications (O. Baker et al., 

2017) (J. P. Zhang et al., 2017) v) and chemical inhibition/promotion of NHEJ and HDR, 

respectively. While site-specific integration by programmable nuclease has successfully 

been used for integration of transgenes, the aberrant risk of recombination events and off-

target integration in combination with low integration rates hampers broad utilization (Phan 

et al., 2017). 
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1.2.2 Expression vector design in CLD  

Mammalian cells can adjust gene expression levels on various levels by adaptations during 

i) transcription (conversion of information encoded in DNA to transient mRNA), ii) post-

transcription (mRNA abundance and stability), iii) translational efficiency (conversion of 

mRNA to amino acid polymers) and iv) post-translation (protein stability). Therefore, to 

optimize abundance of correctly assembled heterodimeric bsAbs, the rate and timing of 

each level of gene expression require thorough arrangement. The expression system is 

required to express multiple transgenes at precise relative stoichiometry while maintaining 

high productivity and growth rates (Brown & James, 2016). Accordingly, synthetic expression 

vectors that harbor multiple genetic components are required, which drive stable high levels 

of transgene expression at optimal, designed stoichiometry (Barnes et al., 2003; Mariati et 

al., 2014). Stable expression levels are required for the time frame necessary to expand the 

cells for master cell bank generation, seed train cultures and subsequent production phases 

which typically requires over 60 generations (F. M. Wurm & Wurm, 2017). Substantial loss 

of productivity (less than 70% of the initial expression) compromises regulatory approval of 

the product by impairing product yield and quality (Barnes et al., 2003). The prevalent entry 

point to expression level control is transcriptional regulation, as the first step in protein 

expression. Transcriptional levels are relatively easy to manipulate and offer a wide dynamic 

range of expression control. Transcription control is typically achieved by engineering of 

promotors, terminators, untranslated regions (UTRs), or coding sequences (Brown & James, 

2016; Ferreira et al., 2013; Quax et al., 2015). Promotor engineering displays the most 

common and effective method, due to their key role in high and consistent transgene 

transcription (O'Callaghan et al., 2010). Two discrete structural components can be 

engineered: the proximal promoter containing transcription factor regulatory elements (i.e. 

binding site for regulatory transcription factors which function as activators or repressors) 

and the core promoter with binding sites for general transcription factors (i.e. the pre-

initiation complex) (Lenhard et al., 2012).  

 

Given that specifically engineered and built-for-purpose synthetic promotors are not broadly 

applicable yet, naturally occurring promotors are prevalently used and modified for use in 

synthetic gene expression cassettes. Natural promotors can be classified as either 

endogenous or of viral origin. In the context of CHO cells, mostly strong viral 

promoter/enhancer elements based on human cytomegalovirus immediate early 1 

(hCMV-IE1) and simian virus 40 (SV40) are utilized and effectively redistribute cellular 

resources towards the transgene and selection marker genes, respectively (Figure 7a) (Xia 
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et al., 2006). These viral sequences accept several ubiquitously expressed transcription 

factors and have evolved to recruit host cell transcription factors using highly efficient and 

concise recognition elements (Stinski & Isomura, 2008; X. Y. Wang et al., 2016). Notably, 

the strongest promotors in mammalian cell lines are of viral origin (Foecking & Hofstetter, 

1986; Ho & Yang, 2014; X. Y. Wang et al., 2016). While hCMV-IE1 shows generally strong 

transcription achieved with only 650 bp full-length size, the expression is restricted to S 

phase and can be epigenetically silenced by enzymatic DNA methylation within CpG 

dinucleotides (Brightwell et al., 1997; Osterlehner et al., 2011). In contrast, heterologous 

eukaryotic promotors, such as Chinese hamster elongation factor-1 alpha (CEF1Ŭ) 

promoter, potentially preserve high transcription strength with reduced risk of silencing due 

to their endogenous nature (Deer & Allison, 2004). Because endogenous promoters are 

comparably large (in case of CEF1 Ŭ, a minimum size of 8.3 kbp), their use in multigene 

expression cassettes is limited.  
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Figure 7. Genetic engineering options to achieve transcriptional control. a) Natural promoters 
(endogenous or viral) are constitutively active and show a wide range of expression strength. 
Synthetic promoters are assembled by rational combination of transcription factor binding sites. 
Inducible promoters utilize natural molecule-responsive transcription factors or b) synthetic build-for 
purpose transcription factors. c) Epigenetic modifier domains influence spatially close histone 
structure and DNA methylation levels. d) Gene dosage control by rationally choosing number of gene 
expression cassettes. GOI; gene of interest. Reprinted from Eisenhut et al. (2024) 
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While viral promotors demonstrate strong and robust constitute expression, they lack 

regulatory levers to fine tune expression ratios within multiple transgenes. To correlate 

transcription rates between multiple transgenes in a targeted integration setup, studies have 

suggested programmed transgene dosage increase, gene rank shuffling, and varying 

transcriptional activity (Figure 7d) (Carver et al., 2020; Z. Lee et al., 2024; Patel et al., 2021). 

Incremental elevated copy numbers frequently improve mRNA levels and productivity, while 

the additional benefit plateaus with increased copy number (Altamura et al., 2022; Z. Lee et 

al., 2024; Sergeeva et al., 2020). Typically the amount of HC transcript is rate limiting and 

thus increased HC copy numbers result in higher antibody expression (Schlatter et al., 

2005). However, LC excess as compared to HC remains necessary for optimal expression 

(O'Callaghan et al., 2010). To support increased transgene gene dosage, multiple genes are 

typically placed in close proximity on a multigene expression vector, as plasmid vectors are 

limited in cargo space (frequently below 25 kbp). Multiple expression cassettes in close 

proximity can be prone to deviations in targeted expression levels by RNA-polymerase and 

ribosome competition, occlusion-mediated transcriptional interference and promoter 

competition (Bateman & Paule, 1988; Conte et al., 2002; Proudfoot, 1986; Qian et al., 2017). 

Transcriptional decisions at individual promoters depend on the local regulatory network, 

especially when sharing identical transcription factor binding sites (Brewster et al., 2014; 

Rydenfelt et al., 2014). The vast majority of CMV promoter activity is driven by only two 

transcription factor regulatory elements: NF-əB and CRE, which consequently compete for 

available free transcription factors (Brown et al., 2015). In addition, transcriptional 

interference is most severe for exceptionally strong promoters arranged in tandem 

orientation, where both transcriptional units elongate in the same direction (Tian & 

Andreadis, 2009). Shielding of transcriptional units is difficult due to inefficient transcription 

termination or transcription run-through observed in higher eukaryotes (Figure 7c) 

(Shearwin et al., 2005). Thus, the first position within a multigene expression vector 

commonly shows the strongest expression, as downstream promoters can be occluded by 

inefficient transcription termination of upstream transcriptional units (Eszterhas et al., 2002). 

