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Abstract 
 
Chinese hamster ovary (CHO) cells are one of the most common cell line host for the 

production of recombinant proteins in biopharmaceutical industry. In order to ensure a 

continuous supply and meet an increasing market demand, bioprocess advances are needed 

where cells produce more product and are grown at higher cell densities. Under these 

conditions, cell energy requirements and the oxygen demand are increased and as a result 

more waste components are accumulated in the extracellular environment. Such conditions 

are more intensive and stressful for the cells and can lead to lower productivity, and eventually 

cell death. Thus, a control of cellular stress is required to maintain the recombinant production 

yields, product quality and to ensure the robustness of the bioprocess.  

Overall, this PhD thesis focused on the understanding of oxidative stress to support future 

development of control strategies. In literature, oxidative stress is defined as the imbalance 

between oxidant molecules generation and antioxidant defense within the cells. Under 

bioprocess conditions, reactive oxygen species can be generated by multiple sources. In  the 

first part, this thesis summarize the available knowledge on oxidative stress and gives an 

overview of strategies used to control it in CHO cells. The second part of this thesis covers an 

investigative study focusing on glutathione metabolism and its relationship with specific 

productivity. Based on a genome-wide proteomic analysis, we have identified a link between 

oxidative stress and cholesterol biosynthesis. In a second study, we have observed different 

responses depending on the oxidative stress sources. We have confirmed the link between 

oxidative stress and cholesterol biosynthesis and suggest a specific involvement of 

glutathione in the recombinant protein production. In the last part, the thesis ends on a case 

study where the modulation of oxidative stress using cystine analogs can help to improve 

product quality without detrimental effects on the process performance. Finally, we conclude 

and discuss future perspectives of the obtained results in this thesis.   
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Dansk sammenfatning  
 
CHO-celler fra kinesisk hamster er en af de mest almindelige cellelinjer for produktion af 

rekombinante proteiner i biofarmaceutisk industri. For at sikre en kontinuerlig forsyning og 

imødekomme en stigende efterspørgsel på markedet er bioprocessfremskridt nødvendigt, 

hvor celler producerer mere produkt og dyrkes ved højere celletæthed. Under disse forhold 

øges celleenergikrav og iltbehovet, og som et resultat akkumuleres flere affaldskomponenter 

i det ekstracellulære miljø. Sådanne forhold er mere intensive og stressende for cellerne og 

kan føre til lavere produktivitet og til sidst celledød. Således kræves en kontrol af cellulær 

stress for at opretholde de rekombinante produktionsudbytter, produktkvalitet og for at sikre 

bioprocessens robusthed. 

 

Samlet set fokuserede denne ph.d.-afhandling på forståelsen af oxidativ stress for at 

understøtte fremtidig udvikling af kontrolstrategier. I litteratur defineres oxidativ stress som 

ubalance mellem dannelse af oxidantmolekyler og antioxidantforsvar i cellerne. Under 

bioprocessbetingelser kan reaktive iltarter genereres af flere kilder. I den første del 

opsummerer denne tese den tilgængelige viden om oxidativ stress og giver en oversigt over 

strategier, der er brugt til at kontrollere det i CHO-celler. Den anden del af denne afhandling 

dækker en undersøgende undersøgelse med fokus på glutathionmetabolisme og dens forhold 

til specifik produktivitet. Baseret på en genomomfattende proteomisk analyse har vi 

identificeret en forbindelse mellem oxidativ stress og kolesterolbiosyntese. I en anden 

undersøgelse har vi observeret forskellige svar afhængigt af de oxidative stresskilder. Vi har 

bekræftet forbindelsen mellem oxidativt stress og kolesterolbiosyntese og antyder en specifik 

involvering af glutathion i den rekombinante proteinproduktion. I den sidste del afsluttes 

afhandlingen med et casestudie, hvor moduleringen af oxidativ stress ved hjælp af 

cystinanaloger kan hjælpe med at forbedre produktkvaliteten uden at have skadelige effekter 

på procesydelsen. Endelig konkluderer vi og diskuterer fremtidige perspektiver på de opnåede 

resultater i denne afhandling.  
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Thesis objectives and structure 
 
Biopharmaceuticals approvals have increased in the last decade with 155 products approved 

in US and in Europe between 2014 and 2018 (Walsh, 2018). This trend will be maintained in 

coming years, as 40% of the clinical studies in 2018 were done on biopharmaceutical 

products. Beside gene and cell therapies products, which are slowly gaining space on the 

market, recombinant monoclonal antibodies (mAbs) and related products sit on the top of the 

biopharmaceuticals approvals. Recombinant mAbs are proteins which require an adapted cell 

host for their production. Prokaryotic or eukaryotic cells can be used depending on the 

complexity of the mAb product. Bacteria such as E.coli are usually use to produced Fab 

molecule. However full mAb production required an eukaryotic system able to perform post-

translational modifications such as glycosylation. As glycosylations play a major role in the 

antibody-dependent cellular cytotoxicity response in human body, recombinant mAb have to 

be glycosylated as a native human proteins (Walsh et al., 2006).  

Different mammalian cell types such as CHO, NS0, Sp2/0, HEK293 have been used to 

produced monoclonal antibody (Kunert et al., 2016). Despite this number of possible host, 

CHO cells remain the preferred cell factory for recombinant mAb production. This success is 

certainly due to the large amount of background information available in literature and the 

number of regulatory agencies approvals already obtained for biotherapeutics with this 

expression system (Dumont et al., 2016). Moreover, the huge effort put in cell engineering and 

process development by the CHO cells scientific community, led to commercially sustainable 

processes with product titer between 1g/L to 10g/L (Kim et al., 2012). However, with the 

demand increase, CHO based processes still required to improve their yields. In this context, 

bioprocesses are more and more intensified, for example by reaching high cell densities. As 

a consequence, CHO cells are subjected to more and more stressful environments.  

Cellular stress can occur because of the constant stimulation of the energetic metabolism, the 

waste accumulation in the extracellular environment and the use of rich and complex media 

and feeds needed to sustain the cell line productivity and growth. Moreover, the high oxygen 

requirement in high cell density cultures led to an increase of stirring and gazing, which can 

be responsible of an increase of shear forces in the bioreactors. Therefore, detrimental effect 

on cell growth, productivity and product quality can be observed. 

This PhD project focused on the study of on one specific cellular stress, the oxidative stress. 

In literature, oxidative stress is defined as the imbalance between oxidant molecules 

generation and antioxidant defense within the cells (Sies et al., 2017). Oxidative stress has 

been well studied in the context of ageing or diabetes, but it has been less extensively 

examined regarding its impact on recombinant proteins produced during fed-batch or 
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continuous processes in bioreactors. The state-of-the-art and the theoretical background on 

oxidative stress and the related control strategies in CHO cells are presented in chapter 1.  

Then, chapter 2 and 3 focused on the understanding of oxidative stress in CHO cells. The 

objective was to characterize the response of CHO cells under specific oxidative stress. In 

chapter 2 , the study centered on the glutathione metabolism. Glutathione (GSH) is one of the 

main antioxidant defenses of the cells. In it reduced form, GSH is a cofactor of antioxidant 

enzyme and can scavenge reactive oxygen species. We have conducted a genome-wide 

proteomic analysis on cells with different level of intracellular glutathione and tried to put these 

results in perspective with the differences productivity observed. In chapter 3, we have induced 

different types of oxidative stress by targeting catalase and thioredoxin reductase. The goal 

was to compare the phenotype and metabolism with the GSH specific response studied in 

chapter 2.   

