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Abstract 
 

Proteins are the building blocks of all living organisms enabling us to function and survive. There are 
more than 100,000 different proteins in the human body performing a variety of vital tasks. Examples of 
essential proteins are antibodies defending our body against foreign invaders and hemoglobulin 
responsible for importing oxygen to our cells and exporting carbon dioxide out from our cells. 
Consequently, mutations leading to dysfunctional proteins is the cause of many known diseases. 
Fortunately, the advancement of modern medicine has enabled proteins also to be employed as 
therapeutics to treat and cure various conditions. For instance, human insulin is recombinantly produced 
in the bacterium E. coli and is used as a biopharmaceutical to treat patients with Diabetes. The increased 
knowledge about diseases, their cause, and what cellular pathway to target has led to the discovery of 
many novel and complex biologics. Hence, the manufacturing of biopharmaceuticals is a rapidly 
emerging field that enables the production of complex molecules that are target-specific, effective, and 
highly active in the human body. Mammalian cell lines are often the preferred cell factories for 
manufacturing biologics since they generate proteins with human-like post-translational modifications, 
which are often essential features to obtain functional, safe, and effective therapeutics. Unfortunately, 
these life-saving biologics are costly, making them affordable for a fraction of patients worldwide. 
Therefore, one of the goals of the biotech industry is to make accessible biologics for everyone who needs 
it regardless of financial background. One way to achieve this goal is to engineer mammalian cell factories 
to improve the quantity and quality of biopharmaceuticals while reducing the production cost.  
 
The results presented in this thesis are the outcome of five different studies aiming to improve 
and balance the expression levels of recombinant proteins in mammalian cell lines. In the first 
study, we investigated the productivity differences between mammalian cell lines from 
different origins. In the second and third projects, by utilizing transcriptomic analysis, helper 
genes were identified for improving the quantity and quality of two difficult-to-express 
biologics. The fourth study generated an easy-to-use toolbox for balancing the expression 
levels of recombinant proteins in mammalian cell lines. In the final project, the toolbox from 
the fourth project was employed to develop an in vitro cell-based cancer assay which is a crucial 
tool in cancer research and drug discovery. 
 
In summary, this thesis provides strategies to improve the production process of biologics in 
mammalian cell lines and thereby contributes to the goal of offering safe, effective, and 
affordable medicine to patients in every part of this world. 
 
Keywords: CHO, HEK293, Aggregation, Bispecific, Cancer assay, Cell line engineering, 
sulfatase, biologics, transcriptomic 
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Sammanfattning  
 

Proteiner är livets byggstenar och därav nödvändiga för vår överlevnad. Det finns mer än 
100,000 olika proteiner i människokroppen som utför åtskilliga och livsviktiga funktioner. Två 
exempel på viktiga och allmänkända proteiner är antikroppar, kroppens soldater som förvarar 
oss mot främmande mikroorganismer och hemoglobin som transporterar syre till kroppens 
olika organ och för bort den giftiga koldioxiden från cellerna. Följaktligen är mutationer som 
leder till dysfunktionella proteiner den främsta orsaken till majoriteten av kända sjukdomar. 
Lyckligtvis har den stora framgången inom forskning och medicin möjliggjort användandet av 
proteiner som läkemedel för behandling av olika sjukdomar. Till exempel är insulin som ett 
protein och används som läkemedel för diabetiker och som produceras rekombinant i bakterien 
E. coli. Den ökade kunskapen om sjukdomar, hur de uppkommit och vilka cellulära 
mekanismer som är viktiga för deras utveckling, har lett till upptäckten av flera nya och 
komplexa biologiska läkemedel. Detta har lett till att tillverkningen av bioläkemedel har blivit 
ett snabbt växande område som möjliggör produktion av komplexa molekyler som är 
målspecifika, effektiva och mycket aktiva i människokroppen. Däggdjurscellinjer är ofta det 
mest förekommande typen av cellfabriker för tillverkning av biologiska läkemedel då de är 
kapabla att generera proteiner med modifieringar som liknar det humana och som ofta är 
väsentliga för att erhålla funktionella, säkra och effektiva läkemedel. Tyvärr är dessa 
livräddande biologiska läkemedel mycket dyra, vilket gör dem tillgängliga för endast en 
bråkdel av patienter över hela världen. Därför är ett av målen för bioteknikindustrin att göra 
biologiska läkemedel tillgängliga för alla som behöver det oavsett ekonomisk bakgrund. Ett 
sätt att uppnå detta mål är att framställa effektivare däggdjurscellfabriker för att förbättra 
mängden och kvalitén på bioläkemedel och samtidigt reducera produktionskostnaden.  
	
Resultaten som presenteras i denna avhandling är skörden av fem distinkta studier, som syftar 
till att förbättra och balansera uttrycksnivåerna av rekombinanta proteiner i däggdjurscellinjer. 
I den första studien undersökte vi skillnaderna i produktivitet mellan två däggdjurscellinjer från 
olika ursprung. I det andra och tredje projektet, genom att använda transkriptom-analys, 
identifierades hjälpargener för att förbättra kvantiteten och kvaliteten på två svåruttryckbara 
biologiska läkemedel. Den fjärde studien genererade en lättanvänd verktygslåda för att 
balansera uttrycksnivåerna av rekombinanta proteiner i däggdjurscellinjer. I det sista projektet 
användes verktygslådan från den fjärde studien för att utveckla en i vitro cellbaserad 
canceranalys-plattform som är ett verktyg för cancerforskning och upptäckter av nya 
läkemedel. 
 
Sammanfattningsvis, presenterar denna avhandling verktyg för att kunna förbättra 
produktionsprocessen av biologiska läkemedel i däggdjurscellinjer och därmed bidrar till målet 
att erbjuda säkert, effektivt och överkomligt läkemedel till alla patienter i världen.  
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Chapter 1 
 

Are proteins the origin of life?  
 
 
There are various theories about the origin of life. According to the RNA world hypothesis, 
ribonucleic acid (RNA) molecules emerged before deoxyribonucleic acid (DNA) and proteins. 
These RNA molecules were able to store genetic information, perform catalytic reactions and 
self-replicate. Subsequently, due to evolutionary events, DNA evolved to store genetic 
material, and proteins took on the task of catalyzing the metabolic processes [1,2]. Another 
theory, called the protein interaction world (PIW) hypothesis, is based on the assumption that 
life began as protein interaction systems capable of self-replication and growth. Additionally, 
these peptide interaction systems led to the generation of proto-RNA molecules serving as 
memory systems. Consequently, the interaction of the memory RNA molecules developed the 
more stable DNA molecule for storing the genetic information [2].    
 
Origin of life or not, proteins are crucial for the survival and functioning of all living organisms 
and are called one of the building blocks of life. This chapter will discuss what a protein is and 
how it is synthesized, folded, and modified before being sent to its final destination to perform 
essential tasks in the body. Moreover, their role in developing diseases will be briefly 
discussed. 
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1.1 What is a protein? 
 
The term protein, which originates from Greek proteios, meaning primary or first position, was 
mentioned for the first time in the scientific literature in 1838 [3,4]. Human cells consist of 
three types of macromolecules; nucleic acids (DNA and RNA), which store genetic 
information, carbohydrates functioning as an energy source, and proteins being the most 
abundant macromolecules in the cells [5]. Proteins are constructed from amino acids attached 
to each other by covalent bonds generating polypeptide chains. There are about 20,687 protein-
coding genes in the human body. However, due to a process called alternative splicing and 
post-translational modifications (PTMs), these genes generate more than 100,000 different 
proteins, having various functions in the body [5,6]. This enormous diversity provides the body 
with proteins of various sizes, shapes, and functions. To name a few tasks, proteins can serve 
as a transporter, communicator, defender, catalyst, and motor. As a transporter, they are able 
to import nutrients into the cells and export waste out of the cells. Hemoglobulin is an excellent 
example of a transport protein since it carries oxygen into the cells and removes carbon dioxide 
out from the cells. A second example is insulin, which works as a communicator and controls 
the glucose levels in the blood. Moreover, antibodies are defenders and protect the body from 
pathogen invasions [5,7]. Consequently, due to their importance and involvement in all cellular 
processes, absence, mutation, downregulation, or upregulation of proteins can lead to the 
development of a disease. Fortunately, advances in the medical and life science industry have 
enabled proteins to also be used as a cure or treatment.   
 

 
1.2 From DNA to protein 
 
Protein-encoding genes are stored in DNA molecules located in the cell nucleus. DNA is a 
double-stranded helix structure [8] constructed with phosphorylated sugars coupled to four 
nucleic acid bases, adenine (A), cytosine (C), guanine (G), and thymine (T). The DNA strands 
are held together through hydrogen bonds linking adenine to thymine and cytosine to guanine 
[9]. Proteins are synthesized through the central dogma, in which genetic information transfers 
from DNA to RNA to protein [10]. This information flow starts with transcription, synthesizing 
RNA molecules from DNA templates, followed by translation, which produces proteins from 
RNA templates (Figure 1.1). RNA molecules are single-stranded and contain uracil (U) instead 
of thymine. Since DNA is stored in the cell nucleus and protein synthesis is performed by 
ribosomes located in the cytoplasm, RNA acts as an intermediate, transferring the recipe for 
the protein expression from a DNA template to the ribosomes. Because of their role in carrying 
a message that initiates the protein synthesis, these RNA molecules are called messenger RNA 
(mRNA). The production of a protein is initiated due to external or internal signals. The 
activation of proteins called transcription factors, that recognize and bind to a gene, initiates 
the transcription process. An enzyme called RNA polymerase joins this complex and catalyzes  
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the formation of pre-mRNA from the DNA template. Additionally, alternative splicing of the  
pre-mRNA generates the mRNA template, which is transported to the cytosol, and by 
encountering a ribosome, the translation is started [5,7,9].  

 
 
 

 

 
 

Figure 1.1: The central dogma. The genetic information flow from DNA to RNA to protein. The first step, 
transcription, generates an mRNA from a DNA template. The second step is the translation which uses mRNA as 
a recipe to produce a protein.    
 
 
There are 20 different standard amino acids responsible for building up proteins in all living 
organisms. These amino acids are linked together by covalent peptide bonds making a 
polypeptide chain, that is, a protein. In the mRNA molecule, every three nucleotide bases, 
referred to as a codon, acts as a recipe for one amino acid. The mRNA sequence decides in 
what order these building blocks are added, resulting in a variety of proteins with different 
features. Besides mRNA, there are two other RNA molecules involved in protein synthesis. 
The first one is known as ribosomal RNA (rRNA), which, together with ribosomal proteins, 
build up the ribosome, which is the site of protein synthesis. The other RNA molecule is 
transfer RNA (tRNA) which serves as an adaptor collecting and matching amino acids to the 
codons in the mRNA template and then bringing them to the ribosome for incorporation into a 
polypeptide chain [7,9]. The translation process is divided into three phases; initiation, 
elongation, and termination [11]. The translation process starts when the two subunits of the 
ribosome come together and attach to the 5’ end of the mRNA template (Figure 1.2). Then the 
ribosome begins to scan down the mRNA template to identify a start codon (AUG) where it 
initiates the protein synthesis. During the elongation phase, tRNA molecules recruit a matching 
amino acid to each codon on the mRNA template, bringing them to the ribosome. Here, the 
amino acids are attached with covalent peptide bonds to each other, resulting in a growing 
polypeptide chain. The termination step occurs when the ribosome encounters a stop codon 
(UAA, UAG, or UGA), ending the protein synthesis followed by the release of the polypeptide 
chain and dissociation of both ribosome subunits [7,9,12].  
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Figure 1.2: Overview of the translation process. The translation is initiated when the ribosome encounters a 
start codon after its attachment to the mRNA. Then the tRNA brings amino acids matching the codons of the 
mRNA to the ribosome, which adds the amino acids to each other and generates a polypeptide chain.  
 
 
A protein’s structure can be described at four different levels. Hence, the polypeptide obtained 
from the translation process needs to undergo several folding steps to generate a functional 
protein. The amino acid sequence forming the polypeptide chain is considered the primary 
structure. The secondary structure occurs, due to amino acid interactions creating folding 
patterns such as a helices and b sheets. The three-dimensional organization where the folding 
patterns of the secondary structure interact with each other is called the tertiary structure. 
Finally, the quaternary structure is formed when several polypeptide chains come together to 
create a complex protein. The organization of tertiary and quaternary structures produces a 
functional protein. Additionally, besides correct folding, some complex proteins require 
processing in order to obtain full biological activity. These changes are referred to as post-
translational modifications (PTMs) and will be discussed in the following section [7,13,14].  
 
 

1.3 Folding and processing of proteins 
 
Newly synthesized polypeptide chains need to undergo folding and processing to generate a 
functional protein. The order of the added amino acids to form a polypeptide chain provides 
the necessary information to initiate the folding process. Moreover, a protein family called   
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chaperones assist the newly synthesized polypeptide in folding into its correct three-
dimensional conformation. These chaperones attach to unfolded or partially folded polypeptide 
chains guiding them into the final correctly folded shape [15]. For instance, 70-kDa heat shock 
proteins (Hsp70) are a family of chaperones that mediate the polypeptide folding during 
translation and assist in refolding misfolded and aggregated proteins [16]. Members of Hsp70 
bind to the N-terminus of the synthesizing polypeptide chain, stabilizing it and preventing it 
from misfolding until the translation is terminated. Additionally, these chaperones transport the 
polypeptide chain to the chaperonins (Hsp60s), which fold the polypeptide into its correct and 
functional three-dimensional structure. The folding process occurs in an environment isolated 
from the cytosol and with low probability of creating unfavorable interactions between the 
amino acids. Moreover, some enzymes catalyze the folding of proteins by forming disulfide 
bridges between the cysteine residues of the synthesized polypeptide chain [9,17].  
 