Disruption of transcriptional interference may be reached by combination of chromatin-

modifying elements (e.g. insulators, matrix attachment regions, ubiquitously acting 

chromatin opening elements) or alternatively by combining multiple genes in one expression 

cassette (Eszterhas et al., 2002; Tian & Andreadis, 2009).  

 

Apart from engineering host cell dependent elements, control of multigene expression 

stoichiometry can be achieved using completely synthetic systems via inducible systems, 
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synthetic promoters, and complex gene switches with minimal dependencies on host 

transcription factors (Figure 7a and b) (Auslªnder et al., 2012; Nissim & Bar-Ziv, 2010; Ye & 

Fussenegger, 2014). Synthetic systems can achieve orthogonality, i.e. decoupling of 

transgene expression from the host cell transcription machinery and vice versa, while 

offering additional trigger-response options resulting in inducible expression systems 

(Bacchus et al., 2013). In contrast to constitutive promoters, inducible expression enables 

aligning expression levels in response to internal and external cues such as cellular state 

and environmental conditions (Ma et al., 2022). Such features are highly desirable, however, 

their widespread use is hampered by dependency on small chemical compounds (e.g. 

tetracycline, cumate, vanilic acid) which are incompatible with downstream processing 

regulations or process economics and their inferior expression strength as compared to 

constitutive viral promoters (Weber & Fussenegger, 2007). Rather constitutive promoters 

with varying potency used in a modular fashion allow installation of programmed and 

predictable multigene expression (Figure 7a) (Pristovsek et al., 2019). Specific and rational 

composition of individual genetic elements created synthetic promoters which can be 

employed to mediate expression at predictable relative stoichiometry (Patel et al., 2021). 

While such elements frequently remain inferior in expression strength as compared to the 

CMV promoter, a library of synthetic promoters allowed rational expression control over two 

orders of magnitude in CHO cells (Figure 7b) (Brown et al., 2015). Additionally, deliberate 

choice of diverse TFREs and consequently dependence on distinct transcription factors 

effectively minimizes promoter competition (Patel et al., 2021). Supplementing the multigene 

expression vector with independent transcriptional and mRNA capping machineries have 

been proposed (Jones et al., 2020). These approaches require substantially less space to 

achieve transcriptional shielding. Alternative solutions include achieving more efficient 

transcription terminator via terminator, polyA or epigenome/chromatin modifying elements, 

such as the beta-globulain cotranscriptional cleavage terminator, or the chicken 

hypersensitivitiy site 4 insulator (Uchida et al., 2013; White et al., 2013).  

 

Albeit to a much lesser extent, post-transcriptional steps in protein expression have been 

engineered by control of mRNA levels using specific RNA secondary structures 

(Riboswitches) in the untranslated regions (Auslªnder & Fussenegger, 2017; Auslªnder et 

al., 2014). While Riboswitches are minute compared to modules used in transcriptional 

regulation, there are usually inferior in basal expression performance and dynamic range. 

However, in case large sequences are unfeasible, e.g. due to limited cargo size in adeno-

associated viral vectors, riboswitches can be attractive tools for transgene control (Ketzer et 
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al., 2014). Similarly, altering translation of mRNA sequences by 5ô/3ôUTR customizations 

offer small-sized regulation of transgene expression (Eisenhut et al., 2020). Tuning 

expression by post-transcriptional and translational modifications efficiently reduce 

expression as compared to the WT variants rather than boosting it. 

 

In summary a strict balance between strong multigene expression strength, stoichiometry, 

and plasmid size for efficient integration is required for stable and high level expression of 

recombinant antibodies in CHO biofactories (Hornstein et al., 2016). Multigene co-

expression remains inherently context and molecule specific. Plasmid vector composition 

effectively influences the expression of recombinant antibodies (Chin et al., 2015; T. Y. Wang 

& Guo, 2020).  
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1.2.3 Generation and screening of producer cell clones in CLD 

Cell line development starts with introduction of expression vectors into cells and 

subsequent selection pressure to generate stable transfected pools. Various transfection 

methods exist, which can be broadly classified into: i) biological methods utilizing viral 

methods, i.e. transduction, ii) chemical methods, based on cationic polymers / lipids or 

calcium phosphate, iii) physical methods, e.g. electroporation, micro-needle injection, which 

transiently disrupt the cell membrane to allow plasmid intake. Non-viral transfection methods 

are usually preferred, as they have been approved by regulatory agencies for production of 

proteins for human administration. Following selection, the transfected population is 

considered to be a pool of distinct cell lineages, i.e. a heterologous mixture of cells with 

varied epi-/ genetic and phenotypic characteristics. This cellular heterogeneity hampers 

large-scale production, which relies on stable and consistent product attributes (critical 

quality attributes, CQA) across manufacturing batches (Du et al., 2013; Eon-Duval et al., 

2012). Historically, this diversity of phenotypes has been attributed to genetic variance due 

to gene dosage and placement effects which are inevitable when using random transgene 

integration. To generate isogenic clonally-derived cell lines, cell pools are consequently 

subcloned under the assumption that clones are phenotypically more homogenous as 

compared to the parental pool (Welch & Arden, 2019). However, cellular phenotypes remain 

diverse despite site-specific integration of transgenes or upon subcloning of already isogenic 

cell lines (Ko et al., 2018; J. S. Lee et al., 2018; Tharmalingam et al., 2018). Moreover, 

genome homogeneity, as assessed by karyotype stability and homogeneity, between cell 

pools and clones does not significantly differ (Vcelar et al., 2018b). While the underlying 

mechanisms are still incompletely understood, it is broadly accepted that phenotypic clonal 

homogeneity is transient in nature and phenotypic drift is an inherent feature of immortalized 

cells (Bandyopadhyay et al., 2019; Feichtinger et al., 2016). While accumulation of genetic 

variants appears to be a continuous process with less impact on phenotype (Kuhn et al., 

2020), recent studies revealed epigenetic regulation as a large driver of phenotypic diversity 

(Weinguny et al., 2020; Weinguny et al., 2021). During subcloning each clone shows a new 

and distinct DNA methylation pattern, possibly resulting in individual expression patterns 

and cellular phenotypes despite their common clonal origin (Weinguny et al., 2020). This 

epigenetic profile is homogenous as long as the environment is kept stable. This epigenetic 

response may support cells in overcoming the problematic situation of subcloning itself and 

equip the cells with an suitable cellular milieu supportive for producing recombinant 

antibodies (Chang et al., 2022). Clonal homogeneous cell line hence represent an ideal but 

unrealistic concept (Barnes et al., 2001). Rather, clonally-derived cell lines constitute the 
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best effort so far to - at least transiently - reduce phenotypic heterogeneity and obtain a cell 

line with advantageous growth, productivity and stability (Barnes et al., 2006).  
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1.3 Synthetic biology tools for improved CHO bioproduction capabilities 