Finally, chapter 4 focused on an innovative solution to alleviate oxidative stress and improve 

product quality. We have studied the effect of a new cystine analog, the N,N′-diacetyl-L-cystine 

dimethylester (DACDM), on the GSH content and the process performances. This case study 

demonstrated that the control of oxidative stress can help to improve the product quality.  
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Rationale 

This chapter introduces the concept of oxidative stress in CHO cells producing recombinant 

proteins. Oxidative stress is a widely studied topic in its medical context, for example in 

diabetes or aging, but also in bioprocessing using bacterial system. As cells are cultivated in 

a stressful environment due to cultivation parameters, such as stirring, aeration, 

and accumulation of byproducts, oxidative stress can also occur during mammalian cells 

cultivation. A lot of studies have been performed to assess the impact antioxidant compounds 

on CHO cells culture performance showing improvements in growth, productivity and/or 

product quality. More recently, some cell engineering works were also performed to reduce 

oxidative stress. However, during our literature review on this subject, we did not find a 

summary of these approaches. In this context, we wanted to offer an overview of strategies 

used in literature to help scientists interested in this subject, as well as provide an insight into 

the current advances in oxidative stress mitigation in bioprocesses using CHO cells.  
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Abstract 
Large scale biopharmaceutical production of biologics relies on the overexpression of foreign 

proteins by cells cultivated in stirred tank bioreactors. It is well recognized and documented 

fact that protein overexpression may impact host cell metabolism and that factors associated 

with large scale culture, such as the hydrodynamic forces and inhomogeneities within the 

bioreactors, may promote cellular stress. The metabolic adaptations required to support high 

level expression of recombinant proteins include increased energy production and improved 

secretory capacity, which, in turn, can lead to a rise of reactive oxygen species (ROS) 

generated through the respiration metabolism and the interaction with media components. 

Oxidative stress is defined as the imbalance between the production of free radicals and the 

antioxidant response within the cells. Accumulation of intracellular ROS can interfere with the 

cellular activities and exert cytotoxic effects via the alternation of cellular components. In this 

context, strategies aiming to alleviate oxidative stress generated during the culture have been 

developed to improve cell growth, productivity, and reduce product microheterogeneity. In this 

review, we present a summary of the different approaches used to decrease the oxidative 

stress in CHO cells, and highlight media development and cell engineering as the main 

pathways through which ROS levels may be kept under control.  

Keywords 
Chinese hamster ovary cells; CHO; oxidative stress; cell engineering; antioxidant  
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1. Introduction 

Over the last two decades, with 62 approved recombinant proteins between 2011 and 2016, 

protein-based pharmaceuticals (biologics or biopharmaceuticals) strategy has proven to be a 

key player in the development of treatments for complex diseases (Lagassé et al., 2017). 

Mammalian cells are the preferred host to produce recombinant therapeutics, such as 

monoclonal antibodies. Their intracellular machinery is capable of producing post-

translationally modified proteins (mainly glycosylated forms) displaying similar modifications 

to those observed in human cells. Several mammalian cell lines have been used for production 

of recombinant proteins, including murine myeloma (NS0, Sp2/0) cells, baby hamster kidney 

(BHK21) cells and human cell lines (HEK293 and HT-1080), however 70% of recombinant 

therapeutic proteins are produced in Chinese Hamster Ovary cells (CHO) (Dumont et al., 

2016; Kim et al., 2012). 

For safety and raw material control considerations, biopharmaceutical industries are now 

using serum free, chemically defined cell culture media. However, the impact of serum 

depletion with regards to growth performance and culture viability is considerable, and can, in 

severe case, promote apoptosis (Yao et al., 2017). Both the antioxidant properties of serum 

and the link between free radicals and cell death are well established, and it is therefore likely 

that oxidative stress resulting from the serum-depletion is one of the root causes behind the 

decrease in cell viability (Halliwell, 2003; Lewinska et al., 2007). 

Oxidative stress is defined as the imbalance between the production of free radicals and the 

antioxidant response within the cells (Sies et al., 2017). Reactive oxygen species (ROS) are 

natural byproducts of aerobic metabolism, however, if their levels become too high, these 

compounds can impact cell health through their high reactivity towards biological components, 

including protein, lipids, RNA and DNA (Halliwell, 2006). Protein are particularly vulnerable to 

oxidative modifications, notably by OH• which can react with all amino acid residues, or ROO• 

which shows higher affinity for sulfur side-chain amino acids, such as L-cysteine and L-

methionine, or aromatic amino acids such as L-tryptophan and L-tyrosine (Cai et al., 2013; 

Davies, 2016). When cells are not able to counterbalance these damages, apoptosis is 

activated to prevent necrosis. Although this phenomenon is a naturally-occurring defense 

mechanism in organisms, it is not desirable in the context of bioprocesses. In addition to the 

negative impact on cell culture performance, production of free radicals during the culture can 

also be detrimental through the recombinant protein microheterogeneity (He et al., 2018; Xu 

et al., 2014). Recombinant protein microheterogeneity corresponds to all the recombinant 

protein variants that can be generated during the production process, namely charge variants, 

size, variants bearing different N-glycosylations, different levels of oxidation on specific amino 

acids such as tryptophan and methionine, etc… Overall, changes in proteins 
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microheterogeneity may lead to changes in coloration of the recombinant protein of interest. 

These variants can originate from different post-translational modifications or non-enzymatic 

reactions (Beyer et al., 2018).  Acidic variants of monoclonal antibody (mAb) have previously 

been shown to correlate with ROS levels, supporting the existence of a link between oxidative 

stress and recombinant protein microheterogeneity (Mallaney et al., 2014). 

In the context of biopharmaceutical production, oxidative stress can be caused by a number 

of factors, including bioreactor oxygen inhomogeneity, rich cell culture media, high 

productivity, and waste accumulation. One important process parameter during bioproduction 

is oxygen level. Maintaining a constant and homogenous oxygen level in the bioreactor is 

challenging and can be influenced by many parameters, such as gas flow, stirring speed, gas 

transfer capacity of the fluid and antifoam addition. In large bioreactors, local dO2 gradients 

can be formed (Xing et al., 2009). This heterogeneity in oxygenation can result in localized 

hypoxic condition within the culture, and lead to an increase in the sensitivity of CHO cells to 

oxidative stress that is detrimental to cell growth, culture productivity and/or product quality 

(Lewis et al., 2016; Lin et al., 1993; Lin et al., 1992). On the other hand, hyperoxia can also 

be a problem in bioprocesses. Restelli and coworkers showed that an excessive dO2 

concentration in the culture impacted the glycosylation profile of recombinant erythropoietin 

produced in CHO cells (Restelli et al., 2006). The authors hypothesized that high dO2 

concentrations promoted ROS production and ROS-dependent protein alteration, and that the 

energetic cost of detoxification these toxic compounds could lead to a decrease in others 

critical metabolic processes. 