In a series of events called post-translation modifications (PTMs), some proteins are further 
modified to gain full biological activity. There are more than 200 different PTMs [18], such as   
glycosylation, phosphorylation, proteolysis, lipidation and methylation. Many proteins in the 
eukaryotic cells are glycosylated, meaning that they are decorated with carbohydrate 
molecules. Most glycoproteins, which are prepared in the endoplasmic reticulum (ER), are 
either secreted or membrane-bound proteins [9,19]. Phosphorylation is the most common PTM, 
involving the transfer of a phosphate group to a protein. Additionally, in the reversed process, 
dephosphorylation, a phosphate group is removed from a protein [20]. In proteolysis, a 
polypeptide is cleaved to yield a mature and active protein. A great example of proteolysis is 
insulin, synthesized as a precursor polypeptide (preproinsulin) that needs to be cleaved two 
times to generate mature insulin. First, the signal sequence is cleaved, resulting in proinsulin, 
followed by removal of an internal connecting polypeptide yielding two polypeptide chains of 
distinct lengths. Finally, the cysteine residues of the two polypeptide chains are connected by 
disulfide bridges resulting in mature insulin [9,18]. 
 
 

1.4 Secretory proteins journey to their final destination  
 
Some proteins are destined to perform their task outside the cells and therefore need to be 
secreted. Currently, most of the approved biopharmaceutical products on the market are 
secreted proteins, highlighting their importance as therapeutic agents [22].  
 
ER is the largest organelle in eukaryotic cells and contains rough ER and smooth ER. 
Moreover, there are two types of ribosomes, free ribosomes, and membrane-bound ribosomes. 
The latter is located on rough ER and is responsible for synthesizing secreted, lysosomal and 
plasma membrane proteins. All proteins meant to be secreted from the cells go through the 
following pathway: ER à Golgi à secretory vesicles à exit the cells (Figure 1.3). Hence, 
the entrance of the secreted proteins into the ER is the first step into the secretory pathway [23].  
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Figure 1.3: The pathway of secreted proteins. The synthesized unfolded polypeptide is translocated into rough 
ER, followed by folding and processing in the ER lumen. Thereafter, it is sent to the Golgi and then via secretory 
vesicles to its final destination.  
 
 
Proteins enter the ER either while they are being translated on membrane-bound ribosomes 
(cotranslational translocation) or after they have been synthesized on free ribosomes 
(posttranslational translocation) located in the cytosol. While a few small secreted proteins, 
such as proinsulin, are posttranslationally translocated into the ER, the majority of secreted 
proteins are cotranslationally translocated [24]. In the case of cotranslational translocation, the 
signal sequence (15-40 amino acids) on the growing polypeptide chain N-terminus guides the 
ribosomes to the ER [9]. Since the signal sequence is located on the N-terminus, it is the first 
part of the protein to be synthesized by the ribosome. The signal sequence on the growing 
polypeptide is recognized by a protein called signal recognition particle (SRP), which 
temporarily stops the translation. This complex (mRNA, ribosome, growing polypeptide chain, 
and SRP) is transferred to the rough ER membrane, binds to the SRP receptor, and initiates 
SRP removal from the signal sequence. Moreover, when the signal sequence is inserted into 
the translocon, the translation continues until a stop codon terminates the translation. An 
enzyme called signal peptidase cleaves the signal sequence, and the newly synthesized 
polypeptide is released into the ER lumen [25,26]. As described before, some chaperones 
prevent aggregation (misfolding) and help the polypeptide to fold into its three-dimensional  
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structure correctly. There is a similar scenario for secreted proteins as well. Members of Hsp70,  
Hsp40, and Hsp90 chaperones and ER lectins such as calnexin/calreticulin assist proteins in 
translocation and folding. In contrast, in the case of unfolded or misfolded polypeptides, they 
direct the aggregate to the degradation pathway. For instance, binding immunoglobulin protein 
(BiP) binds to the unfolded polypeptide chain while being synthesized. When the translation is 
finished, and the signal sequence is removed, the polypeptide chain attached to BiP chaperones 
is released into the ER lumen, where it is correctly folded [27–29]. A group of secreted and 
membrane proteins contain several cysteine residues that need to be held together by disulfide 
bonds. These disulfide bond formations are only possible inside the oxidative environment of 
the ER lumen. Consequently, enzymes resident in the ER lumen, such as protein disulfide 
isomerase (PDI), serve as a chaperone catalyzing the disulfide formation, resulting in a stable 
and correctly folded protein [30,31]. Glycosylation, which is essential for stability, folding, 
sorting, and for preventing aggregation of secreted proteins, is performed in the ER and Golgi 
apparatus. Most secreted proteins are N-glycosylated, meaning the carbohydrate molecules are 
added to specific asparagine residues on the growing polypeptide before being released into 
the ER lumen. Thereafter lectins, which are carbohydrate-binding proteins, act as quality 
control and identify the N-linked glycosylated proteins. Additionally, lectins direct these 
immature glycoproteins in three ways: to be folded, to be sorted and sent to Golgi, or to be 
degraded (due to misfolding). Often, these N-glycans depending on their function, acquire 
further alteration in the Golgi before being sent out to their final destinations. Another type of 
glycosylation, O-glycosylation is performed in the Golgi by adding sugar molecules to the side 
chains of threonine and serine residues [32–35].    
 
A number of quality control mechanisms are in place to ensure that only correctly folded 
proteins can exit the cells. The protein folding machinery in the ER is not always sufficient, 
resulting in many proteins remaining unfolded or misfolded [36]. If the chaperones bound to 
the newly synthesized polypeptide chain fail to fold the protein correctly, it sends the aggregate 
into a process called ER-associated degradation (ERAD). ERAD identifies the misfolded 
polypeptides through chaperones (e.g., Hsp70 family) and calnexin-calreticulin components, 
thereby retrotranslocating them from the ER lumen to the cytosol to be degraded. Briefly, the 
retrotranslocation works as follows; first, Ubiquitin ligase complexes recognize and label the 
misfolded polypeptide, then the labeled aggregate is transported through a channel across the 
ER membrane. Lastly, the labeled misfolded polypeptide is released into the cytosol and 
degraded by the proteasomes [37–41]. Sometimes, due to the high translation rate of proteins, 
ER gets overcrowded with unfolded polypeptides, activating a signaling pathway referred to 
as unfolded protein response (UPR). In mammalian cells, there are three signaling molecules 
(IRE1, ATF6, PERK) in the ER membrane, which serve as stress sensors activating UPR to 
restore homeostasis [42]. Under normal conditions where the ER homeostasis is balanced, 
these inactive stress sensors are bound to BiP. When too much unfolded proteins are present in 
the ER lumen, BiP dissociates and activates these signaling molecules [42]. The first sensor, 
IRE1, activates expression of the XBP1 transcription factor, which in turn initiates the        
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expression of chaperones, folding enzymes, and ERAD proteins. When unfolded polypeptides  
are sensed, ATF6, a transcription factor, travels to Golgi, where it is cleaved into its active 
form and then is transferred to the nucleus leading to a similar outcome as IRE1, that is, the 
expression of genes encoding ERAD components and XBP1. The third sensor, PERK, is 
phosphorylated, leading to inhibition of eIF2, which stops the translation of general proteins 
and, in turn, reduces the number of unfolded proteins translocated into the ER. If the UPR fails 
to overcome the ER stress and restore homeostasis of the cells, pro-apoptotic proteins like 
CHOP are expressed, resulting in programmed cell death [43–46]. Moreover, UPR can induce 
another process called autophagy which can both promote cell survival and regulate cell death. 
During nutrient deprivation, autophagy induces degradation of non-vital cellular proteins and 
molecules and uses them as an energy source to promote cell survival. In response to UPR and 
ER stress, the autophagy-related gene ATF4 upregulates the expression of CHOP, which at 
first tries to regulate autophagy and promote cell survival. If this attempt fails, CHOP induces 
cell death [47–49].  
 
If the secreted proteins have been correctly folded and glycosylated in the ER, they can be 
prepared for transport to the Golgi. Furthermore, there are complexes called cytoplasmic coat 
proteins II (COPII) vesicles that embed the secreted proteins and deliver them to the ER-Golgi 
intermediate compartment (ERGIC) and then to Golgi for further processing. Depending on 
their destination, proteins that enter the Golgi are processed differently. For instance, lysosomal 
N-glycoproteins are altered by mannose phosphorylation, O-glycoproteins are generated by the 
attachment of sugars to their side chains of serine and threonine residues, and some N-
glycoproteins prepared in the ER are further altered by addition or removal of sugars. In 
contrast to COPII, COPI vesicles transport the modified ER-associated proteins back to the 
ER. A third transport vesicle family, clathrin-coated vesicles, distributes proteins from Golgi 
to the endosome, lysosome, and plasma membrane [50–53].   
 
The secretory pathway of mammalian cells is a complex pathway and is considered as the 
major bottleneck of cell factories used by the pharmaceutical industry [22,54]. In some cases, 
when overexpressing a protein of interest, the translational rate surpasses the ability of the 
folding machinery leading to ER stress. Hence, further investigation and engineering strategies 
are needed to solve the bottleneck of protein secretion. 
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Chapter 2    
 

Protein as therapeutics  
 
 
Due to proteins' essential role in different cellular mechanisms in the body, it should not 
surprise that abnormal functioning of these molecules can cause various diseases. For instance, 
protein misfolding and aggregation is considered the leading cause of Alzheimer's, Parkinson's, 
and Huntington diseases [55]. Mutations in enzymes related to lysosomal hydrolysis are 
causing lysosomal storage disorder (LSD) [56]. Additionally, overexpression of receptors, such 
as human epidermal growth factor receptor 2 (HER2) and platelet-derived growth factor 
receptor b (PDGFRb), are associated with several cancer types [57,58].  
 
Fortunately, the advances in medical science and the research and development of new 
biologics have offered treatments for some of these disorders. Hence, nowadays, proteins are 
not only the cause of diseases; they can also be employed to treat and cure diseases. For 
instance, recombinantly produced human insulin is used to treat patients with diabetes [59]. 
Enzyme replacement therapy (ERT) is available for some LSDs [60]. Furthermore, the 
monoclonal antibody trastuzumab alone or in combination with chemotherapy is used to treat 
HER2-positive breast cancer patients [61].  
 
The following sections briefly introduces characteristics of protein therapeutics and the type 
of recombinant proteins (r-proteins) utilized as model proteins in this thesis. 
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2.1 Biologics versus small molecule drugs 
 
The healthcare system uses two distinct pharmaceuticals, biologics or small molecules, to treat 
patients with various conditions. This section briefly describes how these two components 
differ from each other. 
 
Biologics or biopharmaceutical products can be interpreted in different ways. According to the 
American Food and Drug Administration (FDA), biological products are often large and 
complex molecules derived from a living system [62]. Examples of protein-based biologics are 
hormones, monoclonal and bispecific antibodies, cytokines, and growth factors. Nonprotein-
based biologics include blood products, vaccines, gene and cellular therapies. In this thesis, the 
terms biologics, biopharmaceutical, and therapeutics, refer to protein-based agents produced in 
living cells. Substances that are chemically derived are called small molecules and include 
drugs like aspirin and procaine [63].  
 
The small size and the well-defined processes yielding purer products make small chemical 
drugs less immunogenic than biologics. Furthermore, the manufacturing of biologics is more 
complex and sometimes the final product contains contaminants from the host cells making 
them more immunogenic. Additionally, the large size of biologics increases the risk for being 
immunogenic since the body’s immune system can easier detect them as foreign invaders. 
Chemical products are more stable and easier to scale up, whereas biologics are sensitive to 
physical conditions and more challenging to scale up in order to produce large quantities. 
Chemically synthesized substances can be taken by the patients themselves, whereas biologics 
often needs to be administered by qualified personnel [64]. Furthermore, biologics are much 
more expensive than small molecules, making them accessible to only a small group of wealthy 
patients. However, biologics are overall more target specific, effective, and safe compared to 
small molecules. Additionally, there are some conditions, especially in oncology, that can only 
be addressed by biologics [63–66]. The difference in safety and effectiveness can be 
exemplified by comparing biologics and chemically synthesized drugs used to treat the same 
disease, such as the biologic Adalimumab and the small molecule Baricitinib both employed 
to treat rheumatoid arthritis. In a phase III clinical trial, double-blinded and placebo-controlled, 
544 patients were randomly treated with 20 mg or 40 mg adalimumab either every week or 
every other week. After 26 weeks, all patients treated with adalimumab, regardless of dosage 
and timeline, showed significantly better responses than those treated with placebo drugs. 
About 46% (40 mg, treated every other week) and 53.4% (40 mg, treated every week) of the 
patients treated with adalimumab showed 20% symptom improvement (ACR20 criteria) 
compared to the placebo group [67]. In the case of Baricitinib, it is more effective if 
administrated at 8 mg, but because of its toxicity at a higher dose, it is used at 4 mg but with a 
lower efficacy. This explains why the much more expensive Adalimumab (Humira) is preferred 
by the patients [63]. Humira has been the most top-selling drug in the past few years accounting 
for nearly 20 million US dollar worldwide sales in 2020 [68].  
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2.2 Enzymes as therapeutics 
 
Enzymes are a class of proteins that catalyze various vital reactions in the body. Moreover, 
they are target-specific and highly efficient in catalyzing several reactions such as hydrolysis, 
oxidation and reduction, isomerization, bond cleavage, and bond formation. Deficiency or 
impaired enzyme activity causes several medical conditions, including digestion and inherited 
metabolic disorders. As therapeutics, they can be applied as anticoagulants, anti-inflammatory 
agents, and in the treatment of cancer and metabolic storage disorder, to name a few. Currently, 
there are 39 FDA-approved therapeutic enzymes for treating various diseases, such as tissue 
plasminogen activator (tPA) employed to treat Ischemic stroke [69–71].  
 
LSD are a group of more than 70 diseases caused by enzyme deficiencies related to lysosomes 
which are the cell’s recycling station. LSD is characterized by the accumulation of undegraded 
and potentially toxic components in the lysosome leading to cell swelling and cell death [72]. 
Currently, enzyme replacement therapy (ERT) is the most suitable available treatment for 
several LSD. The first ERT treatment was performed about 30 years ago in patients with 
Gaucher disease, which is the most common LSD [73]. Since then, ERT has become accessible 
for several other LSDs. The cellular mechanism of ERT treatment is as follows; the 
recombinantly produced enzyme is purified and injected into the patients. The enzyme has 
mannose-6-phosphate (M6P) residues presented on its oligosaccharide chains. The M6P allows 
the enzyme to bind specifically to M6P receptors (M6PR) on the cell surface, which permits 
the enzyme to enter the cells and be transferred to the lysosome to perform its enzymatic 
reaction [74].      
 