From a simplified perspective, CHO biofactories for recombinant antibody production need 

to fulfill four key requirements: i) high productivity phenotype, ii) stable product expression 

over many generations, iii) consistent product quality, and iv) rapid cellular biomass 

accumulation. Fundamental developments in molecular biology and genetic engineering 

increasingly enable more sophisticated cell engineering options towards knowledge-based 

control of biofactory manufacturing performance. Especially synthetic biology tools allow 

increasingly sophisticated removal of cellular reactions or co-expression of processing 

enzymes in addition to recombinant gene expression for incremental improvement of CHO 

biofactories (Figure 8a) (Borth et al., 2005; Dreesen & Fussenegger, 2011; Z. Yang et al., 

2015). These improvements rely on permanent cellular changes by knocking out or knocking 

down endogenous genes that negatively impact production features or constitutive co-

expression of genes with positive impact (Fischer et al., 2015b). Such static engineering 

options are effective for general cellular characteristics, such as removal of Ŭ1,6-

fucosyltransferase (Yamane-Ohnuki et al., 2004) or constitutive co-expression of ɓ1-4-N-

acetylglucosaminyltransferase III (J. Davies et al., 2001). However, cellular features which 

are most beneficial during individual bioprocess time points, e.g. biomass accumulation 

during cell cultivation and high expression during production phase, require dynamic 

engineering with synthetic sense-and-respond programs (Figure 8b). Historically, 

bioindustrial CHO cell line development relied on extensive blind screening of functional 

heterogeneity in CHO cell populations to identify a suitable production cell clone (Brown & 

James, 2016; W. W. Yang et al., 2022). Synthetic biology aims to extend the cell engineering 

options beyond the cell intrinsic heterogeneity created by epi-/genetic instability and reliably 

provide difficult-to-express complex antibodies with sophisticated requirements to their host 

cell (Brinkmann & Kontermann, 2017). This is achieved by repurposing naturally occurring 

molecular tools from various organisms and implementing them in the target expression 

system (Eisenhut et al., 2024). Cell engineering of CHO biofactories has dramatically 

increased since the first CHO genome has been published in 2011 enabling rational design 

of genetic manipulations and promises to steadily improve production of biotherapeutics to 

meet increasing demands (X. Xu et al., 2011).  
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Figure 8. Static and dynamic CHO cell engineering approaches. a) Static cell engineering 
encompass ablation of endogeneous genes or constitutive overexpression of beneficial genes. b) 
Dynamic cell engineering with sense-and-respond capabilities may further improve productivity of 
CHO biofactories. Characterized genetic parts such as synthetic receptors, inducible promoters, and 
gene switches can create genetic circuits to achieve feedback circuits. Reprinted from Donaldson et 
al. (2022) 
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1.3.1 Static CHO cell engineering tools 

Improved manufacturing performance of CHO biofactories beyond carefully considered 

transgene design and integration are classically achieved by rational genome modifications: 

gene deletions / knockouts (KOs), knockdowns (KDs), overexpression, or pathway 

deregulation. Desired functional improvements generally fall into: i) improved cell specific / 

volumetric productivity, by targeting secretory pathways or mitigate cell proliferation ii) 

beneficial product quality attributes, mainly glycosylation patterns iii) enhanced cell growth 

and biomass accumulation and iv) prolonged cell viability, by preventing autophagy, 

apoptosis or undesired metabolic byproducts (Figure 9).  

 

The earliest described engineering approaches using overexpression for enhanced 

bioprocess productivity were described for E. coli bacteria (Khosla et al., 1990), which 

showed markedly improved protein synthesis upon overexpression of Vitreoscilla 

hemoglobin. Transgene overexpression is the oldest and most traditional way for cell 

engineering, with a broad spectrum of methods readily available.  

 

Figure 9. Static cell engineering options for improved functionality of CHO biofactories. 
Overexpression of beneficial genes, endogenous gene knockout (KO), and modulation of siRNA and 
miRNA represent molecular tools for gain of loss of a specific cellular function. Reprinted from 
Fischer et al. (2015b) 
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In CHO biofactories, early studies showed that mimicking cytostatic production phases by 

overexpression of tumor suppressor genes p21 and p27 resulted in higher reporter gene 

expression (Fussenegger et al., 1997; Fussenegger et al., 1998). Attenuating proliferation, 

i.e. cell cycle pathways, has since been linked to higher productivity, possibly by enabling 

cells to divert more resources to production processes (Weisse et al., 2015). Notably, 

enhanced productivity has been achieved by higher cell specific productivity (pg/cell/day) 

which is linked to attenuated cell division and by higher biomass accumulation (increased 

cell division) resulting in increased volumetric productivity (g/l). Overexpression resulting in 

improved cell specific productivity include i) p21CIP1 and C/EBP- Ŭ (Fussenegger et al., 

1998), supplemented by BCL-xL (Astley et al., 2007), ii) p27KIP1 (Mazur et al., 1998), iii) 

GADD45 (W. Kim et al., 2014), iv) BLIMP1 (Torres & Dickson, 2021), v) MPC1/2 (Bult® et 

al., 2020), and vi) SERPINB1 (N. Lin et al., 2015). Inversely, improved biomass accumulation 

by higher proliferation rates frequently reduce cell specific productivity. However, the benefit 

from increased biomass can overcome the reduced cell specific productivity rates and result 

in improved volumetric titers. Cell engineering targets for increased cell division rates include 

i) Myc and Bcl-2 (Ifandi & Al-Rubeai, 2005), ii) eIF3i/c (Roobol et al., 2020), iii) VCP (Doolan 

et al., 2010), iv) GADD34 (Otsuka et al., 2016), and v) PTEN (Q. Zhou et al., 2021). Higher 

proliferation and biomass in turn results in increased nutrient and oxygen transport demand 

to prevent metabolic by-products and elevated osmolarity (Rish et al., 2022). Thus, 

increased cell division rates synergistically benefit from evasion of autophagy and apoptotic 

programmed cell death to prolong cultivation times and consequently volumetric productivity 

(Arden & Betenbaugh, 2004). Three main molecular pathways trigger apoptosis by recruiting 

downstream caspase effectors: i) death receptor pathway: FasL. TRAIL and TNF ligation, ii) 

mitochondrial pathway, activated by mitochondrial or genotoxic stress, and iii) the 

endoplasmic reticulum induced stress pathway, induced by misfolded and aggregated 

proteins. Autophagy, mainly observed following nutrient depletion, can contribute to cell 

death especially if apoptosis is inhibited (Shimizu et al., 2004). Hence, many attempts to 

increase cellular robustness and delay apoptosis have been reported by overexpressing 

genes in apoptotic and autophagy pathways: i) death receptor pathway inhibition, using 

HSP27/70 (Y. Y. Lee et al., 2009; Tan et al., 2015) or FAIM (D. C. F. Wong et al., 2006), ii) 

resistance to mitochondrial pathway activation, by overexpressing BCL2 (Jeon et al., 2011) 

eventually combined with BCL-xL (Meents et al., 2002), iii) caspase inhibitors, such as XIAP 

(Sauerwald et al., 2002) and Aven (Figueroa et al., 2004), and iv) autophagy engineering 

using Beclin-1 (J. S. Lee et al., 2013). Beside maintenance of viable cells which continue to 
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express transgene, restriction of programmed cell death suppresses release of intracellular 

proteases (Kaneko et al., 2010).  