Another potential source of oxidative stress is the elevated energetic demands required by the 

cell to produce recombinant proteins. The main source of ATP in aerobic organisms is 

oxidative phosphorylation (OXPHOS), which takes place in the mitochondria. Therefore an 

increase of metabolic fluxes towards OXPHOS, the TCA cycle, and related pathways is often 

observed in cells producing recombinant protein (Templeton et al., 2013). However, complex 

I and III activities within the electron transport chain are the main source of ROS within the 

cells (Turrens, 2003). An increase in OXPHOS activity is, therefore, likely to generate ROS, 

among other pathway byproducts.  

In addition to the increase of energy requirements, the combination of the normal production 

of host protein and recombinant protein production can lead to an accumulation of protein in 

the endoplasmic reticulum (ER) (Mathias et al., 2018). ER is the central location for protein 

folding and the first step of the secretory pathway. Folding of proteins, in particular disulfide 

bond formation, requires an oxidative environment and, in certain cases, can induce ROS 

generation. For example, oxidation of ER oxidoreductin 1 (ERO1) is required in order to 

exchange its disulfide bond with its enzymatic partner, the protein disulfide isomerase (PDI). 

This exchange releases H2O2 as a by-product in the ER (Tu et al., 2004). In addition, when 
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the ER is overloaded by unfolded proteins, a protection system called the unfolded protein 

response (UPR) is activated by a number of transcription factors and can also lead to 

apoptosis and ROS production (Hetz, 2012). Activation of UPR transcription factors, such as 

the pro-apoptotic transcription factor C/EBP-homologous protein (CHOP) and the DNA 

damage-inducible 34 protein (GADD34), coupled to altered calcium homeostasis is 

accompanied by an increase in ROS. Furthermore, CHOP-dependent activation of GADD34 

and ERO1α  is reported to promote accumulation of ROS in the ER due to an increase of 

oxidation events (Marciniak et al., 2004). Moreover, ROS activate inositol-1,4,5trisphosphate 

receptors (IP3Rs) which release calcium in the cytoplasm. This calcium signaling induces 

mitochondrial oxidative stress and further ROS production (Cao et al., 2014). Therefore, it is 

essential that the cells have an efficient secretory machinery to avoid the accumulation of 

protein in ER and ultimately the overproduction of ROS. This relationship between 

accumulation of unfolded recombinant protein in the ER and oxidative stress has been 

evidenced in the biopharmaceutical production of blood coagulation factor VIII (Malhotra et 

al., 2008).  

During cultivation of mammalian cells, and especially in fed batch mode, a number of media 

components and cell metabolism byproducts are accumulating in the extracellular 

environment. Some cell culture media components such as vitamins, amino acids, glucose, 

and even antioxidant compounds such as polyphenolic compounds can generate ROS in the 

presence of oxygen (Halliwell, 2014; Kelts et al., 2015; Schnellbaecher et al., 2019). Moreover, 

specific cell metabolism byproducts reported to be growth inhibitors can also lead to oxidative 

stress (Pereira et al., 2018). For example, phenyllactate, which was identified as a growth 

inhibitor in CHO cells, promotes lipid peroxidation in rat cortex cells tissue (Fernandes et al., 

2010; Mulukutla et al., 2017). Likewise, methylglyoxal, a byproduct of glucose and amino acid 

metabolism, has been shown to induce oxidative stress in rat cells (Fukunaga et al., 2005). In 

addition, this compound has also been shown to lead to increased levels of acidic species of 

mAbs produced in CHO cells (Chumsae et al., 2013).  

Due to this large number of potential sources of oxidative stress during bioprocesses and 

given the deleterious impact of ROS on process performances, different strategies have been 

developed over the past few decades to counteract this issue. In particular, the approach 

consisting in altering cell culture media, mainly via supplementation of the medium with 

antioxidant molecules, is widely described in literature. The decrease of oxidative stress in 

response to antioxidant supplementation, occurring through direct ROS scavenging or 

antioxidant cellular defense activation, has been shown to reduce cell death and the product 

microheterogeneity, and increase productivity of the process. While cell culture media 

modification is the currently preferred option in the CHO cell scientific community, the 



15 
 

emergence of CHO omics has also opened up new avenues to alleviate oxidative stress by 

cell engineering.  

In this review, we first give an overview of the oxidative stress in mammalian cells by 

describing the potential sources of ROS during the cultivation as well as the cellular antioxidant 

defense. Thereafter, we provide a description of the two main strategies found in literature to 

alleviate oxidative stress: supplementation of media formulations with antioxidant molecules, 

and cell line engineering.   

2. Oxidative stress in mammalian cells 

2.1. Sources of reactive species in mammalian cells 

2.1.1. Intracellular generation of ROS 

ROS refer to a group of molecules derived from oxygen, which, due their oxygen content or 

the presence of unpaired electrons, display high reactivity towards a large array of 

biomolecules. Among ROS, the free radical forms, such as the superoxide anion radical, the 

hydrogen hydroxyl radical, or the peroxyl radical, are more reactive than the corresponding 

reduced forms, hydrogen peroxide or organic hydroperoxide. In addition to ROS, other radical 

species such as reactive nitrogen species (RNS), reactive sulfur species (RSS), reactive 

carbonyl species (RCS), and reactive selenium species can be generated (Sies et al., 2017). 

The production of ROS and RNS can be enzymatic or non-enzymatic (Dhawan, 2014). 

Moreover, in the context of bioprocesses, reactive species can be generated intracellularly 

due to the cell metabolism, or extracellularly in the cell culture media due to deterioration of 

media components.  

The intracellular ROS mainly originate from the respiratory chain in the mitochondria (Turrens 

et al., 1985). Superoxide anions produced in the mitochondrial matrix will be dismuted into 

H2O2 by the manganese-dependent superoxide dismutase (MnSOD), while those generated 

in the intramembrane space are converted by the copper-zinc superoxide dismutase 

(CuZnSOD) (Fukai et al., 2011; Turrens, 2003). Superoxide radicals can also form 

peroxynitrite after reaction with nitric oxide originating from arginine degradation by nitric oxide 

synthases in the mitochondria and in the peroxisomes (Ghafourifar et al., 2005; Schrader et 

al., 2006). In addition, the superoxide anion, can react with H2O2 through the Haber-Weiss 

reaction, to produce the hydroxyl radical OH• which is considered the most deleterious ROS 

(Nordberg et al., 2001). Indeed, due to its high reactivity, OH• non-preferentially oxidizes amino 

acids, DNA, or lipids. The hydroxyl radical can also be generated in presence of transition 

metal (Fe2+ or Cu2+) by the cleavage of H2O2 through the Fenton reaction. In contrast to the 

superoxide anion, H2O2 have less reactivity and can diffuse through membranes (D'Autreaux 

et al., 2007). Due to its diffusion properties, H2O2 has an important role in signaling. For 
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example, H2O2 modulates the activity of transcription factors such as activator protein-1 (AP-

1) involved in cell proliferation, apoptosis, survival, and cell differentiation. It also regulates the 

activity of the sterol regulatory element binding protein 1 (SREBP1) involved in cholesterol, 

lipids and fatty acids synthesis (Marinho et al., 2014).  

In addition to the mitochondria, ROS can also be produced in other locations within the cell. 