Metachromatic leukodystrophy (MLD) is another LSD caused by defective arylsulfatase A 
(ASA). MLD was first mentioned in 1933 in two children who died of similar conditions at the 
age of three [75]. In contrast to other LSDs, to date, there is no specific approved therapy for 
MLD [76]. Additionally, for ERT to become an available treatment for MLD patients, a 
sufficient amount of recombinantly produced active ASA is required, which has shown to be a 
challenging task. Hence, in paper II and IV, strategies to improve the production of active ASA 
were investigated. 
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2.3 Antibodies as therapeutics 
 
The immune system is the body’s defense mechanism, designed to eliminate harmful non-self 
(pathogens) and self (damaged cells and tissues) structures. B lymphocytes are part of the 
adaptive immune system responsible for producing Immunoglobulin (Ig), also referred to as 
antibody [77]. There are five distinct Igs in the human body, IgA, IgD, IgE, IgG, and IgM. 
Moreover, IgG, the most abundant antibody in the human body, can be divided into four 
subclasses, IgG1, IgG2, IgG3, and IgG4 [78].  
 
IgG is a heterodimeric protein that is composed of four polypeptide chains, two identical heavy 
chains (HC) and two identical light chains (LC). Moreover, the molecular weight of one IgG 
is 150 kDa, each HC corresponds to 50 kDa, and each LC is 25 kDa [77,79]. The HC and LC 
chains are held together by disulfide bonds creating a Y shape structure (Figure 2.1). Each LC 
is built by one variable domain (VL) and one constant domain (CL), whereas the HC is made 
by one variable domain (VH) and three constant domains (CH1, CH2, and CH3). Fragment 
crystallizable (Fc) domain, the stem of the Y structure, is created by two constant regions of 
the HCs (CH2 and CH3) and is responsible for the effector function of the IgG molecules. The 
interaction between the Fc with various Fc receptors on human cells initiates immune responses 
such as antibody-dependent cellular phagocytosis (ADCP), antibody-dependent cellular 
cytotoxicity (ADCC), and complement-dependent cytotoxicity (CDC) [79,80]. Each antibody 
has two identical paratopes, which are sites for antigen binding. These paratopes, which are 
target-specific, are created with the variable domains of the heavy- and light chain (VH and 
VL), which in turn contain three complementary determining regions (CDRs) each (six CDRs 
per paratope). Additionally, each LC is attached to VH and CH1 of the HC, resulting in a 
fragment antigen-binding (Fab) region. The two Fab regions of the antibody are linked to the 
Fc region by a flexible part called the hinge region, which gives the two Fab regions flexibility 
to move independently of each other, enabling them to bind antigens epitopes that are far from 
each other.  
 
IgG1, the most predominant IgG circulating in the blood, can induce ADCC and CDC. Hence, 
IgG1 is the most used antibody in producing therapeutics and stands for the majority of 
approved antibody agents on the market [81–83]. 
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Figure 2.1: Schematic structure of an IgG antibody. An IgG molecule consist of two identical heavy chains 
(blue) and two identical light chains (pink). The paratopes of each antibody are target specific and are made of 
the variable domains of the heavy and light chain.  

 

2.3.1 Monoclonal antibodies  
 

Since the approval of the first therapeutic monoclonal antibody (mAb) in 1986, the field of 
mAb development has evolved tremendously, making these biologics the fastest growing on 
the biopharmaceutical market [84]. The first licensed mAb, Orthoclone OKT3 produced in 
mice, was designed to target CD3 on T-lymphocytes and was employed to inhibit transplant 
rejection. However, due to its immunogenicity (human anti-mouse antibody response), it was 
only utilized in acute cases [85]. Currently, mAbs are employed to treat a variety of diseases 
such as cancer, cardiovascular disease, infectious and transplantation disease [86]. Depending 
on how they are designed and produced, mAbs are divided into four classifications: murine, 
chimeric, humanized, and human. The murine mAb-producing B cells are harvested and 
isolated from mice spleen, followed by its fusion to immortal myeloma cell line. These murine 
mAbs, which have names ending with -omab, e.g., blinatumomab, have a short half-life and, 
due to their origin from mice, often result in immunogenicity in humans. In chimeric mAbs, 
murine antigen-specific variable region (35% murine amino acid sequence) is fused to human 
heavy and light chains (65% human amino acid sequence). Consequently, chimeric mAbs, 
compared to the murine mAbs, have longer half-life and lower risk of an unwanted immune  
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response in man. Moreover, their name ends with -ximab, such as infliximab. Humanized mAb 
is generated by murine hypervariable regions (5% murine amino acid sequence) attached to the 
human antibody framework (95% human amino acid sequence). They are more challenging to 
develop than both murine and chimeric mAb, yield low immunogenicity, and their name ends 
with -zumab, for instance, trastuzumab. Finally, human mAbs, which are fully human, are 
produced either by using transgenic mice or by selection from combinatorial antibody libraries 
using e.g., phage display. These antibodies, which end with -umab, e.g., daratumumab, are less 
immunogenic compared to the previously mentioned classes of mAbs, and have much longer 
serum half-life in the body [87–90].  
 
The humanized trastuzumab is employed to treat a variety of HER2-positive cancer, including 
breast cancer. Sadly, according to a global study, due to high cost, only 50% of HER2-positive 
breast cancer patients receive trastuzumab [91]. Hence, this mAb was used as a model antibody 
in papers III and IV to investigate strategies for increasing the quantity and quality of this 
biologic. 
  

 
2.3.2 Bispecific antibodies  
 
An emerging field is the generation of Bispecific antibodies (BsAbs), a new IgG format. The 
standard human IgG is monospecific, meaning it can only attach to one target. In contrast to 
mAb, the design of BsAbs enables them to engage with two different epitopes at once [92,93]. 
BsAbs are generated using two different platforms; IgG-like or non-IgG-like platforms. In the 
IgG-like platform a complete IgG framework is used, where the HC is optimized to create 
heterologous Fc matching. Examples of IgG-like format are, Knobs-into-holes, dual action Fab 
(DAF), dual variable domain-Ig (DVD-Ig), to mention a few. In the non-IgG platform, often 
the Fc region is removed and IgG domains are connected to each other by short and flexible 
polypeptide linkers. One such design is the BsAb T cell engager (BiTE), where two ScFv are 
linked together. The molecular weight of IgG-like formats is much higher compared to non-
IgG-like forms. Moreover, IgG-like designs have a longer half-life and increased biological 
activity, than non-IgG, which has a shorter half-life and require multiple doses for full 
biological activity [94,95].  The first BsAb, Catumaxomab, was approved in 2009 [96] to treat 
malignant ascites but was removed from the European market in 2017 due to commercial 
reasons.  
 
Another BsAb, Blinatumomab, employed in cancer immunotherapy, was approved by the FDA 
in 2014 and one year later by European Medicines Agency (EMA). Cancer immunotherapy, 
also called Immuno-oncology, aims to harness the power of the patient’s immune system to 
attack the tumor cells [97,98]. Interferon-alpha-2 (IFN-a2), approved by FDA in 1986, was the 
first therapeutic agent to employ the immune system to fight cancer cells [99]. In recent years, 
BsAbs have become a therapeutic tool in cancer immunotherapy. The ability of BsAbs to target  
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two different molecules is an excellent feature for cancer immunotherapy since it enables them 
to recruit the immune cells with one side and recognize and bind to tumor cells on the other 
side. Blinatumomab is the only globally approved BsAb used in cancer immunotherapy 
[100,101]. Furthermore, this BiTE IgG is designed to target CD19 and CD3 and is utilized to 
treat Philadelphia chromosome negative B cell acute lymphoblastic leukemia (ALL). A third 
BsAb, emicizumab, approved by the FDA and EMA in 2017 and 2018, respectively, is used to 
treat hemophilia A [92,93,95]. Even though there are only two globally approved BsAbs for 
treating diseases, they are gaining popularity as biologics. Currently, more than 110 BsAbs are 
in clinical trials for the treatment of various diseases [95]. Still, most of these BsAbs are 
designed to treat malignant tumors, making cancer the most targeted condition for research and 
development of new BsAbs [102].   
 
A new type of BsAbs is AffiMabs, where an Affibody molecule is fused to either the heavy or 
the light chain of an antibody [103]. Affibody molecules, derived from the Z domain of 
staphylococcal protein A are small (6,5 kDa) three-helix bundle proteins that are able to bind 
different target molecules with high affinity [104,105]. In one study, an EGFR-binding 
Affibody was fused to either the HC or LC of trastuzumab to generate an AffiMab targeting 
both epidermal growth factor receptor (EGFR) and HER2 simultaneously. Consequently, this 
AffiMab was more efficient than trastuzumab alone or in combination with ZEGFR [106]. Hence, 
AffiMabs are new to the field of BsAb but have a great potential for dual targeting of disease 
markers. BsAbs and an AffiMab were used as model proteins in papers III and V, respectively.
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Chapter 3    
 

Mammalian cell line engineering for production of 
therapeutic proteins  
 
 
To provide us with a history of protein therapeutics, one of the best examples is insulin, which 
is used to treat patients with diabetes and has saved many lives since its discovery. Its history 
as a protein therapeutic dates to 1922, when it became the first purified protein therapeutic 
extracted from the bovine and porcine pancreas [107,108]. Soon after, several drawbacks were 
discovered with the purified insulin. As with other animal-derived therapeutics, there were 
issues regarding the limited supply of the animal organ, cost of the purification, and unwanted 
immune response of the patient, making the widespread use of insulin difficult. These 
drawbacks needed to be addressed, and it took almost 50 years before one of the major 
breakthroughs of modern medical science happened, which was the recombinant production of 
human insulin in Escherichia coli (E. coli). In 1982, insulin became the first r-protein 
therapeutics approved by FDA and is currently one of the top-selling biologics in the world 
[107–110].   
 
Today, very few therapeutics are purified from animal sources. With a growing market for 
biologics that are complex and varies in size and function [111], there is a demand for new and 
improved expression systems that can handle the complexity of these biopharmaceuticals. 
Currently, there are several expression systems available for the production of different types 
of protein-based therapeutics (Figure 3.1). In this chapter, three of the most common 
expression systems, namely, E. coli, yeast, and mammalian cells, will be described. The main 
focus will be mammalian cell lines since they have been the production system used in all the 
appended papers listed in this thesis. 
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Figure 3.1: Expression systems used for production of protein-based therapeutics. 

 
  

3.1 Protein production in E. coli 
 
The Gram-negative bacteria, E. coli, is the most common prokaryotic expression system for r-
proteins production and was also the expression host for insulin, the first biologics approved 
by the FDA [112,113]. Since its discovery in 1884, E. coli has become the most examined 
organism in biology and on the planet [114].  
 
As an expression system, E. coli has many strengths; for instance, it can quickly grow into high 
densities in a low-cost culture medium. Additionally, its genome is much smaller and well-
studied, and therefore easy to engineer [115]. Despite these benefits, there are some drawbacks 
when employing E. coli as the chosen cell factory to produce biologics including, the presence 
of endotoxins during the production process. Therapeutics contaminated with endotoxins 
cannot be used to treat patients since it induces a dangerous and unwanted immune response 
[116,117]. This limitation is addressed either by using different strategies to remove the 
endotoxin contaminants or by using engineered endotoxin-free E. coli strains [116,118]. 
Another drawback is the formation of inclusion bodies and misfolded polypeptides, which can 
be solved by either co-expression of chaperones involved in protein folding or by engineering 
the cells to have a more oxidative cytoplasm to improve the protein folding process [118,119].  
One of the significant disadvantages of wild-type E. coli as an expression system is its inability  
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to yield glycosylated proteins. Glycosylation, the most common PTM in biologics, is essential  
for many proteins to be active and functional [118,120]. This limitation has been addressed by 
glycoengineering of E. coli and is mainly done by transferring the glycosylation pathway of 
Campylobacter jejuni, a bacterium capable of protein glycosylation to the E. coli [121].  
 
Regardless of all these advances, E. coli is more suitable for expressing simple and non-
glycosylated therapeutics.  
 

 

3.2 Protein production in Yeast 
 
Yeast, a eukaryotic microorganism, is considered the first living system employed by humans 
in an industrial setup [122]. Yeasts are capable of manufacturing r-proteins with simple PTMs. 
In contrast to E. coli, their cellular machinery is more similar to mammalian cells enabling 
them to correctly fold and secrete complex proteins into the culture medium [118,119]. Other 
benefits of yeast as an expression system is its ability to rapidly grow into high densities using 
an inexpensive culture medium. Moreover, it is easy to scale up for larger production in 
industrial settings [123]. Saccharomyces cerevisiae (S. cerevisiae) is the yeast strain that has 
been used to make bread and alcoholic beverages for thousands of years. Its genome is well-
studied since it was the first eukaryotic organism to be sequenced, and currently, it is the most 
frequently used yeast species for the production of protein-based pharmaceuticals, 
manufacturing 50% of the world's insulin supply [124,125]. Additionally, the first biologics to 
be produced in S. cerevisiae was recombinant Hepatitis B virus (HBV) antigen used to develop 
a vaccine approved in 1986 by the FDA [124,126]. 
 
Over-expression of r-proteins in yeast often burdens the cellular machinery resulting in lower 
yield and poor product quality. This limitation has been addressed by metabolic engineering to 
improve the production and secretion of the proteins [118,120]. Yeasts can synthesize 
glycosylated proteins. However, their glycosylation profile is different from mammalian cells 
and is a well-known drawback of these cell factories [119,127]. Yeast N-glycosylate the 
proteins with high-mannose content, in some cases with up to 100 or more mannose sugars 
[123]. This undesirable hypermannosylation negatively affects the half-life of the protein, 
leading to faster degradation of the product from the bloodstream by receptors binding to the 
mannose molecules. Therapeutics with yeast-type glycosylation have also been reported to 
activate an unwanted immune response. One way to overcome this is through 
glycoengineering, resulting in knockout strains of S. cerevisiae with removed 
mannosyltransferase genes [118,120,125]. Another engineered yeast strain is Pichia pastoris, 
designed to produce therapeutics and antibodies with humanized glycosylation patterns, 
although some end-products have contained O-mannosylation [118,123,125]. Advances to 
maintain the high protein yield and perform the correct glycosylation pattern simultaneously  
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have met some challenges. Therefore, yeast systems are still mainly used to manufacture non-
glycosylated proteins [118].   
 