 

In addition to indirect beneficial effects which support productivity by sustained cellular 

health, targeting protein folding and secretory pathways directly improves cell specific and 

volumetric productivity. XBP-1S, the transcriptionally active isoform of XBP1, improves 

protein secretion when celsl exhibit secretory bottlenecks (Ku et al., 2008). As a results of 

XBP-1S expression, a plethora of secretion supportive processes are triggered including 

ER, Golgi, and mitochondria content increase (A. H. Lee et al., 2003). In line with the model 

that assembly and folding in the ER are rate-limiting in CHO biofactories (Bibila & Flickinger, 

1992), overexpression of ER folding factors increase productivity, such as i) protein disulfide 

isomerase (Borth et al., 2005), ii) BiP and ATF6c (Pybus et al., 2014), or iii) ERO1-L (Cain 

et al., 2013). More broadly, studies have targeted multiple secretory processes along their 

intracellular secretion path all pointing towards potential bottlenecks. This includes, i) ER 

and cis-Golgi interface engineering by overexpression of KDEL receptor 1 (Samy et al., 

2020), ATF4 (Haredy et al., 2013), ii) transport from the Golgi to the plasma membrane by 

overexpression of CERT (Florin et al., 2009), and iii) fusion of synaptic vesicles with the 

plasma membrane by overexpression of exocytic SNARE proteins (Peng et al., 2011). More 

holistically, mTOR overexpression increases not only specific productivity, but also cell 

growth, viability and apoptosis resistance moving towards a general enhanced productivity 

phenotype (Dreesen & Fussenegger, 2011).  

 

Despite the ability of CHO cells to form human-like glycosylation, some minor differences 

remain with the risk of severe immunological reactions (Ghaderi et al., 2012). Importantly, 

CHO cells lack expression of Ŭ-2,6-sialyltransferase (ST6GAL) but instead express Ŭ-2,3-

sialyltransferase (ST3GAL) (Jenkins et al., 1996). To more closely resemble native human 

N-glycans, engineering efforts aim to prevent immunogenic Ŭ-1,3-galactose (Ŭ-gal) and N-

glycolylneuraminic acid (NGNA). Consequently, the earliest approaches successfully 

enabled Ŭ-2,6-sialylated N-glycans by overexpression of ST6GAL (E. U. Lee et al., 1989; 

Minch et al., 1995). To further refine the N-glycan profile, further efforts involved 

overexpression of various enzymes within the N-glycosylation pathway, especially i) GalT 

(Jeong et al., 2008), ii) CMP-SAT (N. S. C. Wong et al., 2006) combined with GNE (Son et 

al., 2011), iii) GnT-III (J. Davies et al., 2001) and GnT-IV/V (Fukuta et al., 2000), and iv) RMD 

(von Horsten et al., 2010). Overexpression of genes therefore represents the first and well 
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described area of static cell engineering, given that tools for overexpression were early 

accessible and straightforward to implement. 

 

In contrast, tools for gene KO were not easily accessible until the advent of programmable 

nucleases, especially CRISPR/Cas9, which hampered widespread targeted gene knockouts 

in mammalian cells until 2013 (Doudna & Charpentier, 2014; Hsu et al., 2014). In the 

absence of targeted approaches, researchers relied on random mutagenesis and excessive 

clone screening to identify cell clones with desired edits. Earliest efforts for targeted gene 

knockouts were achieved using HDR, which occurs only in less than one per 105 cells, 

unless stimulated by a double-strand break (DSB) (Vasquez et al., 2001). Undesired off-

target random integration occurs much more frequently in up to one in 102 cells, which 

results in a cumbersome search for successfully edited cells (Vasquez et al., 2001). As CHO 

cells show even lower HDR rates, the first described CHO targeted gene KO in 2004 

required screening of 120 000 cell clones for identification of three homozygous KO cell 

clones (Yamane-Ohnuki et al., 2004). In comparison, programmable nucleases (zinc-finger 

nucleases, TALENs, and Cas9) allow the introduction of DSBs with editing efficiencies 

mostly between 6-89% (Castro et al., 2021). This revolution paved the way for promising 

engineering options by removal of disadvantageous endogenous genes. 

 

Researchers have since aimed mostly at retardation of programmed cell death and 

modulation of product quality attributes with clear genotype-phenotype relationships using 

gene KOs. Driven by the discovery that interaction of FcɔRIIIa to defucosylated IgG1 was 

substantially increased as compared to fucosylated IgG1, disruption of the FUT8 gene 

enabled the production of defucosylated antibodies using CHO biofactories (Yamane-

Ohnuki et al., 2004). Similar results were achieved by removal of FX, with the additional 

option to generate primarily fucosylated material by titration of fucose (Louie et al., 2017). 

Further improvement was achieved by combined removal of SLC35C1 and SLC35A1, 

resulting in cells which produce asialylated and afucosylated antibodies dramatically 

improving antibody-dependent cellular cytotoxicity (ADCC) (Haryadi et al., 2013). To aid 

improved immunogenicity profiles, CMAH KO results in abolished NGNA levels (Chai et al., 

2020). Likewise, host cell proteins (HCP), which accumulate during mammalian cell culture, 

can contaminate the final drug product, potentially impairing product quality and pose an 

immunogenicity risk (X. Wang et al., 2009). Once responsible proteins have been identified, 

removal by KO abolished HCP content, e.g. ST14 (Laux et al., 2018), Lpl (Chiu et al., 2017), 

and Anxa2/Ctsd (Fukuda et al., 2019).  
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Comparable to overexpression of anti-apoptotic genes, double KO of pro-apoptotic proteins 

Bax and Bak resulted in higher cell viability which in turn enabled higher productivity (Cost 

et al., 2010; Macaraeg et al., 2013; Tang et al., 2022). Cells lacking both Bax and Bak, fail 

to activate any downstream caspase within the mitochondrial apoptotic pathway, rendering 

these cells resistant to DNA damage and ER stress (Ruiz-Vela et al., 2005). Notably, the 

benefit of hampered apoptotic cell death enabled synergistic increase in specific productivity 

by KO of PERK (Castellano et al., 2023). KO of PERK alone improved productivity at the 

cost of increased apoptotic cell death.  