Beta-oxidation of fatty acids takes place in the mitochondria and in peroxisomes, which contain 

many types of oxidases such as Acyl-CoA oxidase and xanthine oxidase (Eaton et al., 1996; 

Schrader et al., 2006). In consequence, ROS generation also occurs in peroxisomes as a 

product of these enzymatic reactions. Another location for ROS generation is the ER. The 

lumen of the ER is an oxidative environment which promotes the biochemical reactions 

required for protein folding (Tu et al., 2004). Formation of disulfide bonds through the 

ERO1/PDI pathway, releases H2O2 in the ER lumen. Moreover, H2O2 is generated by NADPH 

oxidase 4 (NOX4) and by the microsomal monooxygenase system (MNO) in the ER 

membrane (Brandes et al., 2014; Zangar et al., 2004; Zeeshan et al., 2016). ROS production 

in the ER can also activate the release of Ca2+ in the cytosol. In turn, this signaling cascade 

leads to a release of cytochrome c from the mitochondria and initiates apoptosis (Cao et al., 

2014). This cascade of events shows the relationship between oxidative stress, ER stress, 

and apoptosis (Malhotra et al., 2007). Moreover, the recombinant protein produced can itself 

be a source of reactive species. A large protein with a large number of cysteine will have a 

higher propensity to accumulate in ER due to the large number of disulphide bonds to be 

formed. The enzymes responsible for disulfide bond formation, ERO1 and PDI, will therefore 

generate more H2O2. This phenomenon was illustrated in yeast through the comparison of the 

expression of alpha amylase, a large protein with numerous cysteines but only four disulfide 

bonds, and human insulin precursor, a small protein with three disulfide bonds (Tyo et al., 

2012). Because of the presence of many cysteines in the sequence of alpha amylase, the 

probability of incorrect disulfide bond formation is increased during protein folding. Along these 

line, Tyo and colleagues demonstrated that more oxidative and osmotic stress transcription 

factors were activated upon alpha amylase expression than human insulin precursor 

expression. Incorrect disulfide bonds can be reduced by PDI thanks to its isomerase activity 

(Wilkinson et al., 2004). However if the folding rate is too slow, misfolded proteins will 

accumulate in the ER leading  to the unfolded protein response which, in turn, can promote 

oxidative stress (Malhotra et al., 2007).  

2.1.2. Cell culture media-derived ROS 

In addition to intracellular sources, medium components can react with oxygen, light, and other 

components to generate ROS (Grzelak et al., 2000). For example, riboflavin is light sensitive 

and can generate ROS by photooxidation. Grzelak and coworkers showed in their study that 
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the riboflavin-dependent ROS production is amplified in presence of tryptophan, tyrosine, 

pyridoxine, and folic acid in medium (Grzelak et al., 2001). Folic acid is also light sensitive in 

presence of oxygen and can be degraded to 6-formylpterin and pterin-6-carboxylic acid, which, 

in turn, generate ROS (Gazzali et al., 2016; Juzeniene et al., 2016). Another vitamin, which is 

easily oxidized in cell culture media and generates H2O2, is ascorbic acid (Long et al., 2009). 

More generally, thiol compounds present un the media can also be a source of H2O2 following 

autoxidation reactions or interaction with other media components, such as metal ions 

(Grzelak et al., 2001; Hua Long et al., 2001). For example, reduced glutathione (GSH) can 

form complexes with copper in a reducing environment which leads to superoxide generation 

(Speisky et al., 2009). Glucose also reacts with oxygen and metal ions and produces ROS or 

reactive degradation products like methylglyoxal (Chumsae et al., 2013).  

ROS and byproducts generated by media components oxidation can lead to degradation of 

the overexpressed protein and an increase in product microheterogeneity. For example, a 

recent study have demonstrated that ROS were generated in the medium at high iron 

concentration (Xu et al., 2018). By lowering iron concentration, they managed to decrease 

both free radicals generation and mAb microheterogeneity, especially tryptophan oxidation 

responsible of mAb coloration levels (Xu et al., 2014). However, as lowering iron led to a 

decrease of product titer, an adaptation of the process through cell line adaptation and further 

basal medium modifications were required to restore the original titer.  

2.1.3. Antioxidant response in mammalian cells  

In order to maintain reactive species at non-deleterious levels, mammalian cells have 

developed an array of antioxidant systems, including different detoxification enzymes and 

signaling pathways. One of the major players of this defense is GSH (Figure 1). GSH is a 

tripeptide (γ-L-glutamyl-L-cysteinyl glycine) which can be oxidized to form glutathione disulfide 

(GSSG). GSH acts as a ROS scavenger and as the substrate of detoxification enzymes such 

as glutathione peroxidases (GPXs) and glutathione-S-transferases (GSTs) (Espinosa-Diez et 

al., 2015). 

Eight GPXs have been identified so far in mammalian cells: GPX1-4 are selenoproteins, 

while GPX5-8 use cysteines to carry out their enzymatic activity (Brigelius-Flohé et al., 2013). 

However, some of them, such as GPX5, are tissue-specific and not present in CHO cells. 

These enzymes use GSH as a reducing substrate, but it has been shown that some of them 

can use other reducing substrates like thioredoxin or PDI. Their major substrate is H2O2, but 

they can also detoxify peroxynitrite and oxidized chain of lipids (LOOH). Other enzymes such 

as catalase and peroxiredoxins also detoxify H2O2 (Nordberg et al., 2001).  
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Figure 1 : Major enzymatic reactions involving glutathione. 
Conjugation reactions with an electrophilic donor are catalyzed by glutathione-S-transferases (GST). Reduction of 

substrate such as H2O2, lipid peroxide (LOOH) and peroxynitrite (ONOO-) are catalyzed by glutathione peroxidases 

(GPx). Disulfide bonds reduction can be catalyzed by glutaredoxins (Grx). Reduction of GSSG to GSH is catalyzed 

by the glutathione reductase (GR) and required NADPH. 

 

Glutathione-S-transferases conjugate GSH with reactive electrophilic compounds to facilitate 

their removal from the cell through specific transporters (Salinas et al., 1999). GSSG is 

returned to its monomeric active form (GSH) through the activity of glutathione reductase and 

cofactor NADPH.  

Two other proteins involved in antioxidant defense are glutaredoxins (Grx) and thioredoxins, 

which catalyze disulfide bond reductions. Thanks to this function, these proteins are capable 

of reversing post-translational modifications caused by ROS such as sulfenylation, 

glutathionylation, and cysteinylation (Hanschmann et al., 2013). Thioredoxins also transfer 

electrons to peroxiredoxins (Prxs), which are H2O2 scavengers, and to methionine sulfoxide 

reductases which reverse methionine oxidation (Lu et al., 2014). Moreover, thioredoxins are 

involved in the modulation of some transcription factors activity such as Nuclear Factor-κB 

(NF-κB) and AP-1 (Schenk et al., 1994). Oxidized thioredoxins are reduced by thioredoxin 

reductases using NADPH as an electron donor while oxidized glutaredoxins are reduced by 

glutathione. 