 

3.3 Protein production in mammalian cells 
 
The rapid expansion of the biotechnology industry in recent years has led to the discovery and 
expression of a variety of large and complex biologics that need an advanced organism as an 
expression platform in order to be, correctly folded, and secreted with human-like PTMs. When 
it comes to therapeutic proteins, the safety and efficacy of the manufactured products have the 
highest priority. This is the main reason that, despite a more time-consuming production 
process and higher cost, mammalian expression platforms have been frequently employed by 
the biopharmaceutical industry [119,128]. According to a recent survey, 79% of all approved 
biopharmaceuticals during the survey period (2015- July 2018) had been produced in 
mammalian expression systems [84]. One of the reasons is that about 53% of all these approved 
therapeutics are mAbs, which are complex glycoproteins. In the same survey period, all 68 
approved mAbs were produced in mammalian cells highlighting the importance of these cell 
factories for delivering complex and high molecular weight glycoproteins [84,126]. The most 
significant advantage of mammalian cells compared to other expression systems is their ability 
to mimic a human glycosylation pattern, which is crucial for many approved protein-based 
pharmaceuticals since it is well known that incorrect glycosylation negatively impacts a 
protein’s folding, stability, secretion, functional activity, half-life and immunogenicity 
[120,126,129]. 
 
There are several different human and non-human mammalian expression systems approved 
for manufacturing r-proteins, including Chinese hamster ovary (CHO) cells, baby hamster 
kidney (BHK) cells, NS0 and Sp2/0 hybridoma mouse cell lines, rat myeloma YB2/0 cells, 
human embryonic kidney cells 293 (HEK293), HT-1080 human cells and retina-derived 
PER.C6 human cells. Despite all of these available mammalian expression platforms, CHO 
cells have been the most frequently used mammalian system in the industry and academic 
settings [107,129]. CHO and HEK293 are the two mammalian cell lines employed in the 
appended papers listed in this thesis and will, therefore, be discussed in more detail in the 
following sections.   
 

 
3.3.1 Protein production in CHO cells 
 
The manufacturing of recombinant therapeutics in CHO cells dates back to 1986, when human 
tissue plasminogen activator, the first biologics recombinantly produced in mammalian cells,  
received market approval [129,130]. Nowadays, the CHO cell is the most frequently used 
mammalian expression platform, generating close to 70% of all approved biopharmaceuticals  
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[118,131]. Additionally, about 84% of all recently approved mAbs are produced in the CHO 
expression system [84].  
 
There are several reasons, contributing to the popularity of CHO cells as cell factories for 
protein-based therapeutics. First, CHO cells have been used as a host for manufacturing 
therapeutics in the past two decades, making their safety profile well-established with 
regulatory agencies, resulting in a more straightforward approval process of new therapeutics. 
Second, their cellular machinery allows the production of r-proteins with human-like PTMs, 
which are essential for the end-products compatibility and bioactivity in humans. Third, CHO 
cells are easy to adapt and grow in suspension cultures at high cell densities (up to 200 million 
cells/mL) [132], enabling large-scale (up to 10 000 L) setups in bioreactors to obtain high 
product yield. Fourth, the low productivity of r-proteins can be overcome by well-established 
gene amplification protocols. Fifth, they can grow in a chemically defined and serum-free 
medium, enabling reproducibility between different batches. Finally, CHO cells are less likely 
to be infected with human viruses [128,131,133].  
 
Currently, there are four different CHO cell lines frequently used for cell line development and 
manufacturing of therapeutics; CHO-GS, CHO-DXB11, and CHO-DG44, and CHO-S 
designed for growth in suspension cultures. All these cell lines were developed from a 
spontaneously immortalized Chinese hamster ovary cell isolated in 1956. In CHO-GS the 
glutamine synthase (GS) gene is deleted. Through substantial mutagenesis CHO-DXB11 and 
CHO-DG44 has been developed to be deficient in dihydrofolate reductase (DHFR) activity 
[134]. Consequently, the CHO-DXB11 have a single knockout of DHFR gene, and in CHO-
DG44, both alleles of the gene encoding DHFR are deleted. These engineered variants of CHO 
cells enable DHFR or GS mediated selection and gene amplification which are powerful tools 
for improving the productivity of any r-proteins [128,131,135,136]. In addition to the above-
mentioned selection and amplification strategies, the development of new and improved serum-
free culture medium, as well as optimized feeding strategies, has led to more than 100-fold titer 
improvement [131,137].  
 
One drawback of CHO cells as cell factories (as for any other non-human cell line) is that they 
cannot express all enzymes necessary for mimicking the precise human PTMs, particularly the 
glycosylation pattern. One study comparing 12 different proteins expressed in HEK293 and 
CHO cells reported significant differences in size and number of glycans and the amount of 
sialic acid [138]. Additionally, CHO cells generate therapeutics with non-human glycans, 
which can induce an unwanted immune response in the patients. The hydroxylated form of 
sialic acid, Neu5Gc, and the a-1,3-galactose linkage are the non-human glycans detected in 
biologics manufactured in CHO cells. Moreover, all humans have circulating antibodies against 
these two sugar molecules increasing the risk for high immunogenicity of the biotherapeutics  
wearing these glycans. In order to eliminate cell clones producing these glycans, an additional  
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quality screening of the producing clones is performed, which leads to many high-producing 
clones being discarded [129,134,139].  
 
 
3.3.2 Protein production in HEK293 cells 
 
The manufacturing of protein-based pharmaceuticals is a rapidly emerging field since it enables 
the production of complex molecules that are target-specific and highly active in the human 
body. Additionally, there are several newly discovered biologics, including bispecific 
antibodies, that are complex, need multiple PTMs, and are difficult-to-express in non-human 
expression systems. Hence, human cell lines could be an alternative to be employed as cell 
factories to rescue or improve the production of these complex biologics. One important feature 
of human cell lines as expression systems is that they can generate proteins with correct PTMs, 
especially glycosylations that are compatible with those naturally seen in humans. This, in turn, 
reduces the risk of unwanted immune responses induced by therapeutic proteins [140,141].  
 
The HEK293 cell line descends from a human primary embryonic kidney cell culture from an 
aborted human female embryo. The cell line was created in 1973 by exposure to fragments of 
the human adenovirus 5 (Ad5) genome containing both subunits of early region 1, E1A, and 
E1B. The integration of Ad5 occurred at chromosome 19, and the presence of E1A and E1B 
enabled the immortalization of the cell line by interfering with transcription and cell cycle 
pathways and also by inhibiting apoptosis. Several derivatives, both adherent and suspension 
cells, have been created from the parental HEK293 cells in order to establish different cell lines 
suitable for various applications and particularly to improve r-protein production in these 
systems [141–144].  
 
HEK293 cells are the most frequently used cell line after Hela in cell biology and after CHO 
as an expression system for manufacturing r-proteins and viral vectors [142].  Besides 
generating proteins with fully-human PTMs, HEK293 cells, have other desirable features as 
cell factories, including; they are easily grown and adapted in suspension serum-free and 
chemically defined media, they can quickly multiply and maintain high cell densities, they are 
susceptible to various transfection methods and the cell culture can be scaled up to meet 
industrial setting [126,129,140,143]. The first biologics manufactured in HEK293 was 
Drotrecogin alfa, a complex protein that requires two distinct PTMs for full biological activity. 
This therapeutic agent used to treat patients with severe sepsis and at least two organ failures 
received FDA approval in 2001 and EMA approval one year later. However, the approval was 
an authorization under exceptional circumstances meaning the manufacturer must conduct a 
further clinical study to present an optimal benefit-risk balance. Additionally, after ten years of 
usage, Drotrecogin alfa was withdrawn from the market since it failed to show mortality benefit 
compared to the placebo group of patients in a placebo-controlled evaluation trial. Since then,  
several different biologics manufactured in HEK293 cells have been approved, and there is a  
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few more in clinical trials [140,145,146]. Like any other expression system, there are some 
drawbacks with the HEK293 cell line such as, its tumorigenicity and its amenability to a human 
viral infection, which can be addressed with viral inactivation and removal steps. Another 
drawback is that the approval process for new therapeutics produced in these cells is more 
complicated and time-consuming due to the limited knowledge of these cells as production 
hosts. However, this issue will subsequently be addressed since the studies, and the number of 
biologics produced in HEK293 are emerging [126,140,142].  
 
With the increasing number of studies and investigations in these cells and the growing number 
of therapeutics being expressed using HEK293 cells, the knowledge and understanding of this 
expression system are growing for each day.  
 
 
3.4 Mammalian cell line development  
 
In order to stably produce a protein of interest, an expression vector containing the gene of 
interest (GOI) and a selection marker (SM), is first prepared followed by its delivery into the 
host cells. After that, selection methods are employed to isolate high-producing single clones 
yielding a high amount of biologically active product. In the following sections, different 
transfection methods, as well as the cell line development process, are introduced. 
 

 
3.4.1 Mammalian cell transfection 
 
The process in which the foreign genetic material is delivered into the mammalian production 
host cells is called transfection. Several different transfection methods are available, divided 
into three groups; chemical, biological, and physical [147]. The chemical method, which is the 
first transfection method to be used for introducing foreign nucleic acid into producing cells, 
is also the most commonly used one in research applications. This method utilizes a chemical 
reagent to transfer the expression vector into the host cells [148]. The most widely used 
transfection reagent is linear polyethyleneimine (PEI) since it is inexpensive, efficient, and is 
responsible for obtaining the highest transient expression protein yield to date [135,149]. The 
chemical transfection method is easy to use, allows for a wide size range of GOI, and has low 
toxicity, but on the downside, the transfection efficiency varies between experiments. The 
biological approach is a virus-mediated transfection, also called transduction, which utilizes a 
viral vector, such as lentivirus, containing the GOI to enter the cells and integrate with the host 
genome. Every time the host cells replicate, the GOI is passed on to the daughter cells, enabling 
continuous gene expression [150]. This transfection method is easy to use and highly efficient, 
and depending on the employed viral vector, the size insertion for the GOI can vary. Moreover, 
the viral vector indicates a higher risk for immunogenicity and toxicity. Additionally, the  
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integration into the host cell genome increases the risk for genome alteration. Physical 
transfection is the most recently developed method and uses different physical tools for 
delivering the gene. The most frequently used physical method is electroporation which, by 
employing short electrical pulses, temporarily ruptures the cell membrane allowing the 
expression vector to enter the host cell. When the optimum electroporation conditions are 
obtained, a large number of cells can be transfected efficiently and rapidly. Drawbacks of 
electroporation include low viability, since many cells don’t recover after delivering the 
electrical pulse [148,149].  
 
 
3.4.2 Transient versus stable expression 
 
When the GOI is delivered into the cell's nucleus by a chosen transfection method, the DNA is 
either integrated into the host cell's genome or stays extrachromosomal. If the genetic material 
remains extrachromosomal, it is referred to as transient transfection. In contrast, stable 
expression is when the DNA is integrated into the host cell's genome (Figure 3.2) [147,148]. 
What expression method to choose depends on cell type, the amount of protein needed the 
timeline, and the application of the end-product. Transient expression is suitable for pre-clinical 
studies since it is simple, inexpensive, and fast, producing r-proteins within 16-96 hours [149]. 
Limitation of transient expression includes low yield, usage of a large amount of DNA plasmid 
and reagent if scaling-up, and the GOI are expressed for a short period of time since it is not 
integrated into the host cell genome thereby lost after cell replication. Due to the insertion of 
GOI into the host cell genome, which is maintained after cell division and through many 
generations, stable expression is suitable for cell line development and large-scale 
manufacturing of r-proteins. Moreover, a SM is integrated into the same expression vector as 
the GOI allowing the isolation of high producer clones. This procedure which is both time-
consuming and expensive is necessary for manufacturing biopharmaceuticals and will be 
further discussed in the next section [147,148,151,152].  
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Figure 3.2: Transient vs. stable transfection. In transient transfection, the genetic material encoding the GOI 
remains extrachromosomal and is lost after cell replication, resulting in protein expression for a limited time. In 
contrast, stable transfection results in the integration of the genetic material into the host cell’s genome. With 
every cell replication, the sequence encoding the GOI is passed on to the daughter cells ensuring protein 
expression for a longer time.   
 
 

3.4.3 Stable cell line development for production of biopharmaceuticals 
 
Developing a mammalian cell line aims to obtain a platform that produces high levels of r-
proteins in a cost-effective and high-throughput fashion. A cell line manufacturing a 
biopharmaceutical must be generated from a single clone in order to ensure a homogenous cell 
population that is genetically and phenotypically alike. Hence, stable expression is employed 
where the genetic material integrated into the host cell’s genome often contains both the GOI 
and a SM for isolating single clones (Figure 3.3) [153,154].  
 
There are several available SM, including the widely used DHFR and GS systems. In both 
DHFR and GS systems, the cells are transfected with expression cassettes containing the GOI 
and SM, either DHFR or GS. Due to DHFR deficiency, CHO-DXB11 and CHO-DG44 cell 
lines need an exogenous source of nucleotide precursors to survive and grow. For DHFR 
mediated selection, the cells are cultured in selection media free from nucleotide precursors 
(hypoxanthine/thymidine). Moreover, the selection pressure is increased by adding 
methotrexate (MTX), a drug that inhibits DHFR activity, to the cell culture. Only a small 
number of cells that overexpress DHFR can survive, containing hundreds or even thousands of 
gene copies encoding the GOI [130,134]. Similarly, for GS mediated selection, CHO-GS cells  
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are cultured in a glutamine-free medium and by adding methionine sulphoximine (MSX),  
which is known to block GS, the selection pressure is increased, allowing only the cells with 
the plasmid vector encoding GS to survive and multiply [128,152,154]. 
 
 

 
 
Figure 3.3: Schematic overview of mammalian cell line development for manufacturing biopharmaceuticals. The 
host cells are stably transfected with an expression vector containing GOI and SM. The SM is used to isolate cell 
clones expressing the GOI. Single-cell cloning and limited dilution isolate single cells, which are further screened 
to identify high-producing clones that are expanded and later passed to the next step for further evaluation and 
cell banking. 
 