 

In case full gene KO is lethal or undesired, siRNA mediated gene knockdown (KD) can 

effectively reduce expression levels (Fire et al., 1998). To achieve stable expression, siRNA 

are expressed from small hairpin RNA containing vectors and processed by the host RNA 

pol III, in contrast to directly transfected siRNA which is inherently instable after transfection 

(Moore et al., 2010). They largely utilize the same target genes as compared to gene KO 

with multiple studies describing beneficial effects when knocking down: i) Caspases, 

FADD/FAIM, Bax/Bak to inhibit apoptosis (N. S. Kim & Lee, 2002; Lim et al., 2006; Sung et 

al., 2007; D. C. F. Wong et al., 2006; Yun et al., 2007), or ii) FUT8, GMD, and NEU1-3 for 

improving N-glycosylation (Beuger et al., 2009; Kanda et al., 2007; Ngantung et al., 2006; 

M. Zhang et al., 2010). Interestingly, only few studies have utilized the unique feature of KD 

and targeted genes where KO is potentially detrimental for CHO cell fitness. Although only 

effective in an adherent cell culture context, CFL1 KD did result in destabilized actin 

cytoskeleton and enhances SEAP reporter protein production (Hammond & Lee, 2012). 

Further potentially sensitive target genes only include only cell cycle checkpoint kinases 

ATR/ATM (K. H. Lee et al., 2013) and lactate metabolism: LDHa together with PDHKs (M. 

X. Zhou et al., 2011).  

 

Instead, miRNA engineering has been investigated in greater detail due to their unique ability 

to control entire pathways while avoiding translational burdening (Hackl et al., 2012; M¿ller 

et al., 2008). Remarkably, many miRNA species (e.g. let-7 and lin-4) show prominent 

conservation across animal phylogeny (Pasquinelli et al., 2000). Due to their unspecific 

binding activity, largely determined by the short (8 bp) core or seed region in animals, 

individual miRNA can translationally repress or degrade mRNA of hundreds of different 

target genes by binding to the 3ô-untranslated region of gene transcripts (Pasquinelli, 2012). 

miRNAs quickly emerged as promising targets for engineering CHO biofactories as they 

control a broad spectrum of cellular control processes such as cell cycle, cell growth, and 
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programmed cell death (B. H. Zhang et al., 2007). Consequently, this enabled researchers 

to synergistically engineer expression of multiple target genes without increased metabolic 

load in CHO biofactories. However, the unspecific nature of miRNAs impede to predict target 

effects reliably which frequently results in unexpected phenotypes during CHO miRNA 

engineering (Jadhav et al., 2013). Further, individual mRNAs are targeted by a multiplicity 

of miRNAs redundantly and cooperatively, to buffer transcriptomic balance upon individual 

miRNA dropout (Fischer et al., 2015a). Despite this complexity, researchers have 

successfully engineered miRNA expression to achieve more desired phenotypes in CHO 

biofactories.  

 

Mimicking the effects of proliferation control by temperature shift, miR-7 overexpression 

resulted in ceased cell proliferation and increased cell specific productivity (Barron et al., 

2011). Similar effects result from miR-107 overexpression (Jari et al., 2024), as well as from 

miR-17, -19b, 20a, and -92a (Jadhav et al., 2012; Loh et al., 2014), accompanied by 

upregulation of previously described engineering targets such as MYC and mTOR. 

Further miRNAs which positively influence productivity include, i) miR-574-3p, accompanied 

by anti-apoptotic effects and increased proliferation (Svab et al., 2021), ii) miR-2861 (Fischer 

et al., 2015c), iii) miR-200a (Bryan et al., 2021), iv) miR-30a-e, additionally targeting 

ubiqutinilation (Fischer et al., 2014), v) miR-557 and miR-1287 (Strotbek et al., 2013) vi) 

miR-483 (Emmerling et al., 2016) vii) miR-31 (Martinez-Lopez et al., 2021), and  viii) miR-

136/miR-3074 (Weis et al., 2018).  
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1.3.2 Dynamic CHO cell engineering tools 

Influencing gene expression by static engineering methods is immune to environmental 

cues, i.e. the engineered effect is permanent without sense-and-respond options depending 

on the intra- and extracellular context (Auslªnder et al., 2012; M. Q. Xie & Fussenegger, 

2018). This incompletely reflects the cellular environment during bioprocessing as 

conditions, such as nutrient availability and metabolite concentration, continually change. 

Instead, it is desired that cells respond to such cues by exhibiting high growth rates during 

initial scale up phases with no need for transgene expression and vice versa during main 

fed batch cultivation (Donaldson et al., 2022). Consequently, optimization beyond methods 

used in static cell engineering require gene circuits allowing initiation, interruption and 

termination of target gene expression. Ideally, CHO cells must detect environmental cues 

(e.g. accumulation of lactate metabolites) and in turn respond with an actuation program 

(e.g. expression of transgene, or growth inhibitors). Dynamic cell engineering promises fine-

tuned cellular behavior and enables optimal resource utilization tailored to the stage specific 

needs of the production process.  

 

Traditional dynamic transcriptional expression-control systems rely on external input signals, 

mostly small-molecules, e.g. tetracycline, phloretin, vanillic acid, or cumate (Gitzinger et al., 

2009; Gitzinger et al., 2012; Gossen et al., 1995; Poulain et al., 2017) or physical inducers, 

e.g. heat-, light-, -gas, or electrical stimulation (Figure 10a) (Krawczyk et al., 2020; Miller et 

al., 2018; Weber et al., 2004; Ye et al., 2011). Optimally, such stimulus-dependent inducible 

systems demonstrate minimal background expression (in absence of a trigger signal) and 

high dynamic range upon induction (maximal expression once triggered), with a wide array 

of inducible systems described so far (Auslªnder & Fussenegger, 2013). Each system is 

based on synthetic transcription factors (containing a DNA binding domain, DBD, e.g. Gal4, 

ZFP, TALE, gRNA) fused to an actuator domain (AD, with trans-activator or trans-silencing 

domains e.g. VP16, p65, E2F4, KRAB, YY1) (M. Q. Xie & Fussenegger, 2018). In absence 

of a trigger signal, the DBD remains inactive. Once activated the DBD-AD fusion protein can 

bind to their cognate DNA sequence where the AD facilitates or represses expression, 

respectively. Of note, most inducible systems show low level expression in the absence of 

inducers. The only described non-leaky inducible system has been achieved by combining 

three distinct expression control systems: LacI-TetR-RNAi (Figure 10b) (Deans et al., 2007). 

Utilizing the tetracycline inducible expression system, the first proliferation control strategy 

for improved productivity in CHO biofactories was already published in 1998 by control of 
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p27Kip1 and p21Cip1 (Fussenegger et al., 1998). Multiple studies showed similar results with 

different expression-control systems and gene combinations (Bi et al., 2004; Carvalhal et 

al., 2003; Mazur et al., 1998). However, cyclin-dependent kinase overexpression remains 

inferior in effect size as compared to temperature shift, hampering widespread application 

(Kaufmann et al., 2001).  

 

Likewise, expression of the product itself can be placed under control of inducible expression 

systems allowing scale up phases in absence of transgene expression (Lam et al., 2017; 

Misaghi et al., 2014; Poulain et al., 2017). This has been particularly beneficial for expression 

of difficult-to-express bispecific antibodies (Maltais et al., 2023; Q. Wang et al., 2019). 