Another important aspect of cellular antioxidant response is the number of signaling pathways 

involved. In presence of ROS, nuclear factor erythroid 2 (NRF2) dissociates from Kelch-like 

ECH-associated protein 1 (Keap 1). Free NRF2 will then activate the antioxidant response 

element (ARE) localized in genes coding for detoxifying enzymes such as glutathione-S-
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transferase and heme oxygenase-1, which degrades free heme (Gong et al., 2001), but also 

enzymes involved in the biosynthesis of GSH such as the catalytic and regulatory subunits of 

the glutamate-cysteine ligase (GCL) (Nguyen et al., 2003). Another example of a transcription 

factor involved in the antioxidant response is NF-κB. The activation of this transcription factors 

has been shown to correlate with the expression of antioxidant enzymes, such as superoxide 

dismutases (MnSOD and ZnCuSOD), GST-pi, and GPX-1, in different tissues (Morgan et al., 

2011). However, it has been reported that NF-κB is also involved in the transcription of pro-

oxidant enzymes, such as xanthine oxidase/dehydrogenase and inducible nitric oxide 

synthase. The sterol regulatory element binding proteins 2 (SREBP-2) involved in lipid 

homeostasis, also contributes to the antioxidant response through the regulation of 

paraoxonase-2 expression in CHO cells (Gu et al., 2014). This enzyme is a hydrolase with a 

wide range of substrates, that has been reported to exert antioxidant activity in several tissues, 

including brain, ovarian carcinoma, and intestinal epithelial cells (Devarajan et al., 2018; 

Giordano et al., 2011; Précourt et al., 2012).  

In the context of biopharmaceutical production, several cellular adaptations to increased ROS 

generation and oxidative stress have been reported. Templeton et al. described a correlation 

between the production of mAb and increased fluxes into the TCA cycle during fed batch cell 

culture. Their metabolic flux analysis also showed that the ratio of NADPH/NADP+, which is 

high at the beginning of the process, decreased considerably during the late exponential and 

stationary phases (Templeton et al., 2013). Moreover, they observed the same effect on the 

intracellular GSH to GSSG ratio. As NADPH is required to recycle GSSG back to GSH, they 

suggested that the increased TCA cycle activity, which positively impacted mAb production, 

was a spontaneous cellular reaction to oxidative stress. Similarly, a rise in activity of the 

oxidative pentose phosphate pathway could also be a way for the cell to produce NADPH and 

strengthen its antioxidant defenses. The NADPH/NADP+ ratio is an indicator of the redox state 

of the cell and is often used as an oxidative stress marker (Blacker et al., 2016). However, 

there are cellular pathways that do not involve glutathione regeneration and use NADPH as a 

cofactor, one example is lipid biosynthesis (Lewis et al., 2014). Although oxidative stress will 

tend to decrease the intracellular NADPH/NADP+ ratio, it can also be impacted by other 

metabolic adaptations. 

3. Medium development approaches to limit oxidative stress  

Despite the array of internal antioxidant defense mechanisms, cultivated cells may benefit 

from extracellular antioxidant activity to reduce production-derived oxidative stress. 

Antioxidant components are extensively used in chemically defined serum-free media to 

counterbalance the loss of serum and hydrolysate antioxidant properties (Saito et al., 2003). 
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This section summarizes classes of compounds bearing antioxidant properties that were 

assessed for culture of CHO cells (see Table 1). 

3.1. Thiol compounds 

The majority of cellular antioxidant defense systems contain a thiol moiety. The mode of action 

of these compounds is broad : (i) They can act as a substrate for detoxifying enzymes (e.g. 

GSH), (ii) they can directly scavenge ROS (e.g. N-acetylcysteine (NAC)), or (iii) they can be 

involved in metal chelation (e.g. lipoic acid) (Biewenga et al., 1997; Deneke, 2000; Sun, 2010). 

In addition, they can participate in the thiol/disulfide intra or extracellular redox balance and/or 

in cell signaling (Deneke, 2000; Go et al., 2013). Studies carried out by Yun and colleagues 

indicate that the addition of GSH in serum-free media reduces cell death and increase tissue 

plasminogen activator concentration (Yun et al., 2001). Besides GSH, a large number of thiol 

compounds with antioxidant properties can be supplemented to cell culture media to support 

cells defenses against oxidative stress. For instance, NAC is another a thiol antioxidant that 

is commonly used in CHO cell culture to prevent apoptosis induced by oxidative stress (Lord-

Fontaine et al., 1999; Wu et al., 2008; Xue et al., 2015). Some studies have demonstrated that 

NAC can improve production of recombinant human interferon-β-1a and erythropoietin, 

especially in combination with a sodium butyrate treatment (Chang et al., 1999; Oh et al., 

2005). An alternative to NAC is N-acetylcysteine amine, which has been shown to be less 

cytotoxic than NAC (Wu et al., 2008). Both compounds act as ROS scavengers and are 

precursors of cysteine and GSH that can contribute to increasing intracellular GSH content. 

Through direct interaction with thiol groups, NAC is capable of modulating the activity of 

signaling molecules, such as transcription factor NF-κB and c-Jun N-terminal kinase (JNK). 

However, this activity has only be demonstrated in specific cell type and further investigation 

will be required to gain a better understanding of the range of activities and antioxidant 

potential of NAC (Zafarullah et al., 2003). 

The use of S-sulfocysteine as a replacement for cysteine in cell culture media has recently 

been shown to improve recombinant protein production by increasing the GSH pool in CHO 

cells (Hecklau et al., 2016). The use of S-sulfocysteine in feed solutions was hypothesized to 

reduce the production of hydrogen sulfide by protecting thiol groups against oxidation. In an 

additional study, the same lab reported that this compound could also lower antibody low 

molecular weight species and trisulfide bond levels by decreasing free hydrogen sulfide in the 

medium (Seibel et al., 2017). 
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Table 1 : Antioxidant compounds used in CHO cells to reduce oxidative stress. 
 

Component Way of action described in literature Effect observed References 

Thiol compounds 

Glutathione 
ROS scavenger  

Substrate for ROS scavenger enzymes 

Maintain high mitochondria potential 

Decrease cell death 

Increase titer (Yun et al., 2001, 2003) 

N-acetylcysteine and 

N-acetylcysteine amine 
ROS scavenger  

Increase of intracellular glutathione pool 

Decrease cell death 

Increase titer 

Impact on sialylation 

(Chang et al., 1999; Ercal et al., 
1996; Issels et al., 1988; Oh et al., 
2005; Tanel et al., 2007; Wu et al., 

2008) 

S-sulfocysteine 
Stabilized cysteine 

Up regulation of SODs transcription 

Increase of intracellular glutathione pool 

Decrease cell death 

Increase titer 

Decrease recombinant protein 

fragments level 

Decrease recombinant protein 

trisulfides level 

(Hecklau et al., 2016; Seibel et al., 
2017) 

Thiazolidine 
Stabilization of the cell culture media  

Up regulation of SODs transcription 

Increase of intracellular glutathione pool 

Decrease cell death 

Increase titer (Kuschelewski et al., 2017) 

Taurine and it precursors 

Increase of intracellular glutathione pool 

Reduce lipid peroxidation  

Reduce catalase and erythrocyte G6PD activity 

Reduce mitochondrial superoxide generation 

Decrease cell death 

(Aruoma et al., 1988; Gurer et al., 
2001; Jong et al., 2012) 

Lipoic acid  ROS scavenger 

Iron and copper chelator 

Decrease cell death 
(Gurer et al., 1999; Maharjan al., 

2016) 
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Component Way of action described in literature Effect observed References 

Alpha ketoacids 

Pyruvate ROS scanvenger 

Decrease cell death 

Decrease recombinant protein 

trisulfides level 

(Andrae et al., 1985; Kshirsagar et 
al., 2012; Long et al., 2009) 