 
This stable expression approach does not ensure a homogeneous cell population since the 
integration into the host genome occur randomly, resulting in the insertion of the GOI in 
different locations and quantities. Hence, the selection procedure generates a cell pool 
consisting of a heterogeneous mixture of cells with variety in specific productivity. For safety 
reasons and to pass the approval process, biopharmaceutical needs to be manufactured from a 
monoclonal cell line, that is, from a cell line generated by a single clone [155]. Monoclonality 
is required to establish a cell line that is genetically and phenotypically alike. There are several 
approaches for isolating single clones, each with benefits and drawbacks. The most traditional 
system is limited dilution (LD). Here, a selected cell pool is highly diluted in 96 or 384-well 
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plates, using a medium enriched with growth factors, ensuring that some wells end up with 
only a single cell. After performing LD, all wells are examined with a microscope, and the ones  
containing a single cell are marked and passed on to further screening and subsequently 
expanded. Limited dilution is time-consuming and labor-intensive, highlighting the importance 
of high-throughput methods [130,137,153,154,156,157]. Another technology is an automated 
colony picking system. Here, cell pools are cultured at low density, and fluorescently labeled 
antibodies bind to the secreted product from the cell clones. Colonies corresponding to highest 
fluorescence, indicating high-producers are automatically selected and passed on to further 
cultivation and screening [153,156,157]. Fluorescent activated cell sorting (FACS) is a 
research tool that can be employed for generating monoclonal cell lines. This high throughput 
technology is able to screen millions of cells in a short period, followed by isolation of a single 
clone into 96 or 384 well microplates. The high-producing single clones are isolated based on 
cell surface expression of the protein of interest. If the protein is not located on the cell surface 
but instead secreted, it needs to be labeled to a fluorescent protein in order to detect single 
clones with high productivity [153,154,156–158]. One alternative to do this is by utilizing a 
cold capture assay. Here, the cells producing the secreted protein are held at low temperature 
while incubated with fluorescently tagged antibodies that can be detected in a flow cytometry 
[159,160]. Another method for single-cell cloning is microfluidic platforms, which utilize a 
droplet-based microfluidic platforms and can actively screen and select up to 300,000 
individual cell clones in a couple of hours. Additionally, automated high-throughput 
microscopy can be used in combination with the above-mentioned methods to verify single cell 
cloning [156,161,162].  
 
This section, described advances in cell line development and how this has enabled more 
efficient production of monoclonal cell lines with high productivity. The follow-up section, 
presents ways to improve the production, secretion, and quality of the recombinant proteins 
produced by these monoclonal cell lines. 
 
 

3.5 Strategies for mammalian cell line engineering 
 
Sometimes, traditional methods of stable cell line development fail to produce a high titer of 
fully functional proteins. Hence, there is a growing field of mammalian cell line engineering 
methods to improve the quantity and quality of therapeutic proteins. Moreover, with the 
increasing number of new biologics discovered each year, there is a demand for new and 
improved methods for manufacturing complex and novel proteins on an industrial scale. As 
mentioned before, when manufacturing new biologics, the safety, efficacy, and the high cost 
of the production process is always a challenge and need to be addressed. The following 
section, describe strategies to overcome these challenges. Since CHO cells are the workhorse 
of industrial production for protein therapeutics, most attempts of cell line engineering have 
been performed in these cells. As many of these novel therapeutics are foreign to the CHO cells  
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and are of human origin, their expression at a high level might set an excessive burden on the 
cell’s different cellular machinery. Hence, many attempts to engineer CHO cells have been to 
decrease this disproportionate burden and help the cells cope with producing these foreign and 
novel proteins. There are a number of strategies utilized for the purpose of cell line engineering. 
These methods lead to either gain of function or loss of function in the cell line.  
 

 
3.5.1 Strategies to optimize the productivity of CHO cells 
 
Optimizing the cultivation and the downstream process (e.g., purification and storage) are 
available strategies for improving the productivity and quality of r-proteins. Still, they were not 
the focus of this thesis and hence, will not be further discussed.  
 
Vector engineering is an alternative for optimizing the productivity of host cells when 
expressing r-proteins. For instance, promotor engineering can be employed to control the 
transcriptional activity in the expression system. One way to modulate the promotor activity is 
by generation of synthetic promotors for improving the productivity in CHO cells [163,164].   
 
Another strategy for cell line engineering is to permanently eliminate genes that are 
disadvantageous for the performance of the cell line. Traditionally, a gene could be either stably 
removed or turned off by chemical or radiation-induced random mutagenesis. Nowadays, there 
are several technologies available for target-specific gene knock-out, such as zinc-finger 
nucleases (ZFNs), transcription activator-like effector nucleases (TALENs), and the Clustered 
Regulatory Interspaced Short Palindromic Repeats (CRISPR)/Cas9 system [136,165]. The 
latter gene editing technique works as follow; a synthetically designed guide RNA (gRNA), 
guide the Cas9 nuclease to cleave a specific location on the genome enabling removal or 
disruption of the GOI [166]. The CRISPR/Cas9 method is superior to the other gene-editing 
techniques since it is easier, quicker, inexpensive, and can perform multiplex knock-outs of a 
cell line at once. This great feature of the CRISPR/Cas9 method was demonstrated by 
permanent deletion of FUT8, BAK, and BAX genes, generating a CHO cell line with higher 
resistance to apoptosis and lacking the unwanted fucosylation activity [118,167].    

In addition, one strategy to obtain loss of function in host cells is RNA interference (RNAi) 
mediating gene silencing, also called gene knock-down, by using small-interfering RNAs 
(siRNA). By using siRNA, mRNA can be targeted and cleaved, which in turn inhibits the 
expression of a GOI. Many studies are improving the productivity of CHO cells by silencing 
of disadvantageous genes related to apoptosis, glycosylation, and metabolism [136,168,169]. 
Another engineering route is to employ microRNA (miRNA) which are small non-coding RNA 
molecules able to post-transcriptionally regulate gene expression without laying additional 
burden on the translational cellular machinery. These miRNA molecules that are evolutionary 
conserved among species repress the translation of genes by recognizing complementary  
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sequences at the 3’-untranslated regions (UTR) [136,165,169]. Moreover, in several studies, 
overexpression of miRNA towards different targets has led to enhanced productivity [170–
172]. Additionally, the use of omics tools has increased dramatically in the past few years and 
has broadened the knowledge about various cellular pathways, including protein synthesis and 
secretion. By employing transcriptomic analysis, significantly upregulated or downregulated 
genes between high- and low-producing clones, can be identified, resulting in novel targets to 
be investigated for optimization and improvement of r-protein production [173,174]. These 
novel genes are either beneficial or disadvantageous for the production process. If beneficial, 
they can be overexpressed; otherwise, they can be deleted or down-regulated. In one study, 
transcriptomic analysis between CHO clones identified 32 genes upregulated in high producer 
clones. Overexpression of one of these genes, Foxa1, a transcription factor, improved cell 
viability, cell density and yielded higher titer for both an easy- and a difficult-to-express protein 
[175]. 
 
The following sections introduce different attempts to engineer various cellular pathways in 
CHO cells.  
 

 
3.5.2 Metabolic engineering of CHO cells 
 
One way to improve the productivity of CHO cells is by excessive expression of genes involved 
in cellular metabolism. In 1994, overexpression of vitreoscilla hemoglobin (VHb), a bacterial 
hemoglobin involved in oxygen metabolism, in CHO cells was reported to enhance human 
tissue plasminogen activator (tPA) productivity by 40-100% [176]. The trend of metabolic 
engineering has been evolving in the past decades. The forced expression of various genes 
involved in different cellular metabolic processes has been shown to increase the productivity 
of protein-producing CHO cells [136,177]. One significant bottleneck of eukaryotic cell 
factories, due to the conversion of pyruvate by lactate dehydrogenase (LDH), is lactate 
accumulation in the culture medium, leading to continued acidification. This issue has been 
addressed by the downregulation of LDH, yielding reduced lactate concentration in the cell 
culture [178–180]. 
 
 
3.5.3 Glycoengineering of CHO cells 
 
CHO cells cannot express alpha-2,6-sialyltransferase (ST6GAL), yielding proteins with a non-
human glycosylation profile. Already in 1989, a CHO cell line was engineered to stably 
overexpress this enzyme. Moreover, overexpression of enzymes catalyzing human-like 
glycans, the N-glycan structure of r-proteins has been improved. In mAb, an engineered 
glycosylation pattern has led to enhanced ADCC [136,181–183]. As mentioned previously, 
some glycans are expressed in CHO cells but not in humans. Hence, the expression of these 
glycans must be either down-regulated or knocked-out. Preventing CHO cells from expressing 
several different non-human glycans by either knock-out or knock-down of glycosylation- 
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related genes have been successfully performed and resulted in improved productivity, quality, 
and enhanced ADCC of mAbs. To mention one example, using a ZFN-based genome editing 
platform, the stable deletion of the glycosylation-related enzyme FUT8 in CHO cells resulted 
in a four-fold higher titer of a mAb. Furthermore, this defucosylated mAb show greatly 
enhanced ADCC [184–187]. Similar to gene deletion of FUT8, gene silencing of this enzyme 
has shown to be of great benefit in CHO cells resulting in improved quality of anti-IGF1R 
antibody followed by enhanced ADCC [188]. 
 
 
3.5.4 Engineering the apoptotic and proliferation pathway in CHO cells 
 
By overexpression of anti-apoptotic and pro-proliferative genes, the cultivation time can be 
extended, yielding a higher product titer. Decreasing apoptotic events in cells is crucial for the 
biopharmaceutical industry since dying cells release proteases and other processing enzymes 
that impair product quality [136,189]. Forced expression of anti-apoptotic genes, including B-
cell lymphoma XL (BCL-XL), X-linked inhibitor of apoptosis (XIAP), and apoptosis caspase 
inhibitor (AVEN), has been reported to improve productivity and culture longevity 
[136,189,190]. Another approach is to engineer the apoptotic process is to delete pro-apoptotic 
genes permanently. In one study by employing ZFN gene-editing technology, two pro-
apoptotic genes, BAX and BAK, were permanently removed in the CHO cell line resulting in 
apoptosis resistance followed by a five-fold titer improvement of a mAb [191]. Besides 
preventing apoptosis events, improving cell proliferation and viability with overexpression of 
pro-proliferative genes such as valosin-containing protein (VCP) during the production process 
is another cell line engineering strategy reported having a positive impact on the cell-specific 
productivity [136,192].  
 

 
3.5.5 Engineering of protein synthesis and the secretory pathways in CHO 

cells 
 
Increased expression of genes involved in protein biosynthesis and the secretion of a protein 
of interest has also shown a positive outcome. For instance, forced expression of transcription 
factors such as ATF4 and ZFP-TF successfully increased the titer of several r-proteins, 
including mAb, by 10-fold [193,194]. Excessive expression of ER-related chaperones like BiP  
and PDI have shown to decrease aggregates, improve proper folding and assembly, as well as 
increase titer of difficult-to-express r-proteins and mAb [195,196]. Engineering the secretory 
pathway has demonstrated successful results in the correct processing and secretion of r-
proteins [136]. One study reported that overexpression of human signal receptor protein 14 
(SPR14) could improve CHO cell’s secretory machinery, resulting in proper folding and 
increased titers of the product [197]. Another study presented that overexpression of the  
 



 Mammalian cell line engineering for production of therapeutic proteins  

 31 

 
transcription factor, B lymphocyte-induced maturation protein 1 (BLIMP1), in CHO cells 
managed to improve the protein production and secretion of a recombinant IgG1. Here, a 
significant improvement of both the product titer and the cell-specific productivity was 
reported [198]. 
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Chapter 4 
 

Present investigation 
 
 
One of the most important focuses of the biopharmaceutical industry is the safety and efficacy 
of manufactured biologics. Secondly, extensive effort is made to improve the quantity and 
quality of the product since this will impact the accessibility and affordability of therapeutics 
to patients worldwide. Hence, the aim of the projects concluded in this thesis has been to 
investigate new and optimized strategies to balance and improve protein expression in 
mammalian cell lines.   
 
Paper I investigated the expression bottlenecks of a set of difficult-to-express proteins in two 
distinct mammalian cell lines, namely HEK293 and CHO cell lines. Transcriptomic analysis 
of both cell lines while producing the difficult-to-express secreted proteins enabled us to 
investigate the cellular differences between the cell lines. Hence, we identified genes related to 
the secretory pathway to be highly expressed in HEK293 whereas having no or very low 
activity in CHO. Moreover, the impact of these genes was evaluated in a co-expression study. 
In paper II, transcriptomic analysis of CHO clones producing different levels of active 
sulfatases revealed genes essential for the enzyme activity. Co-expression of the identified 
genes improved the specific enzyme activity of the sulfatase up to 150-folds. Again, 
transcriptomic analysis was performed in paper III between CHO clones expressing different 
degrees of aggregation. RNA sequencing identified differentially expressed genes related to 
ER stress and autophagy. The impact of these genes on aggregation was evaluated in a co-
expression experiment with challenging BsAbs. In paper IV, a toolbox was developed to 
manipulate protein expression in mammalian cells. Improved quantity and quality of two 
different therapeutics confirmed the applicability of the platform. Finally, in paper V, RgEs 
developed in paper IV were utilized to create a cell-based cancer assay. 
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Paper I - Harnessing secretory pathway differences between 
HEK293 and CHO to rescue production of difficult to express 
proteins 
 

CHO cells are the most frequently used mammalian cell line for the production of biologics 
since they are able to produce and secrete r-proteins with human-like PTMs. Even though they 
are the cell factory for 70% of all approved biopharmaceuticals [199,200], they cannot express 
high titer of all types of proteins, especially those engineered, and those that present a higher 
complexity. An ongoing project called, Human Secretome project, aiming to produce all human 
secreted proteins in CHO cells, has reported difficulty to express about 35% of the targets 
[201,202]. Furthermore, one study reported that the expression levels of human secretory 
pathway genes were tissue-specific [203], and a second study observed improved productivity 
in CHO cells when co-expressing ER-related genes [197,204]. These observations raise the 
question if the secretory pathway of CHO cells could be the limiting step when producing 
difficult-to-express human proteins. Moreover, HEK293 cells have become more popular for 
biopharmaceutical production and, in 2018, was the host cell line for five approved protein 
therapeutics [199]. Taken all this information into account, we reasoned that different 
expression systems could be suitable for different types of human proteins. Hence, we chose a 
set of human proteins that displayed difficulty to be express or secreted in the Human 
Secretome project and investigated their expression levels in different CHO and HEK293 cell 
lines. 
 