Alternatively, CHO cells have been engineered to constantly emit the stimulus 

(acetaldehyde) independently of user-intervention, while simultaneously placing a transgene 

under control of an acetaldehyde-responsive expression system enabling cell density-

controlled gene expression (Weber et al., 2007). To preserve baseline expression, inducible 

and constitutive expression systems may also be combined in hybrid systems to 

compensate the lower peak expression observed in inducible systems alone (Lam et al., 

2023). Repressing the expression during selection of stable pools was linked with a higher 

frequency of high-expressing cells, likely by limiting the metabolic burden of high-level 

transgene expression during selection (Maltais et al., 2023; Ong et al., 2019; Poulain et al., 

2019). In line with this hypothesis, clonal instability ï when triggered by toxic antibody 

expression itself ï can be circumvented by induced antibody expression (Misaghi et al., 

2014). Still, overall applicability of placing the transgene under direct control of inducible 

systems remains low, dictated by the dominant requirement of bioprocessing, especially i) 

maximum expression strength comparable to those reached with constitutive systems and 

ii) use of an physiologically inert trigger molecule (Weber & Fussenegger, 2007). Of note, 

complex co-expressed genetic components compete for cellular resources, with strong 

promoters claiming a larger resource footprint (Frei et al., 2020). This limits implementation 

of genetic circuits for CHO biofactories, as they are less suitable for applications which aim 

at maximum expression. 

 

Nevertheless, the field of synthetic biology has created a plethora of valuable tools for 

designing higher-order genetic circuits in mammalian cells (Figure 10). To boost CHO 

bioproduction capacities, these tools can fine-tune the expression machinery and the cellular 

physiological status towards a build-for-purpose biofactory (Gibson et al., 2008). Each newly 
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created circuit can be designed for specific trigger events, the type of signal processing, and 

the final cellular response. Whereas traditional stimulus-responsive gene expression 

systems are dependent on user-intervention and slow (transcriptional responses require 

hours in eukaryotes), cell surface receptors (e.g. GPCRs, RTKs, CARs) (M. Q. Xie & 

Fussenegger, 2018) respond automatically and fast (milliseconds to minutes) to extracellular 

cues. Cell surface receptors thus mimic sensors which specifically detect and respond to 

target ligands (Dixon et al., 2021). Upon ligand detection, receptors frequently undergo 

conformational change and relay the extracellular cue via second messengers into the 

cytosol and nucleus. In semi-synthetic approaches, such receptors still cascade to 

endogenous signaling pathways, such as CARs (chimeric antigen receptors) which trigger 

the native T cell response upon binding of tumor antigens (Figure 10c_a) (Altenschmidt et 

al., 1996; Eshhar et al., 1993). In case additional transgene expression is desired, synthetic 

promotors containing identical endogenous response elements are placed upstream of the 

transgene (M. Q. Xie & Fussenegger, 2018). The cross-talk between endogenous pathways 

and activated components, however, impedes independent functions within cells. In 

contrast, synthetic or orthogonal approaches replaces endogenous signaling pathways by 

fully synthetic transcription factors (Figure 10c_b) (McClune et al., 2019). Such systems are 

commonly based on synthetic Notch variants with replaced extracellular sensor module (e.g. 

scFv, nanobodies, myc-tags) and intracellular transcriptional module (DBD fused to AD, e.g. 

Gal4-KRAB, dCas9-VP64) (Morsut et al., 2016).  

 

To further expand design opportunities, post-transcriptional control systems provide another 

layer for higher-order gene circuit design by direct control of RNA-levels. Similar to their 

transcription control counterpart, they combine an RNA effector part (e.g. hammerhead 

ribozymes, toehold switches, riboregulators, siRNA, gRNA) with an RNA sensor part (e.g. 

aptamers, Xon). Notably, aptamers itself may mediate control of gene expression by 

stabilizing RNA secondary structures, e.g. block translation initiation, activate antisense-

domains, or inhibit dicer processing (Wieland & Fussenegger, 2010). The most common 

RNA-based gene switches combine self-cleaving hammerhead ribozymes with ligand-

responsive aptamers embedded in the transcript or other functional RNAs (Auslªnder et al., 

2010; Auslªnder et al., 2014). Aptamers, small and highly folded RNA structures, undergo 

considerable conformational change upon specific ligand binding. Consequently, combined 

with hammerhead ribozymes, which induce efficient self-cleaving, ribozymes offer ligand-

responsive control of RNA-levels (Figure 10d_b).  
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Figure 10 Schematic illustrations of dynamic cell engineering options in CHO biofactories. a) 
inducible expression systems based on prokaryotic transcription factors. b) LacI-TetR-RNAi switch 
for tight gene expression control. c) Surface receptors as molecular sensors initiate downstream 
receptor-mediated signaling. Downstream signaling can utilize either endogenous or semi-synthetic 
pathways. Orthogonal signaling are based on synthetic transcription factors and interfere less with 
host signaling. d) RNA switches regulate mRNA levels by RNA displacement or using aptamers for 
ligand-responsive ribozyme activity. ABP, aptamer-binding protein; CAR, chimeric antigen receptor; 
gRNA, guide RNA; nt, nucleotide; TetR, tetracycline-dependent repressor, rTetR, reversed TetR, lacI, 
lactose operon repressor, GPCR, G protein-coupled receptor, TRK, receptor tyrosine kinases, TEV, 
tobacco etch virus protease. Reprinted from M. Q. Xie and Fussenegger (2018) 
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Over the years, regulated gene expression has been extended by spatiotemporal control 

and achieved unprecedented complex and novel functionalities, notably i) therapeutic 

bacteria, which either collect diagnostic information (Riglar et al., 2017) or directly treat 

colorectal disease (Din et al., 2016), ii) multiplex drug-gated CAR circuits, regulating timing 

and magnitude of anti-cancer CAR T cell activity (H. S. Li et al., 2022), and iii) therapeutic 

biocomputer implants, treating e.g. diabetes, arthritis, hypertension (Kemmer et al., 2010; 

Rossger et al., 2013; M. Xie et al., 2016). While this clearly indicates the enormous potential 

of dynamic cell engineering tools for optimization of CHO biofactories, only few basic gene 

regulatory circuits have demonstrated benefit for bioprocessing so far.  

  



1 General introduction  

41 

         

1.3.3 Next-generation cell engineering efforts 

Despite the general success of static and dynamic cell engineering approaches, the sheer 

complexity observed in biological networks hampers the establishment of simplified 

genotype-phenotype relationships which guide such approaches. Especially in the context 

of CHO biofactories, describing the function of genes remains challenging as CHO cells 

have escaped genetic control mechanisms (M. J. Wurm & Wurm, 2021). Genetic drift and 

chromosomal instability are constant features among immortalized cell lines, such as CHO 

cells, resulting in rapid accumulation of mutations and variance within clonal populations 

(Frye et al., 2016; Lewis et al., 2013; Tharmalingam et al., 2018; Vcelar et al., 2018a). 