Alpha-ketoglutarate ROS scanvenger Iron chelator Decrease cell death (Andrae et al., 1985; Bayliak et al., 
2016) 

Vitamins 

Ascorbic acid and derivative ROS scavenger 
Decrease cell death 

Increase titer (Yun et al., 2001) 

Alpha-tocopherol Lipid peroxyl radical scavenger Decrease cell death (Chepda et al., 1999; Murati et al., 
2017) 

Trace elements 

Selenium / selenocysteine 
Cofactor of antioxidant enzymes 

Regulate 

expression of glutathione peroxidase 

Decrease cell death 
(Aykin-Burns et al., 2006; Gasser 
et al., 1985; Hamilton et al., 1977; 

Weiss et al., 1997) 

Chelators 

Defroxamine Iron chelator Decrease cell death 
(Yun et al., 2003) Aurintricarboxylic acid Iron chelator Decrease cell death 

Polyamines Iron chelator 
Decrease cell death 

Increase titer 
(Gaboriau et al., 2004; Lovaas, 

1997) 
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Component Way of action described in literature Effect observed References 

Phenolic compounds 

Butylated hydroxyanisole  ROS scavenger 

Iron chelator 

Decrease cell death 

Increase titer (Malhotra et al., 2008) 

Baicalein ROS scavenger Increase titer (Ha et al., 2017; Hamada et al., 
1993) 

Epicatechin gallate ROS scavenger 
Decrease recombinant protein charge 

variants level (Hossler et al., 2015) 

Rutin ROS scavenger 
Decrease recombinant protein charge 

variants level (Hossler et al., 2015) 
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Similarly, supplementation of the culture with thiazolidine in feed solutions can help stabilize 

redox sensitive vitamins and amino acids, and decrease their ROS content in feed. These 

molecules are obtained by condensation of cysteine with pyruvate or alpha ketoacids. In 1985, 

the antioxidant properties of pyruvate and alpha ketoacids , such as alpha-ketoglutarate, were  

highlighted in CHO cells exposed to H2O2 (Andrae et al., 1985). Pyruvate has also been 

shown to scavenge H2O2 present in cell culture media, thereby ensuring its stability (Long et 

al., 2009; McCoy et al., 2015). Addition of thiazolidine molecules during cell culture led to a 

decrease of cell death at the end of the production process and an increase of a recombinant 

mAb titer (Kuschelewski et al., 2017). Interestingly, the decrease of oxidative stress is 

observed upon thiazolidine supplementation appears to occur through an increase of 

intracellular GSH levels and expression of MnSOD and CuZnSOD. 

Sulfur-containing amino acid, taurine, has also been reported to reduce cell death by 

increasing the GSH content, reducing lipid peroxidation, and reducing catalase and 

erythrocyte G6PD activity (Gurer et al., 2001). However, it has a low ROS scavenging activity 

compared to its precursors hypotaurine, s-carboxymethylcysteine, cysteamine, and 

cysteinesulphinic acid (Aruoma et al., 1988).  

Finally, lipoic acid, a fatty acid derivative with antioxidant properties, is another thiol compound 

tested in the context of CHO cell cultivation. It was used in early chemically defined medium 

such as Ham’s F12 developed for CHO cells (Hamilton et al., 1977). Lipoic acid is known to 

reduce lipid peroxidation, scavenge ROS, and chelate iron and copper, thereby contributing 

to a reduction of cell death (Gurer et al., 1999; Maharjan et al., 2016). However due to its 

insolubility in aqueous solutions, other thiol-containing molecules are generally preferred for 

medium supplementation. 

3.2. Vitamins 

Although the main function of vitamins is to act as enzyme cofactors, antioxidant properties 

have also been highlighted for some of these molecules. Alpha-tocopherol (vitamin E), is well 

known for its ROS scavenging properties and its ability to counteract lipids peroxidation. 

However, despite some attempts, this compound is rarely included in cell culture media 

composition due to its poor solubility in water (Halliwell, 2014). Ascorbic acid (vitamin C), a 

cofactor of enzymes involved in acetyl CoA metabolism, displays high reactivity towards 

oxygen, which both confers it with antioxidant potential, but can also be detrimental to the 

culture if it is not stabilized by other molecules, such as magnesium, selenium, or GSH 

(Dolińska et al., 2012; Touitou et al., 1996). Vitamin C protects cells from lipid peroxidation, 

through the regeneration of oxidized vitamin E. However, vitamin C supplementation during 

the culture does failed to positively impact CHO cell growth as a result of its high instability in 

culture media (Kurano et al., 1990). The development of more stable derivatives of these 
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molecules was considered to address these solubility and stability issues (Hata et al., 1989).  

For example, the use of stabilized derivatives like L-ascorbic 2-phosphate can help to 

decrease cell death and improve recombinant protein titer (Yun et al., 2001). However, the 

use of vitamin derivatives comes with a risk of altered antioxidant potential that has to be 

carefully considered. 

3.3. Trace elements and chelators 

Trace elements are essential for cell function and survival, as they act as cofactors for key 

enzymes and play a major roles in cell signaling and metabolism (Arigony et al., 2013; 

Hamilton et al., 1977). Metal ions may play a pro-oxidant or antioxidant role depending on their 

concentration. For instance, iron and copper are key players in ROS generation as they are 

involved in Fenton and Fenton-like reactions, respectively (Fenton, 1894; Pham et al., 2013). 

Another element, selenium, can, at relatively low concentrations, activate cellular antioxidant 

defense as it is a cofactor of detoxifying enzymes (Brigelius-Flohé et al., 2013; Fukai et al., 

2011). Selenium has been reported to activate antioxidant defense as it is a cofactor of some 

GSH peroxidases and thioredoxin reductase (Powis et al., 1997; Weiss et al., 1997). In 

addition, it inhibits H2O2-induced TRPM2 channels impacting the Ca2+ influx (Naziroglu et al., 

2013). However, it has to be used carefully as, at high concentrations, selenium can display 

pro-oxidant properties and generate ROS (Lee et al., 2012). Concentrations of selenium below 

1 µM have been shown to be safe for CHO-K1 cells and are often included in cell culture 

medium (Zhang et al., 2006; Zwolak, 2015). However, toxic concentrations of selenium have 

to be determined for each cell line. Moreover, medium composition has to be considered when 

supplementing cultures with selenium as this compound can interact with other trace 

elements. Finally, selenocystine supplementation has also been demonstrated to decrease 

cell death of CHO cells exposed to lead-induced oxidative stress (Aykin-Burns et al., 2006).  