Two different CHO expression systems, ExpiCHO and QMCF (CHOEBNALT85), were 
employed to compare the productivity of the same host but different platforms. The ExpiCHO 
system performs transient protein production at a very high cell density. The QMCF platform 
used by the Human Secretome project is a semi-stable Episomal expression system allowing 
stable replication of the transfected plasmid. A set of 23 human genes that displayed difficulty 
to be expressed or secreted in the Human Secretome project were selected for this comparison. 
These genes were cloned into pKTH16_dPur vector, expressed using ExpiCHO standard 
protocol, and purified. Interestingly, the result showed that each platform could improve 
productivity in a protein-feature-specific manner (Figure 4.1). The QMCF platform showed to 
be more suitable for large but less-glycosylated proteins. On the contrary, ExpiCHO was better 
at producing low molecular weight but glycosylated proteins. Moreover, QMCF system was 
able to produce seven proteins that could not be generated with ExpiCHO. Overall, none of 
these CHO expression systems resulted in general improvement of the difficult-to-express 
proteins. Therefore, we decided to perform a comparison study of CHO cells versus HEK293 
cells.   
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Figure 4.1: The expression of 23 human secreted proteins in QMCF and ExpiCHO systems. A) The titers of 
23 difficult-to-express secreted proteins produced in two different expression systems, OMCF and ExpiCHO. B) 
Correlation between size, glycosylation pattern and r-protein titer fold change in ExpiCHO platform compared to 
QMCF system. Two non-glycosylated proteins (red color) were excluded from the correlation analysis.   
 
 
For the comparison study between HEK293 and CHO cells, a set of 24 difficult-to-express 
proteins from the Human Secretome project was selected. These genes were expressed using 
two different setups followed by the same quantification process utilizing the semi-quantitative 
Western blot analysis (Figure 4.2 A). The first was a medium-scale setup, employing the semi-
stable QMCF technology. Here, the HEK293 (293ALL) cells were cultured for seven days and 
CHOEBNALT85-1E9 for nine days. Expression analysis revealed more than 2-fold 
improvement for nine genes when expressed in HEK293 cells. In the small-scale setup, the 
genes were transiently expressed for 72 hours in 293-F, Freestyle 293-F, and Freestyle CHO-
S cell lines. In this setup, 16 of 24 difficult-to-express proteins showed a more than 2-fold 
greater expression level in both HEK293 cell lines compared to the CHO cell line. Furthermore,  
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the expression of one gene, PLG, was almost undetectable when expressed in HEK293 cells 
but showed a high expression level in CHO (Figure 4.2 B). In both medium- and small-scale 
setup, PLG was the only gene that could not be expressed in HEK293 cells but showed 
pronounce expression level in CHO cells (Figure 4.2 C). Additionally, while half of the genes 
resulted in undetectable expression levels in CHO, only four were not secreted by HEK293 
cells, suggesting that certain human secreted proteins are easier to produce in human cell lines. 
 

 
 
Figure 4.2: HEK293 rescue several of the difficult-to-express proteins. A) The expression of 24 difficult-to-
express proteins in HEK293 and CHO using two different expression set-ups. 1a) Medium-scale, semi-stable 
expression of the transgenes in HEK293 and CHOEBNALT85-1E9. 1b) Small scale, transient expression of the 
transgenes in Freestyle CHO-S, 293-F, and Freestyle 293-F. 2) The protein expression levels were quantified 
using western blot analysis. B) The secreted titer of the transgenes expressed in medium-scale, semi-stable set-
up. Here, 9 of the genes resulted in more than a two-fold secreted titer of proteins when expressing in HEK293 
compared to CHOEBNALT85-1E9. C) The secreted titer of the transgenes expressed in small-scale, transient set-
up. In this set-up, 16 of the genes resulted in more the two-fold secreted titer in both HEK293 cell lines compared 
to the CHO cell line. 
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To investigate the differences between the two mammalian cell lines, transcriptomic analysis 
was performed for HEK293 (293-F and Freestyle 293-F) and Freestyle CHO-S when 
transiently producing the panel of the 24 genes. As a control, both cell lines were transfected 
with an empty vector. The quantified mRNA levels showed a significant difference in the 
utilization of the transcriptome between the two cell lines. Since the secretory pathway is 
essential for secreted proteins, a more detailed analysis was performed for components related 
to the secretory pathway and was divided into 11 subgroups (Figure 4.3 A). Among these 
subgroups, genes associated with UPR and ERAD, which act as a quality control pathway, 
were upregulated in HEK293 cell lines compared to CHO cells. On the contrary, genes related 
to the protein folding process were highly expressed in the CHO cell line. When looking at 
individual genes related to the secretory pathway, besides a limited set of genes with significant 
variation, most components had similar expression levels between the two cell lines. However, 
among the significantly differentiated sets of genes, a group was either moderate or highly 
expressed in HEK293 cell lines, albeit very low or not expressed in CHO cells (Figure 4.3 B).  

 
 

 
 

Figure 4.3: HEK293 and CHO are distinct when utilizing the secretory pathway. A) Gene expression levels 
related to the secretory pathway of the two cell lines upon transgene expression were divided into 11 subgroups. 
Non-expressing cells were used as control and are shown as small circles and triangles. B) Expression levels of 
secretory pathway genes in HEK293 and CHO cell lines. The expression of many genes was significantly different 
between the cell lines. Depending on their expression levels, some of the genes were divided into three groups, I, 
II, and III.   
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To evaluate the effect of some of the genes differentially expressed between the cell lines on 
the productivity of secreted proteins, they were co-expressed with a difficult-to-express protein, 
THBS4, in both HEK293 and CHO cell lines. Cells only expressing THBS4 were used as 
control. Depending on the expression level, these genes were divided into three groups, I, II, 
and III. The cells were harvested 72 hours post-transfection, followed by quantification of r-
protein levels in the supernatants with ELISA. When co-expressed in HEK293, only three of 
the genes, HSPA1B, AGAP2, and ATF4, resulted in a small but significantly higher titer of 
THSB4 than the control (Figure 4.4 A). For CHO cells, three of the genes from group II 
resulted in a notably higher secreted titer of THBS4 than the control. Here, ATF4 and SRP9 
yielded more than two-fold higher THSB4 titer, and co-expression with JUN resulted in a 1.5-
fold higher titer than the control (Figure 4.4 B). Co-expression with the rest of the genes did 
not result in significant improvements. To further investigate the impact of these outlier genes, 
a set of six genes from all three groups, I, II, and III, were chosen to be co-expressed with 
another difficult-to-express protein, namely ARTN. Here, the supernatants were quantified 
using Western blot analysis (Figure 4.4 C). Three of the helper genes, ATF4, PDIA3, and 
HSPA8, significantly improved the secreted titer of ARTN.   
 
 
In this study, by comparing two different CHO expression platforms, we showed that these 
expression systems are suitable in a protein-specific manner. Additionally, a side-by-side 
comparison of a set of difficult-to-express proteins produced in HEK293 and CHO cell lines 
was made where several proteins were rescued. Moreover, transcriptomic analysis of these 
expression experiments revealed significant differences between HEK293 and CHO, where 
secretory pathway components of CHO cells, when expressing human proteins, seems to be 
the limiting factor. Several of the genes identified as upregulated in HEK293 compared to CHO 
cells were co-transfected with two difficult-to-express proteins and showed promising results. 
Also, the fact that HEK293 cells are of human origin, can explain their ability to produce higher 
levels of human proteins. Different ratios of these helper genes could impact the productivity 
of secreted proteins and can be further investigated. Also, combinations of genes could have 
an improved effect and should be considered when working with difficult-to-express secreted 
proteins. 
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Figure 4.4: Outlier genes related to the secretory pathway improved the secreted titer of two difficult-to-
express proteins. A) Co-expression of THBS4 and outlier genes in HEK293 cell line and B) Co-expression of 
THBS4 and outlier genes in CHO cell line Titers measured with ELISA and plotted as relative titer to only THBS4 
(control). The different colors of the bar chart indicate the outlier:THSB4 gene ratio. C) Co-expression of ARTN 
and outlier genes in CHO cell line. Titers were measured with Western blot analysis and plotted as relative titer 
to only ARTN (control).
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Paper II - Systems biology greatly improve activity of secreted 
therapeutic sulfatase in CHO bioprocess 
 

Sulfatases are one of the enzyme families necessary for the correct functioning of the lysosome. 
Hence, sulfatase deficiencies are related to seven different Lysosomal storage disorders 
(LSDs). Furthermore, LSDs are a group of rare inherited diseases affecting 1 in 5000 born 
infants. Lysosomes, the cell’s recycling center, are responsible for the degradation of 
macromolecules into substances that can be used or recycled by the cells. Hence, lysosome 
dysfunctionality leads to the accumulation and storage of unwanted and potentially toxic 
substances in the cells, eventually initiating cell death [205,206]. Since several different 
enzymes are working together to enable the proper functioning of the lysosome, it should not 
come as a surprise that enzyme deficiencies are one of the leading causes of LSDs. Currently, 
one of the best treatment options for LSD patients is ERT. Sadly, ERT is very expensive, and 
since the patient’s body mass determines the dosage of the enzyme, the treatment cost increase 
as the patient gets older [205–207]. Hence, there is a great demand for new or improved 
strategies to generate a high titer of active enzymes that can be utilized in these lifesaving 
ERTs. 
 
ERT is available for some sulfatases, but the low production yield, as well as the production of 
mainly inactive form of the enzyme, is a pronounced manufacturing limitation that needs to be 
addressed. In this study, we performed a transcriptomic analysis of two stable CHO clones 
expressing the same sulfatase but with different activity levels. The RNA seq data identified 
potential genes related to sulfatase productivity and activity. The effect of these genes was 
investigated in a co-expression experiment. 
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Briefly, the experimental setup was as follows: two stable CHO clones expressing N-
sulphoglucosamine sulphohydrolase (Sulfamidase) were cultivated for 17 days, under three 
different conditions in Ambr bioreactors. Throughout the cultivation process, samples were 
taken out for RNA sequencing and titer and activity measurement (Figure 4.5).  
 
 
 
 

 
 
Figure 4.5: Overview of the experimental setup. A) Stable CHO clones expressing the same sulfatase but with 
different levels of activity were cultivated for 17 days in Ambr bioreactors. B) Transcriptomic analysis was 
performed on samples taken out during cultivation. C) Helper-genes identified by RNA seq, were co-expressed 
with the sulfatase in CHO cells. D) Co-expression with helper-gene led to improved specific activity of the 
sulfatase. 
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Clone A, for all three conditions, standard, high cell density and without copper, and 
throughout the entire cultivation period, showed greater specific activity of the Sulfamidase 
but a lower titer (between day 6 to 17) than clone B (Figure 4.6 A-B). The specific activity of 
the enzyme was as highest under the first six days of cultivation for both clones and started to 
level out during the last six days. The opposite trend was seen for the titer in media, where both 
clones resulted in higher yield during the last six days of cultivation. When looking at the 
specific activity, conditions without added copper resulted in lower activity for both clones 
(Figure 4.6 A). Still, clone A resulted in approximately 100% more specific activity on day 17 
compared to clone B. Looking at the productivity data of both clones, the condition with high 
cell density and added copper seemed to be favored by the cells, especially for clone B, which 
resulted in a five times higher titer at the end of the cultivation (Figure 4.6 B). RNA samples 
collected from days 3, 6, 12, 14, and 17 were sequenced to find differentially expressed genes 
between the two clones (Figure 4.6 C). The transcriptomic data highlighted 14 genes that were 
upregulated in clone A during the entire cultivation time compared to clone B. From the 14 
identified genes, three genes, SUMF1, M6PR, and ERGIC3, relevant for sulfatase activity and 
transport, were chosen to be investigated. When searching the literature, four genes, SUMF2, 
PDIA1, ERP44, and ERGIC53, which were not shown in our RNA data but were mentioned 
to have a positive impact on sulfatase activation, were added to the list of genes to be co-
expressed with the sulfatase. 
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Figure 4.6: Different titer, enzyme activity, and gene expression clustering between clone A and B. Clone A 
and B stably expressed Sulfamidase but with different levels of enzyme activity. Both clones' titer, enzyme 
activity, and gene expression were monitored during 17 days of cultivation. A) All three cultivation conditions 
for Clone A resulted in higher enzyme activity compared to Clone B. The specific enzyme activity dropped for 
both clones during the cultivation time and leveled out during the last days. B) The titer increased with cultivation 
time for both clones, especially from day six until the day of harvest. Clone B yielded a higher titer for all three 
conditions. The most pronounced difference was at day 17, where high cell density and added copper condition 
resulted in 5 times higher titer than the same condition for clone A. The values were normalized against standard 
condition of clone A at day 17. C) RNA sequencing of samples taken out day 3, 6, 12, 14 and 17 identified genes 
that were differentially expressed between the CHO clones.  
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To investigate the universal effect of the identified genes on various sulfatase activities, we 
chose another class of sulfatases, Arylsulfatase A (ASA), for the co-expression study. 
Individuals with ASA deficiency suffers from Metachromatic Leukodystrophy (MLD), a 
deadly LSD, and presently, there is no cure available. Moreover, the production of a large 
amount of purified and active ASA, present a considerable challenge that halters the use of 
ERT in MLD patients [208]. To improve the enzyme activity, ARSA gene was transiently co-
expressed with the seven selected genes. The transient co-expression was performed in 
ExpiCHO cells harvested at day eight post-transfection, followed by purification and activity 
measurement with a colorimetric assay. Among the identified genes from the transcriptomic 
data, SUMF1 had the most significant impact on ASA activation, increasing the activity by 
150-fold compared to the control. M6PR also managed to increase the ASA activity, but 
interestingly, it decreased the titer by 70% compared to the control. Furthermore, SUMF1 had 
a positive impact on the ASA activity when combined with M6PR in the co-transfection study 
(Figure 4.7 A). Two of the genes, PDIA4 and SUMF2, found in the literature search increased 
the ASA activity up to 50% while resulting in a similar titer as the same control (Figure 4.7 
B). The positive impact of SUMF1 was observed even when stably expressed with ASA, 
resulting in 40-fold higher ASA activity compared to the control (Figure 4.7 C). 
 