Notably, these mutations mostly accumulate in pathways associated with cell survival and 

fitness, such as WNT and mTOR (Lewis et al., 2013). While this genomic plasticity may 

explain the capacity of CHO cells to adapt to any given environment quickly, accurate 

predictions of genotype-phenotype relationships are mostly cell strain specific or differ 

depending on the expressed transgene (Figure 11a) (Gutierrez et al., 2020; Hefzi et al., 

2016). During development of a CHO cell line, even isogenic cell clones display a wide range 

of production-relevant phenotypes (i.e. transgene expression, growth or stability 

characteristics), corresponding to their individual adaptation pathway and the interaction 

between transgene and host cell (Grav et al., 2018). Importantly, the process of subcloning 

itself induces random DNA methylation patterns which contributes to phenotypic clone-to-

clone diversity (Weinguny et al., 2021). It is therefore generally established that clonally-

derived cell lines show equal genomic and phenotypic diversity as their parents 

(Bandyopadhyay et al., 2019; Derouazi et al., 2006; Feichtinger et al., 2016), and repeated 

subcloning does not reduce this phenomena (Ko et al., 2018; Pilbrough et al., 2009; Scarcelli 

et al., 2018; Tharmalingam et al., 2018). Instead, keeping the cellular environmental uniform 

and stable across cell line development improves clonal homogeneity (Borsi et al., 2023; 

Feichtinger et al., 2016; Grav et al., 2018).  

 

Cell engineering efforts generally depends on cytotoxic delivery of biological cargo into cells 

with high efficiencies, such as by integration of multiple transgenes, gene circuits, or gene 

knockouts (V. Marx, 2016). Consequently, environmental conditions inevitable change 

during enrichment of cells carrying desired edits, i.e. selection procedures and generation 

of clonal cell lines, resulting in substantial variability of phenotypes. Identical engineering 

efforts in CHO cells hence vary dramatically in their outcome, depending on cellular and 

experimental factors (Hansen et al., 2017). Application of such conditional results is 
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consequently limited and instead requires discrimination between general 

genotype-phenotype relationships (i.e. engineering results which are consistent across CHO 

cell strains, cell clones, environmental conditions, and the expressed transgene) and 

context-dependent relationships (Hansen et al., 2017). Given the intractable nature of 

establishing general genotype-phenotype relationships empirically, more systematic insights 

into the numerous dynamic cellular processes are a prerequisite for future rational 

engineering strategies. Data available from high-content omic-technologies result in 

increasingly refined mathematical models of CHO biofactories which may enable accurate 

predictions on productivity bottlenecks as engineering targets. Additionally, high-throughput 

gene perturbation screenings, enabled by CRISPR/Cas9 technology, aid in the search for 

general beneficial genotype-phenotype relationships. As an interesting alternative, 

comparison of plasma cells - which can secrete 10-20 fold higher antibody rates as 

compared to CHO cells, i.e. 200-400 pg/cell/day (Randall et al., 1992) - with CHO cells using 

omic-technology, may additionally provide rational for engineering. (Raab et al., 2024; Raab 

et al., 2022). 

 

 

 

Figure 11. Divergence of CHO cell lines over time by accumulation of mutations, selection, and 
isolation of CHO clones. Modified from Lewis et al. (2013) 
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In contrast to rather simple prokaryotic cell factories, CHO biofactories show substantially 

higher complexity with multicellular compartments and diverse post-transcriptional and post-

translational processing of proteins (Kildegaard et al., 2013). Following the publication of the 

CHO cell genome in 2011 (F. M. Wurm & Hacker, 2011), genome-scale metabolic models 

(GEMs) based on flux balance analysis (FBA) provided a basis for mathematically linking 

genotype with phenotype (Figure 12) (S. Y. Park et al., 2024). Published in 2016, the 

iCHO1766 model represents the first attempt to predict growth and production phenotypes 

(Hefzi et al., 2016). More specifically, the applied FBA model i) collected all known 

biochemical relationships between genes, proteins, and reactions, based on CHO homologs 

to humans (King et al., 2016) ii) applied known physicochemical constraints, e.g. mass 

balance and thermodynamics using constraint-based reconstruction and analysis (COBRA) 

(King et al., 2015), iii) used an objective function, i.e. a particular flux which should be 

optimized, in this case biomass (Feist & Palsson, 2010) and production of erythropoietin and 

IgG (Figure 12). As a result, iCHO1766 could predict growth phenotypes and auxotrophy of 

CHO cells, implying the enormous potential of GEMs (Hefzi et al., 2016).  

 

This model has since been incrementally refined by including i) kinetome parameters of 

enzymes, such as turnover numbers and molecular weights in the enzyme capacity 

constrained FBA (iCHO2296) (Yeo et al., 2020), ii) integrating product-specific energetic cost 

and secretory machinery demand (iCHO2048s) (Gutierrez et al., 2020), iii) general gap-fillip 

and removal of dead-end reactions (iCHO2291) (Yeo et al., 2020), and iv) a combination of 

updated reactions from iCHO2291 with the secretory machinery in iCHO2048 (iCHO2441) 

(Strain et al., 2023). Nonetheless, GEMs are still in their infancy and dominantly used in a 

descriptive fashion (Kol et al., 2020), as they still poorly predict pathway flux (average 

Pearson correlation below 0.5) and engineering targets (Richelle et al., 2020; Strain et al., 

2023). This is further reflected by their low sensitivity to detect essential genes (below 30%), 

when compared to a list of empirically validated essential genes for CHO or human cell lines 

(Robinson et al., 2020; Xiong et al., 2021a). Their dependency on FBA insufficiently 

emulates overall cellular reality and may be improved by i) including fluxes which are not in 

steady-state or conditionally inactive, such as condition-specific cellular regulations 

(Richelle et al., 2020) ii) continue to integrate mechanistic details (similar to improvements 

in iCHO2291, which included the secretory machinery) for well-described cellular processes, 

e.g. protein synthesis, folding, trafficking, iii) hybrid frameworks including frequent metabolite 
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measurements to calibrate cellular flux and objectives, instead of defining them a priori 

(Gopalakrishnan et al., 2024).  