To avoid the negative effect of trace element addition and facilitate their uptake by the cells, 

chelator molecules are usually used. Indeed, the chelation of reactive metal ions, like Fe2+ or 

Cu2+, can help decrease oxidative stress. Addition of components like transferrin, polyamines, 

and ferric citrate maintains iron in an inert state and promotes its transport into the cells, 

thereby improving cell viability and recombinant protein production (Bai et al., 2011; Gaboriau 

et al., 2004; Lovaas, 1997; Wang et al., 2011). Defroxamine and aurintricarboxylic acid in 

combination with GSH have also been shown to improve CHO cell viability during recombinant 

tissue plasminogen activator production (Yun et al., 2003).  
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3.4. (Poly)-Phenolic compounds 

Phenolic compounds are well known for their antioxidant properties and their use in the 

treatment of diseases and aging has been the object of many studies (Mao et al., 2017). The 

effects of (poly)-phenol derivative addition in CHO cell cultures has been assessed in both 

academic and industrial research. Epigallocatechin gallate and rutin were used to decrease 

acidic variants of a mAb produced by CHO cells (Hossler et al., 2015). In addition, baicalein 

has been shown to decrease cell growth and increase recombinant mAb production (Ha et al., 

2017). Baicalein can decrease ROS levels and inhibit the activity of transcription factors 

involved in the ER stress response by interacting with immunoglobulin protein (BiP) and 

CHOP. Furthermore, addition of butylated hydroxyanisole (BHA) has been reported to 

decrease apoptosis and reduce accumulation of blood coagulation factor FVIII in the ER after 

treatment of CHO cells with sodium butyrate (Malhotra et al., 2008). 

The addition of antioxidant molecules to cell culture media with the aim of reducing oxidative 

stress is an easily implemented and relatively successful approach used in the industrial 

sector. However, such supplementations are to be investigated on a case-by-case basis, 

considering the different modes of action of the potential candidates, the chemistry of culture 

media, and the selected cell clones or cell lines used in the culture. In particular, potential 

interactions between the antioxidant supplements and components of the medium is a critical 

aspect of the optimization of the supplementation process. As they can both positively or 

negatively impact the culture depending on cases, it is important for such interactions them to 

be fully characterized, a fact that is often complicated by the non-disclosure of media 

formulations used in commercial processes. Due to the variability factors associated with 

supplementation, the use of empirical statistical analysis and high throughput assays is 

recommended. In bioproduction, it is generally assumed that the cell lines have different 

historical backgrounds (origin, clone, selection procedure) and, as a direct consequence, 

display differences in metabolism and sensitivity to oxidative stress (Reinhart et al., 2018). A 

better understanding of these differences can be obtained through the use of omics 

techniques, and can help experimenters highlight reactions leading to oxidative stress and 

adapt antioxidant supplementation to specific cell lines. 

4. Use of cell engineering to reduce oxidative stress 

Thanks to recent technical advances in genetics, cell engineering can be used to upregulate 

or downregulate pathways of interest. Considerable effort has been put into developing 

strategies to reduce apoptosis, with several efforts resulting in increased viability and, 

indirectly, improved process productivity (Meents et al., 2002). Notably, the overexpression of 

bcl-2 or bcl-xL has been successfully used to activate anti-apoptotic pathways in CHO cells 

(Tey et al., 2000; Zustiak et al., 2014). A similar approach can be considered to relieve 
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oxidative stress by increasing cellular defense or decreasing ROS-generating cellular 

activities. As redox reactions are the basis of cellular energy production and protein folding 

processes, any attempts to reduce these fundamental reactions may negatively impact the 

production process. For this reason, the strategy aiming to increase the antioxidant defenses 

is generally seen as preferable for the purpose of recombinant protein production.  

The interest in genetic manipulation of the GSH biosynthesis pathway is not new. Already in 

1996, Tamura and coworkers overexpressed human glutathione reductase in CHO cells and 

were able to increase their resistance to oxidative stress (Tamura et al., 1996). Likewise, in 

2002, the overexpression of the GCL catalytic subunit was demonstrated to increase the 

resistance to lead-induced oxidative stress in CHO cells (Fernandes et al., 2002). More 

recently, in the bioprocess field, a high intracellular concentration of GSH in high producers 

was observed in a metabolome comparison of CHO cells (Chong et al., 2012). These results 

were then confirmed by a proteome comparison of high and low producer cultivated in 

bioreactors using a batch process. This study highlighted an up-regulation of genes related to 

the GSH pathway (Orellana et al., 2015). Similarly, GSH-related amino acid transporters have 

been reported to have higher expression during stationary phase, when the specific 

productivity is higher (Kyriakopoulos et al., 2013). Moreover, it has been shown that GSH 

plays a role in the maintenance of the redox status within CHO cell ER by preventing formation 

of non-native disulfide bonds (Chakravarthi et al., 2004). In this context, several studies have 

examined the biosynthesis and turnover of GSH in CHO cell factories. First, the 

overexpression of the regulatory subunit of GCL in CHO-K1 cells was observed to promote 

clone productivity. Interestingly, this study also showed that the overexpression of GCL 

catalytic subunit does not impact recombinant protein production; suggesting that the 

intracellular GSH content is not the direct cause of a higher productivity (Orellana et al., 2017). 

In another study, it was demonstrated that a partial inhibition of GCL by methionine sulfoximine 

(MSX) or buthionine sulfoximine (BSO) in GS–CHOK1SV cells leads to an increase in 

productivity (Feary et al., 2017). The authors hypothesized that partial inhibition of GSH 

synthesis helps to oxidize the ER environment. This modulation of the redox status of the ER 

increase the oxidized form of Ero1, thereby promoting activation of PDI enzymes and 

improving protein folding. Moreover, they suggest that the partial inhibition of GSH synthesis 

can be a selection method for high producer clones. Although there are still many unknowns 

concerning the involvement of the GSH synthesis pathway in recombinant protein production 

in CHO cells, and a certain degree of contradictory results, the aforementioned studies 

illustrate this pathway's potential. 

The expression of other antioxidant enzymes or transcription factors involved in oxidative 

stress has also been a target of cell engineering approaches. Overexpression of human 

peroxiredoxin 5 and human MnSOD in CHO cells were reported to lead to a decrease in cell 
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death caused by oxidative stress (Banmeyer et al., 2004; Warner et al., 1993). However, it is 

worth noting that these studies were performed in CHO cells with the aim of mimicking cancer 

cell metabolism and growth, not in the context of heterologous protein expression. With 

regards to transcription factors, ATF4, which is activated during the UPR response and in 

oxidative stress conditions, was shown to protect fibroblasts against oxidative stress (Harding 

et al., 2003). Moreover, overexpression of ATF4 or GADD34, an activator of ATF4, were both 

reported to lead to an increase in titer in several CHO cell lines (Haredy et al., 2013; Ohya et 

al., 2008; Omasa et al., 2008). 

More recently, miRNA have been used to specifically target oxidative stress in CHO cells. In 

other cell lines, several miRNAs, including miRNA-145, miRNA-451 in erythroid cells and miR-

1 and miR-133 in rat cells, have been shown to modulate oxidative (Jadhav et al., 2013). 

Although the use of miRNA in CHO cells has mostly been focused on the modulation of ER 

stress or, more generally, apoptosis, the potential of this approach for prevention oxidative 

stress is garnering more interest. Following depletion of miR-23 using a microRNA sponge, 

Kelly et al. observed an increase in production of the recombinant protein. In parallel, 

mitochondrial activity was boosted and production of antioxidative proteins Thioredoxin 1 and 

peroxiredoxin 6 was increased (Kelly et al., 2015). 

So far, due to the long lead times and heavy workloads associated with cell engineering, a 

limited number of studies have been published on improving the CHO cells chassis by genetic 

engineering in order to alleviate oxidative stress. However, the engineering of cell line has 

unquestionably proven its value as supported by the studies reporting its potential to reduced 

apoptosis and ER stress (Borth et al., 2005; Mohan et al., 2009; Pieper et al., 2017; Prashad 

et al., 2015). Oxidative stress cell engineering is complex due to the number of pathways 

involved and their interconnections of these pathways with other cellular functions. Despite 

this complexity and the long process needed to generate an appropriate clone, the work 

published so far is promising with regards to the use of cell engineering to alleviate oxidative 

stress in bioprocesses.  