 

 
 
Figure 4.7: Helper-genes increased the specific activity of ASA by 150-fold. A) The genes identified by RNA 
seq were transiently co-expressed with ASA. The most significant impact was achieved with SUMF1 resulting in 
150-fold higher ASA activity. B) The genes identified by the literature search were transiently co-expressed with 
ASA. Two of the genes, PDIA1 and SUMF2, yielded about 50% more active ASA compared to the control. C) 
Stable expression of SUMF1 and ASA yielded approximately the same titer as the control but with 40-fold higher 
enzyme activity. 
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When stably expressing Sulfamidase, we observed a lower transcription level for clone A 
compared to clone B. Hence, we wanted to investigate if various promotor strengths would 
yield different levels of enzyme activity. We performed this study by employing three different 
promotors, CMV, PGK, and UBC, with a variety of strengths. As expected, the titer 
corresponded to the promotor strength, where CMV yielded the highest titer and UBC lowest. 
But looking at the specific activity, CMV presented a less active enzyme. The highest ASA 
activity was achieved with the PGK promotor having an intermediate level of transcription 
(Figure 4.8). 

 
 
 

 
 

 
Figure 4.8: Reduction of promotor strength had a positive impact on enzyme activity of ASA. CMV, the 
most potent promoter, resulted in the highest titer but lowest enzyme activity. PGK, a medium-strong promotor, 
resulted in the highest ASA activity but decreased the titer by 40%. 
 

 
In this project, RNA sequencing of two stable CHO clones expressing different levels of active 
sulfatase, identified genes related to the activation of the enzyme. Hence, by analyzing the 
transcriptomic data, three accessory genes were chosen for co-expression studies. Even though, 
all three of them had a positive effect on the specific activity of ASA, a difficult-to-express 
sulfatase, only one of them had a significant impact of ASA activity. Remarkably, this gene 
resulted in 150-fold higher ASA activity. Additionally, we presented data showing the 
importance of finding the optimal transcription rate enabling the cells to handle the production 
speed, correctly fold the protein of interest, and perform the essential PTMs. 
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Paper III - Autophagy and intracellular product degradation 
genes reduce aggregation of bispecific antibody in CHO cells with 
a high translational burden 
 
Since, the FDA approval of the first bispecific antibody (BsAb), Blinatumomab in 2014, BsAbs 
have gained popularity from the biopharmaceutical industry due to their ability to bind two 
targets at once, making them more effective as therapeutics [209]. However, this great feature 
increases the molecular complexity, making BsAbs more challenging to express. 
Overexpressing more complex molecules increases cellular stress and overburden the host 
cells' folding and secretory machinery, resulting in product misfolding and aggregation 
[197,210]. Hence, one of the major issues when manufacturing BsAbs is product aggregation, 
which can appear during production, storage, and administration of therapeutic proteins 
[211,212]. Moreover, protein aggregates negatively impact the product titer and quality and its 
safety and efficacy, as protein aggregates are nonfunctional and toxic, leading to harmful 
immune responses [213]. Consequently, reducing product aggregation is one of the main 
focuses of the manufacturer when producing biologics. 
 
In this study, we compared stable CHO clones and stable CHO pools expressing two different 
BsAbs with varying degrees of aggregation. Transcriptomic analysis was performed to find 
potential helper genes related to product folding and aggregation. The effect of these genes was 
investigated in a co-expression study with the stable CHO clones and together with 
trastuzumab. 
 
For the first BsAb, referred to as Ab1, two high-producing clones were chosen. One of the 
clones produced fewer product aggregates, “Ab1-less”, and the other one more product 
aggregate, “Ab1-agg” (Figure 4.9 A). For the second BsAb, stable transfectant pools generated 
“Ab2-less” (less product aggregation) and “Ab2-OPT-agg” (more product aggregation) 
(Figure 4.9 B). Ab2-OPT-agg contained a codon-optimized heavy chain (HC). We cultivated 
both BsAbs for 14 days, performed a pairwise comparison of Ab1-less versus Ab1-agg and 
Ab2-less versus Ab2-OPT-agg, and analyzed the titer, cell-specific productivity, and 
aggregation. Ab1-less resulted in less aggregates and lower antibody mRNA, lower titer, and 
lower cell-specific productivity compared to Ab1-agg (Figure 4.9 C-F). Ab1-agg, compared 
to Ab1-less, expressed twice the amount of mRNA but also yielded more product, 5% more 
aggregates, and had higher specific cell productivity. Additionally, the light/heavy chain 
mRNA ratio was the same for both clones (Figure 4.9 E). Notably, Ab2-OPT-agg resulted in 
75% aggregated product. It also yielded higher titer and cell-specific productivity than Ab2-
less (Figure 4.9 C, D, and F). In contrast to Ab1 clones, which had the same mRNA LC/HC 
ratio, Ab2-less had a higher ratio LC/HC compared to Ab2-OPT-agg (Figure 4.9 E). It seemed 
that the codon-optimized HC of Ab2-OPT-agg led to more HC polypeptide, a lower LC/HC 
mRNA ratio and more product aggregation. 
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Figure 4.9: Titer, aggregation, and RNA expression levels of heavy- and light chain. A) Schematic structure 
of Ab1. B) Schematic structure of Ab2. C) Titer of both clones expressing Ab1 and Ab2. D) Cell-specific 
productivity for both clones expressing Ab1 and Ab2. E) RNA expression level of heavy- and light chain for both 
BsAbs. F) Percentage of aggregates for both antibodies. 
 
 
We performed a transcriptomic analysis, comparing Ab1-less to Ab1-agg and Ab2-less to Ab2-
OPT-agg. The aggregation-prone clone, Ab1-agg demonstrated upregulation of genes related 
to ER stress, UPR, and ERAD processes compared to Ab1-less (Figure 4.10 A). We assumed 
that Ab1-agg had an elevated pressure on operations involving the folding of antibodies and 
therefore could benefit from overexpression of the upregulated ER-stress genes. Consequently, 
we chose eight of the most upregulated genes for a co-expression study with the Ab1-agg clone. 
Two of the genes, HSP90B1, a chaperone protecting newly synthesized polypeptides from 
misfolding, and DDIT3 (also known as CHOP), which induce cell cycle arrest and apoptosis, 
reduced aggregation of Ab1-agg from 27% to 23% (Figure 4.10 B). Additionally, four of the 
helper genes, including DDIT3, significantly lowered the titer of the antibody (Figure 4.10 C). 
A co-expression study with trastuzumab was carried out to investigate the potential impact of 
the helper genes for general use when manufacturing other antibodies. Notably, two 
chaperones, HSP90B1 and DNAJC3, increased the antibody titer by 59% and 47%, 
respectively (Figure 4.10 D). 
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Figure 4.10: Two of the helper genes significantly reduced the aggregation of Ab1-agg. A) Gene set analysis 
identified upregulation of ER-stress and UPR related genes in Ab1-agg. B) Co-expression of the selected helper 
genes with Ab1-agg. Dunnett's multiple comparisons test (** ≤ 0.01). C) Titer of Ab1-agg when co-expressed 
with the accessory genes. Dunnett's multiple comparisons test (** ≤ padj 0.01, **** ≤ 0.0001). D) Titer of 
trastuzumab when co-expressed with the accessory genes. Dunnett's multiple comparisons test (** ≤ padj 0.01, 
*** ≤ 0.001).        
 
 
When comparing the transcriptomic data of Ab2-less versus Ab2-OPT-agg, genes related to 
autophagy were differentially expressed between the two clones. Among these, six of the 
genes, significantly upregulated in Ab2-less and related to cellular degradation via autophagy, 
were selected for transient co-expression with Ab2-OPT-agg. We hypothesized that the 
upregulation of these genes might be the reason for the less aggregated product in Ab2-less and 
could potentially have the same impact on Ab2-OPT-agg. Interestingly, two genes, ATG16L1 
and AKT1S1, significantly decreased the aggregation of Ab2-OPT-agg from 52% down to  
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45% (Figure 4.11 A). Moreover, in the titer measurement analysis, both genes resulted in lower  
yield, though not significantly (Figure 4.11 B). 
 
 
 

 
 
Figure 4.11: Overexpression of autophagy-related genes significantly reduced the aggregation of Ab2-OPT-
agg.  A) Six autophagy-related genes were overexpressed with Ab2-OPT-agg. Dunnett's multiple comparisons 
test (*** ≤ 0.001).  B) Titer measurement of Ab2-OPT-agg after co-expression with accessory genes. Dunnett's 
multiple comparisons test (* ≤ padj 0.05). 

 
 
In this study, we performed RNA sequencing of stable CHO clones and stable pools expressing 
two challenging BsAbs (Ab1 and Ab2). By analyzing the transcriptomic data, differentially 
expressed genes between less aggregated and highly aggregated clones were identified. 
Overexpression of two accessory genes related to ER-stress and UPR significantly decreased 
aggregation of Ab1-agg by 4%. Notably, in a co-expression study with trastuzumab, two of 
these gene sets increased the antibody titer by 50%. Additionally, autophagy-related genes 
were co-expressed with Ab2-OPT-agg, where two of them lowered product aggregation from 
52% to 45%. To improve the outcome further analysis can be performed to find the right ratio 
of helper genes for a co-expression study. Combination of the helper genes is another strategy 
that can be investigated in the future experiments. The results of this project highlight the 
importance of transcriptomic analysis to better understand the cellular pathways and hence 
identify the limiting factors when producing therapeutics in CHO cells.  
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Paper IV – Systematic use of synthetic 5’-UTR RNA structures to 
tune protein translation improves yield and quality of complex 
proteins in mammalian cell factories 
 

CHO cells, the workhorse of the biopharmaceutical industry for producing protein therapeutics, 
have proven to be a suitable cell factory for many human r-proteins. Still, with the recent 
increase of novel difficult-to-express r-proteins and human-made complex BsAbs, they have 
displayed difficulties producing products with high yield and sufficient quality [214,215]. 
Consequently, strategies to improve productivity in CHO cells have been developed and was 
described in chapter 3 and in sections above. Some of these strategies are regulating the 
transcription by promotor engineering and co-expression of helper genes. However, the 
outcome of promotor engineering can differ for various cell lines [216], and the effect of helper 
genes is known to be protein-specific and dose-dependent [204,217]. Translation is considered 
as the most conserved step of protein synthesis and can be applied to various host cell lines. 
Moreover, RNA secondary structures, also referred to as RNA hairpins in the 5’ UTR region 
of mRNA, have been shown to affect the translation speed [218–221]. Furthermore, the 
thermodynamic stability, GC content, and the position of the RNA hairpin in the 5’-UTR 
regions have been reported to influence the protein expression in both mammalian and yeast 
cell lines [222–224]. Thereby, we hypothesized that systematic manipulation of protein 
translation in mammalian cells could improve the productivity and quality of manufactured r-
proteins. 
 
 
First, 25 distinct RgE with different GC content, thermodynamic stability, and different 
position in the 5’ UTR were designed (Figure 4.12 A). We hypothesized that the toolbox would 
intentionally regulate the expression level where larger and stronger loops would result in 
stronger repression, and smaller and weaker loops would slightly decrease the expression level. 
Hence, the optimal RgE would result in a balanced expression level, which would yield a higher 
quantity and quality of the protein of interest (Figure 4.12 B). 
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Figure 4.12: Schematic overview of the designed RgEs. A) RgEs with different GC content, thermodynamic 
stability, and different positions to 5’ UTR were designed and cloned in between translation start site (TSS) and 
GOI. B) RgE with different strength result in different expression levels. At the right expression level, a high titer 
and quality will be achieved. 
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The RgEs were cloned into the 5’ UTR of a Red Fluorescent Protein (RFP) gene to validate 
their effect. A Blue Fluorescent Protein (BFP) gene was also integrated into the vector to 
monitor the transfection efficiency. These constructs were then transiently expressed in 
HEK293 and CHO cells, followed by analysis by flow cytometry. The designed RgEs were 
able to balance the expression level in both CHO (Figure 4. 13 A) and HEK293 (Figure 4. 13 
B) and covered a range from almost zero to 110%, meaning RgE6 expressed 10% more 
compared to the unregulated CMV promotor (control). The RgEs resulted in similar regulation 
efficiency between the two cell lines (Figure 4.13 C). 
 
 
 

 
 

Figure 4.13: The RgEs regulated the gene expression in two mammalian cell lines. A) RgE expressed in CHO 
cells. B) RgE expressed in HEK293 cells.  Fold change of the expression level is calculated relative to the CMV 
promoter. C) RgEs resulted in very similar expression levels in both cell lines.   
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The applicability of the RgEs was evaluated with two model systems. It is well known that the 
optimal ratio between HC and LC results in higher titer and quality of IgG [196,225]. Hence, 
as the first model, we chose to fine-tune the expression level of HC for trastuzumab. A weaker 
promotor, RSV, and six RgEs, 4, 3, 13, 11, 2, and 6, were selected to balance the expression 
level of HC from approximately 5-110% relative to unregulated CMV promotor. These RgEs 
were cloned upstream of the HC (Figure 4.14 A) followed by transfection in ExpiCHO cells. 
The purified IgG was quantified, and significant titer improvement was seen when suppressing 
HC expression levels down to 50% relative CMV promotor. RgE3 (35% expression level 
relative CMV) resulted in best titer improvement, and this was clearly demonstrated when 
looking at the non-reducing SDS-PAGE where almost no free HC is seen, resulting in a 
stronger band corresponding to full-length IgG (Figure 4.14 B). Moreover, 12.4-fold increased 
titer between full-length IgG and free HC was demonstrated for RgE3 (Figure 4.14 C). The 
weaker promotor, RSV, did not show any titer improvement of the IgG. It is known that too 
much free HC and LC form aggregates when producing IgG. Therefore, the samples were 
analyzed with size exclusion chromatography to investigate the amounts of different species in 
the sample. In accordance with the SDS-PAGE, RgE3 yielded the best IgG quality where 
almost no free HC or LC could be detected (Figure 14.4 D-E). 
 