 

 

Figure 12 Schematic illustration of a general workflow in genome-scale reconstructions. a) 
Consolidation of all known gene-protein-reactions within the cellular context. b) Mathematical 
description of all known reactions in a stoichiometric matrix. c) Representation of a network based 
on the stoichiometric matrix. d) System representation based on the network, including inputs 
(metabolites consumed by the cell) and outputs (biomass components required for cell growth, 
secreted metabolites). e) Adding constraint-based analysis, the phenotypic response of gene 
knockouts or metabolite changes can be predicted. f) Predicted results are used for rational cell 
engineering. Reprinted from (Gutierrez & Lewis, 2015) 

 

 

 

In absence of predictive models and in-depth mechanistic understanding of molecular 

processes at play, gene perturbation screenings represent an appealing option for 

identification of genes, pathways, and mechanisms responsible for a given phenotype or 

biological process (Bock et al., 2022).  
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Figure 13 CRISPR screens in forward genetics. Pooled screens rely on bulk perturbation and 
enrichment of variants based on a biological challenge. gRNA depletion (negative screen) or 
enrichment (positive screen) indicates that the respective target gene is associated with the 
biological challenge. In arrayed screens different perturbations are kept in individual containers, 
allowing complex readouts beyond enrichment and depletion in response to a biological challenge. 
gRNA, guide RNA, CRISPR, clustered-regulatory-interspaced-short-palindromic-repeats. Reprinted 
from Bock et al. (2022) 

 

CRISPR technology, due to its simplicity, efficiency, and flexibility, propelled the field of 

forward genetics and allow genome-scale interrogation in quasi every context (Jinek et al., 

2012). The CRISPR/Cas9 system consists of the Cas9 nuclease, programmed to induce 

DSBs at pre-defined genomic loci, using synthetic single-guide RNA for target direction 

(Cong et al., 2013). Pooled CRISPR screens typically introduce a library of perturbations 

(i.e. sgRNAs) via lentiviral vectors into cells expressing Cas9 in bulk (Figure 13). 

Consecutively, the pool of perturbed cells compete for representation when facing a 

biological challenge (e.g. drug treatment), or undergo physical separation by flow cytometry. 

sgRNA frequency of surviving or enriched cells (enrichment or depletion as compared to the 

original frequency) indicate genotype-phenotype relationships. In contrast, arrayed CRISPR 

screens separate each perturbation in an individual compartment or well, which is preferred 

for complex readouts that cannot be easily sequenced. Beyond classical loss-of-function 

perturbations using Cas9, fusion of functionally inactivate Cas9 (dCas9) to trans-repressor 
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or trans-activator domains enabling another dimension of screenings, CRISPR interference 

and CRISPR activation, respectively (Alerasool et al., 2020; Konermann et al., 2015). 

 

In general, pooled CRISPR screens with genome-wide interrogation capacity are favored 

and very recently, first studies describe applications for CHO biofactories. The first 

CHO-specific sgRNA library was designed in 2021 (Xiong et al., 2021b). Following 

tunicamycine treatment to simulate ER-stress, the authors identified Zfx and Bag6 as 

engineering targets which substantially increased cell survival in presence of tunicamycine 

(Xiong et al., 2021b). In a similar study, Cas9-expressing CHO cells underwent 6-

thioguanine (6-TG) treatment after lentiviral sgRNA transduction, recapitulating that the 

HPRT1 gene is essential for 6-TH resistance (Kretzmer et al., 2022). However, to mitigate 

off-target Cas9 activity and phenotype variation by random transgene integrations (Morgens 

et al., 2017; Tycko et al., 2019), site-specific RMCE integration of sgRNAs with transient 

Cas9 expression is strongly preferred over lentiviral transduction methods (S. H. Kim et al., 

2023). Hyperosmotic treatment (460 mOsm/kg) enriched genes associated with tRNA 

wobble uridine modification, regulation of mRNA stability, and small molecule catabolic 

processes (S. H. Kim et al., 2023). Interestingly, upon verification of the top hits ZFR and 

PNP mAb- and bsAb-expressing cells, revealed significantly higher biomass accumulation 

but unchanged specific productivity rates (S. H. Kim et al., 2023). While the ZFRgene has 

no described function as of now, emphasizing the value of CRISPR screens for detection of 

unknown gene-function relationships, PNP is known to convert inosine to hypoxanthine in 

the purine degradation pathway (Krenitsky et al., 1986). Inosine levels in turn have been 

associated with increased cell proliferation (Yin et al., 2018).  

 

However, while negative and positive selection screens based on context-dependent cell 

survival have resulted in substantial insights in cancer biology (Tsherniak et al., 2017; 

Tzelepis et al., 2016; T. Wang et al., 2017), they are artificial for use as a biological challenge 

in a bioprocessing context and commonly do not reveal targets relevant for bioproduction 

(S. H. Kim et al., 2024; P. C. Lin et al., 2021). Instead, cell survival and proliferation inversely 

correlate with productivity in CHO biofactories (Maltais et al., 2023; Ong et al., 2019; Zou et 

al., 2018). To prevent enrichment of low producer cells, CRISPR screens consequently 

require more sophisticated selection pressure. In a recent example, KOs associated with 

increased productivity of bsAb were enriched based on surface labeling of secreted proteins 

transiently associated with the cell surface, i.e. the cold-capture approach (Brezinsky et al., 
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2003; S. H. Kim et al., 2024). The study revealed consistent higher specific productivities 

upon KO of MCAF and SETDB1, which are binding partners for depositing H3K9me3 (Fujita 

et al., 2003; H. Wang et al., 2003). Further, the KO of MCAF and SETDB1 resulted in 

markedly improved bsAb/mAb transgene mRNA and specific productivity levels in batch 

cultivation.  
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1.4 Aim of this Study 

This study aims at addressing the challenges in bioproduction of heterodimeric bispecific 

antibodies, which offer unique therapeutic applications unmatched by using conventional 

IgG-based antibodies. Despite increasingly sophisticated advancements in genetic 

engineering, such as targeted integration which attenuates the clonal fraction of non-

producers and effectively decreases exacerbated production-relevant phenotypic diversity, 

the development of CHO biofactories still requires extensive empirical testing due to limited 

predictive knowledge about the biological mechanisms or early biomarkers to identify 

phenotypes feasible for large-scale manufacturing. 

 

This thesis aims to leverage the principles of synthetic biology, i.e. rational genetic 

engineering using standardized biological parts and forward genetic screens, to improve the 

manufacturing capabilities of CHO biofactories. First, rational design-build-test-learn cycles 

are employed to investigate and eliminate the formation of specific micro-heterogeneities in 

T cell bispecific antibodies. These rational engineering efforts are based on a priori 

knowledge by prediction of orthologous gene functions between human and CHO cells. 

Second, to uncover previously unknown genes determining CHO productivity, an arrayed 

CRISPR screening is used to characterize genotype-phenotype relationships in two high 

producer clones. Results are validated across clones, produced antibody formats, and after 

bioprocess scale-up, indicating the reliability of the employed screening method. Last, the 

underlying factors contributing to phenotypic diversity in CHO cells are characterized using 

genomic barcodes for lineage tracing, a concept widely employed in hematopoiesis, 

development, and cancer research. This attempts to reveal whether the majority of clone-

to-clone phenotypic diversity in CHO biofactories is a constant feature or subject to 

disruptive bottleneck and founder effects. Overall, these results revisit and update CHO cell 

engineering options in the context of isogenic targeted integration cell line development. 
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2.1 Procollagen-Lysine 2-Oxoglutarate 5-Dioxygenases are Responsible for 5R-
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Oxoglutarate 5-Dioxygenases are Responsible for 5R-Hydroxylysine Modification of 

Therapeutic T-Cell Bispecific Monoclonal Antibodies Produced by Chinese Hamster Ovary 

Cells, Frontiers in Bioengineering and Biotechnology, Volume 12, 2024, 12:1414408, 
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