For the second model, the difficult-to-express protein, ASA was chosen. As mentioned in paper 
II, SUMF1 is essential for the activity of ASA and functions as a vital effector gene [226,227]. 
Hence, seven RgEs, 22, 4, 24, 3, 9, 2, and 6, were cloned upstream of the SUMF1 gene to 
regulate its expression level (Figure 4.15 A). These constructs were co-expressed with ARSA 
gene in ExpiCHO cells, followed by purification and activity measurement using a colorimetric 
assay. Co-expression of all RgE-SUMF1 decreased the titer of all the samples, as also seen in 
Paper-II (Figure 4.15 B). But improved enzyme activity was observed for RgEs suppressing 
SUMF1 expression down to 40% relative CMV promotor (100% expression level) (Figure 
4.15 B-C). This indicates that when using a CMV promotor for co-expression of SUMF1, 60% 
of the effector gene is unnecessary, which impacts the activity of the ASA. 
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Figure 4.14: RgE below 50% expression level of HC, relative CMV promotor, resulted in improved titer 
and quality of trastuzumab. A) Schematic overview of the expression vector with RgE cloned upstream of HC. 
B) Non-reduced SDS-PAGE of the purified IgG samples. C) Fold change between full-length IgG and free HC. 
D) Population of full-length IgG and low or high molecular weight aggregates. E) Size exclusion chromatography 
of RgE2, RgE3, and CMV. 
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Figure 4.15: Up to 40% SUMF1, relative CMV promotor, co-expression increased ASA activity. A) 
Schematic overview of the expression vectors. ARSA gene is expressed using a CMV promotor and to control 
the expression level of SUMF1 RgEs are integrated in the vector. B) The correlation between ASA-specific 
activity and expression level of SUMF1. C) Titer, specific products, and ASA's total and specific activity upon 
co-expression with different levels SUMF1. 
 
 
In this project, we presented a reliable toolbox for fine-tuning the expression level of proteins. 
We demonstrated that this platform is applicable in different mammalian cells and also showed 
its applicability using two model systems, trastuzumab and ASA. In both cases, we confirmed 
that sometimes less is more. That is, overexpressing too much of a gene can negatively impact 
the productivity of the protein of interest. These findings highlight the importance of not 
overburdening the cells and the need to manipulate the expression level of a protein of interest 
and a related helper gene in order to give the host cells the best circumstances to produce a 
product of high quality and in high quantity.  
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Paper V – Tuning of PDGFRB density on cell surface allows for 
selective B cell activation with CD40-targeting bi-specific antibody 
 

Cancer, a group of 277 diseases, emerge due to genetic mutations that lead to uncontrollable 
cell division. Moreover, cancer is considered the second deadliest disease in the world, 
responsible for 10 million global deaths only in 2020 [228,229]. Due to the high mortality rate, 
cancer is one of the most studied diseases and extensive research is done globally to understand 
the underlying mechanism and discover new and better treatment regimens. Cancer 
immunotherapy, also called immune-oncology, aims to weaponize the patient's immune system 
to attack and eliminate the cancer cells [230]. One emerging immunotherapy agent is BsAbs, 
which with the dual targeting property can be used to recruit the immune cells with one arm 
and redirect them to the tumor cells with the other arm [102,231]. Malignant tumors possess 
several characteristics that distinguish them from normal tissues, including overexpression of 
molecular markers, rapid cell division, and changed metabolism. To avoid harming the body's 
normal tissues, malignancy phenotypes can be used by BsAbs to target the induced immune 
response to the tumor cells. PDGFRb is a potential cancer marker since it is overexpressed in 
several types of tumors and is associated with aggressive forms of the disease leading to poor 
prognosis [232,233]. To investigate the cellular biology of cancer cells and to discover new 
cancer treatments, in vitro cancer model systems are needed. Cell-based, in vitro cancer assays 
overexpressing distinct cancer markers are valuable platforms necessary for cancer research 
and drug discovery. Hence, the primary aim of this project was to generate a cell-based cancer 
assay overexpressing different levels of the cancer marker, PDGFRb on the surface of adherent 
HEK293T cells. 
 
First, the expression vectors were generated by cloning PDGFRb and EGFP into vectors 
containing different RgEs (Figure 4.16 A). The RgEs were integrated upstream of PDGFRb 
to regulate its expression. EGFP was used to monitor the transfection efficacy. We generated 
four different levels of PDGFRb expression. Level 1, Level 3, and Level 4 were generated with 
RgEs, and Level 2 was developed with unregulated CMV and served as our control. Level 4 
would produce the highest PDGFRb degree and Level 1 the lowest. We hypothesized that 
various PDGFRb densities and clustering would drive different levels of CD40 activation, 
mediating various B cell activation (Figure 4.16 B). 
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Figure 4.16: Schematic overview of the expression vector resulting in different receptor densities. A) The 
expression vector integrated with different RgEs upstream PDGFRb generates different expression levels. B) The 
CD40-HC AffiMab attach to the PDGFRb on one side and B-cell’s CD40R on the other side.  
 
 
To evaluate the expression levels, adherent HEK293T cells were employed to express the 
various levels of PDGFRb. Plasmid vectors containing three different RgEs, one unregulated  
CMV (control), and an empty vector were transiently expressed on the surface of HEK293T  
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cells. Samples were taken out 48 hours post-transfection, and the cell lysate was analyzed with 
Western blot analysis. Two bands were detected where the one with higher molecular weight 
corresponded to the phosphorylated and mature form of PDGFRb  (Figure 4.17 A).  The band 
intensities were quantified showing various expression levels of PDGFRb. When looking at 
the phosphorylated levels, Level 4 showed the highest expression and Level 1 lowest (Figure 
4.17 B). Comparing the expression levels with the Level 2 (unregulated CMV), Level 4 
expressed 1.7-fold higher PDGFRb  whereas Level 1 expressed 9-fold lower PDGFRb. A 
similar result was obtained when quantifying the total PDGFRb levels, where Level 4 produced 
1.5-fold higher PDGFRb than Level 2 (Figure 4.17 C). Moreover, Level 1 resulted in an 18-
fold lower PDGFRb expression level than Level 2 (unregulated CMV). 
 
 

 
 

 
Figure 4.17: Western blot analysis confirms the expression of different PDGFRb densities. A) Western blot 
analysis of the cell lysis. GAPDH was used as a loading control. B) Band intensities of phosphorylated PDGFRb 
levels relative GAPDH C) Band intensities of total PDGFRb levels relative GAPDH. The band intensities were 
quantified and plotted. Expression of Level 2 (unregulated CMV) serves as a control. 
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To investigate the relationship between the distinct PDGFRb densities and CD40 activation, a 
co-culture assay with HEK Blue CD40L cell line was conducted. The reporter cell line is 
designed to stably express the CD40 receptor on its surface. When the CD40 receptor bind to 
its ligand, a signaling cascade is triggered which in turn activates NF-kB and subsequent SEAP 
production which can be measures. First, the HEK293T cells were transfected with our 
different constructs. HEK293 Blue CD40L cells were added 24 hours post-transfection, and 
the co-culture assay was carried on for another 48 hours before adding the CD40-HC AffiMab 
and analyze the CD40 activation. Murine NIH-3T3 cells expressing PDGFRb were used as a 
positive control. Level 4 was utilized to find out the best concentration range of the antibody. 
The result showed a dose-dependent activation where apparent CD40 signaling was achieved 
for concentrations ranging from 16-150 ng/µg (Figure 4.18 A). These concentrations were 
used for the co-culture assay expressing all four levels of PDGFRb. Our positive control, NIH-
3T3, expressed a higher PDGFRb level than Level 1 and gave higher CD40 activation. The 
remaining three levels, Level 2-4, showed higher CD40 activation than NIH-3T3 cells. Level 
4 yielded 1.2-fold higher CD40 activation than Level 2 (unregulated CMV), whereas Level 1 
yielded 7.8-fold lower CD40 activation. Level 3 showed a similar activation level as Level 2 
(Figure 4.18 B).   
 
 

 
Figure 4.18: Varying levels of PDGFRb drive different CD40 signaling. A) Cells expressing Level 4 treated 
with varying concentrations of CD40-HC AffiMab. HEK Blue cells were used as control. CD40 activation was 
measured by spectrophotometer at 620 nm. B) HEK293T cells expressing different RgE, unregulated CMV (Level 
2), PDGFRb expressing NIH-3T3 cells, and HEK Blue CD40L cells were co-cultured and treated with three 
different CD40-HC AffiMab concentrations. CD40 activation was determined by spectrophotometer at 620 nm.  
 
 
To investigate the impact of the varying PDGFRb receptor densities on B cell activation, a co-
culture assay was performed with Ramos B-cells. First, as previously, the adherent HEK293T 
cells were transfected with plasmid vectors containing different RgE (Level 1-4). Next, 24  
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hours post-transfection, the cells were treated with Ramos B-cells, CD40-mAb (control), and 
CD40-HC-AffiMab. About 48 hours later, the activation levels were measured by flow 
cytometry. Since the control CD40 mAb does not bind to the PDGFRb receptor, no activation 
was detected (Figure 4.19). Upon CD40 activation generated by CD40-HC-AffiMab, Level 1 
resulted in 2.5-fold lower B cell activation than the unregulated CMV (Level 2). Additionally, 
the highest B-cell activation was measured for Level 4, giving 2.2-fold higher activation than 
the Level 2 (unregulated CMV). These results confirmed that varying levels of PDGFRb 
clustering drive selective B-cell activation.   

 
 

 
 

Figure 4.19: Different levels of PDGFRb clustering result in selective activation of Ramos B-cells. The 
HEK293T cells expressing various levels of PDGFRb were co-cultured with Ramos B-cells. The cells were 
treated with CD40-HC AffiMab and the control, CD40 mAb. B-cell activation was determined using flow 
cytometry. Level 4 yielded 2.2-fold higher B-cell activation than unregulated CMV (Level 2) and Level 1 resulted 
in 2.5-fold lower B-cell activation than Level 2. Level 3 showed similar B-cell activation as the unregulated CMV 
(Level 2).  
 
 

In this project, we generated a platform for tuning the expression level of PDGFRb on the 
surface of adherent HEK293T cells. Western blot analysis validated the varying expression 
levels of PDGFRb. By employing a bispecific CD40-HC AffiMab, we showed that different 
receptor densities resulted in different CD40 signaling and thereby different B cell activation. 
We believe that our platform can be used as a model system for expressing different levels of 
cancer markers and hence can be employed to develop cell-based cancer assays, which are 
essential tools in cancer research and drug discovery.         
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Concluding remarks and future perspective 
 

Our increased understanding of the building blocks of our cells, how they function, and how 
they are involved in developing diseases has led to the discovery of many new and advanced 
molecules capable of treating and curing diseases that were not curable before. Moreover, these 
biologics are often target-specific, safe, and highly effective. Their high affinity to a specific 
target can lead to lower toxicity and reduced adverse effect. Sadly, these life-saving biologics 
are costly and mainly available to patients in high-income countries. I am originally from a part 
of the world, where the amount of money in your pocket decides the quality of the health care 
you receive. Unfortunately, some people do not receive any treatment at all. Hence, one of the 
goals of the scientific community is to provide an equal health care system in every part of the 
world. One way to achieve this goal is to generate cell factories that are better at producing r-
proteins, which refine biopharmaceutical’s quantity and quality while reducing the production 
cost. 
 
The overexpression of novel and complex molecules often overburdens the cellular machinery, 
resulting in lower titer and impaired quality of therapeutic proteins. Several engineering 
methods have been developed to assist the host cells in coping with this elevated level of stress, 
including metabolic engineering, glycoengineering, and engineering the secretory pathway. 
Despite all of these efforts, there are still some proteins that are difficult-to-express. With the 
increased numbers of new and complex biologics discovered each year, new tools and 
strategies or even new and improved expression systems are required to overcome the 
remaining bottlenecks of r-protein production. 
 
The studies presented in this thesis have been focusing on improving and modulating the 
expression levels of proteins in mammalian cell lines. In the first project, we investigated the 
capability of two of the most common mammalian cell lines, HEK293 and CHO, to generate a 
set of difficult-to-express proteins. We showed that HEK293 cells could rescue some of these 
difficult-to-express proteins, and therefore we employed transcriptomic analysis to examine 
the cellular differences between the cell lines. Here, we observed gene expression differences 
related to the secretory pathway indicating this pathway to be a limiting factor in CHO cells. 
In project II, transcriptomic analysis was utilized between two stable CHO clones generating a 
sulfatase with different degrees of activation. Additionally, potential key genes were identified. 
When co-expressed with the ASA enzyme, three of the identified genes showed a positive 
effect on the sulfatase activity, where one of the genes enhanced the enzyme activity by 150-
fold. In study III, we compared the transcriptomic data of two stable CHO clones and CHO 
pools producing two difficult-to-express and aggregated-prone BsAbs. The RNA sequencing 
data revealed ER-related genes to be differentially expressed in the first BsAb, whereas 
autophagy genes seemed to be important in the expression of the second BsAb. While co-
expression of some of these identified genes resulted in lower aggregation of the BsAbs, co- 
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expression of two ER-related genes successfully increased the titer of trastuzumab by 50%. 
Project IV presented an easy-to-use toolbox for balancing the translational expression level of  
a protein of interest. Here we could see that sometimes less is more. By giving the cells the 
task to produce the right amount of protein, we improved both the productivity and quality of 
the two model proteins. In the last project, by utilizing the toolbox presented in paper IV, we 
generated a platform for expressing varying levels of PDGFRb, a cancer marker associated 
with the aggressive form of many cancer types. We believe that this platform can provide a 
cell-based cancer assay as an important tool in cancer research and drug development.   
 
In conclusion, the results conducted in this thesis yielded strategies to improve the production 
process of r-proteins in mammalian cell lines, which can lead to the reduction of the 
manufacturing cost of biologics. I hope that the knowledge provided by this thesis can bring us 
one step closer to a world where the health care system is more equal between the high-income 
and low-income countries, providing every individual the right to receive affordable and 
effective medicines. 
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