5. Discussion 

With the development of high biomass and high productivity CHO bioprocesses, scientists 

faced a new hurdle in the increase of cellular stresses resulting from boosted metabolism, 

higher resource demands (e.g. for dissolved oxygen), and higher waste accumulation. In this 

context, oxidative stress, which occurs when there is an imbalance between oxidant molecules 

accumulation and antioxidant response, can become an issue due to its detrimental impact 

on cell viability, productivity, and the integrity of the recombinant protein being produced. 

Dissolved oxygen, can be controlled to limit oxidative stress. However, maintaining dissolved 

oxygen homogeneity in the bioreactor is complicated to study and requires particular attention 
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during scale up as large scale bioreactors often present different geometries to those used 

during process development. High dO2 usually has to be maintained in the bioreactor to avoid 

an oxygen dead zone even if simulation tools are now available to optimize process 

parameters depending on bioreactor size and dimensions (Dhanasekharan et al., 2005; 

Koynov et al., 2007).  

In light of the challenges encountered in trying to control all aspects of large scale bioreactor 

processes, the approaches consisting in making the cells and the culture process more 

resistant to potential sources of oxidative stress have to be considered. Although, increased 

energy metabolism and a consequent activity of the folding/secretion machinery have been 

observed or modeled in high producer cell lines, it remains possible to limit ROS byproducts 

of these cellular processes (Borth et al., 2005; Ghorbaniaghdam et al., 2014; Mathias et al., 

2018; Prashad et al., 2015; Templeton et al., 2013). Two of the main strategies considered to 

date consist in (i) the supplementation of the cell culture media with antioxidant molecules, 

and (ii) the engineering of metabolic pathways associated to oxidative stress. 

Supplementation of cell culture media with antioxidant compounds appears to be the easiest 

and fastest solution from an industrial point-of-view. It requires few changes to the process, 

and can be implemented at later stages of process development. However, due to the possible 

interactions of antioxidant molecules with other cell culture media components and variability 

between CHO cells lines, considerable time and effort has to be put into component screening 

to identify the best match for the combination of the cell line, media, and process. For this 

reason, cell engineering appears as an interesting alternative to supplementation. However, 

this approach requires early implementation and evaluation during process development, and 

a change in the cell line will be more complicated to put in place once the first clinical phases 

have been carried out for a given recombinant protein production process. This strategy 

remains to be extensively studied in CHO cells as cell engineering research has thus far 

mainly focused on the modulation of secretory pathways, apoptosis, and the unfolded protein 

response pathways. However, compelling evidence from microbial strains, such as 

Escherichia coli, Saccharomyces cerevisiae, and Yarrowia lipolytica, highlight the potential of 

this approach for controlling oxidative stress and promoting cell growth in cultures (Basak et 

al., 2012; Davy et al., 2017; Ukibe et al., 2009; Xu et al., 2017). 

Most of the studies cited in this review were performed on fed batch processes where the 

accumulation of waste and media components may be additional sources of oxidative stress. 

As described above, the supplementation of antioxidants can be used to scavenge ROS 

produced. However, removal or reduction of unstable components from the cell culture 

medium, such as ascorbic acid, is an alternative way to reduce reactive oxygen species 

(Halliwell, 2014). The use of cell engineering to reduce byproduct generation is another option. 

For example, it has recently been shown that phenyllactate production could be reduced by 
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cell engineering of the phenylalanine-tyrosine catabolic pathway (Mulukutla et al., 2019). 

Finally, continuous processes are another potential solution to issues arising from the 

accumulation of waste in the medium. This type of cultivation had gained in popularity in the 

industry as an efficient way both increase process yields and better control product quality, 

however, the ability of this approach to reduce oxidative stress remains to be investigated 

(Kunert et al., 2016).  

To date, both supplementation and cell engineering strategies have focused on decreasing 

cell death and increasing of productivity, with little consideration going towards product quality. 

Recently, researchers have started to explore the impact of heightened antioxidant activity on 

product microheterogeneity. However, the possibility of reducing product microheterogeneity 

upon oxidative stress engineering in CHO cells remains undocumented.  

While media development is likely to remain the dominant strategy for the time being, oxidative 

stress engineering has shown promising results and offers a credible alternative to support 

recombinant protein production in CHO cells. Moreover, new tools, such as genome scale 

models, might provide insight into limitations and potential improvements to these strategies, 

and may open the door to the use of a combined approach, using both antioxidant 

supplementation and cell engineering, to control ROS production and oxidative stress, and 

simultaneously increase productivity and maintain product quality. 
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Chapter 2 
 
 
 
Characterization of glutathione proteome in CHO cells and its 
relationship with productivity and cholesterol synthesis. 
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Rationale 

According to literature, glutathione plays a major role in the antioxidant defense and has been 

linked multiple times to cellular productivity in the context of recombinant protein production.  

In this chapter, we have modulated glutathione synthesis of an industrial CHO cell line under 

bioprocess conditions, with the aim of understanding the relationship between glutathione and 

cell productivity. With this approach, we have identified potential new targets for cell 

engineering. Two strategies were used: 1) the variation of cystine supply, and 2) the direct 

inhibition of the glutathione synthesis using buthionine sulfoximine.  

Preliminary work was performed in order to accurately and reproducibly detect intracellular 

glutathione. Thus, we have developed an LC-MS method and assessed its linearity and limits 

of detection (data not shown). In addition to the glutathione measurements, we have 

performed a genome-wide proteomic analysis at different time points. This nonspecific 

analysis, led us to identify cholesterol biosynthesis as the main response to glutathione 

depletion. Our results highlighted the dependencies between glutathione, cholesterol 

biosynthesis pathways, and heterologous protein production. Moreover, we confirmed that the 

control of glutathione metabolism is essential for bioprocesses performances.   
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Abstract 

Glutathione (GSH)  plays a central role in the redox balance maintenance in mammalian cells. 

Previous studies of industrial CHO cell lines have demonstrated a relationship between GSH 

metabolism and clone productivity. However, a thorough investigation is required to 

understand this relationship and potentially highlight new targets for cell engineering. In this 

study, we have modulated the GSH intracellular content of an industrial cell line under 

bioprocess conditions in order to further elucidate the role of the GSH synthesis pathway. Two 

strategies were used :  the variation of cystine supply and the direct inhibition of the GSH 

synthesis using buthionine sulfoximine (BSO).  Over time of the bioprocess, a correlation 

between intracellular GSH and product titer has been observed. Analysis of metabolites 

uptake/secretion rates and proteome comparison between BSO-treated cells and non-treated 

cells has highlighted a slowdown of the TCA cycle leading to a secretion of lactate and alanine 

in the extracellular environment. Moreover, an adaptation of the glutathione related proteome 

has been observed with an up-regulation of the regulatory subunit of glutamate cysteine ligase 

and a down-regulation of a specific glutathione transferase subgroup, the Mu family. 

Surprisingly, the main impact of BSO treatment was observed on a global down-regulation of 

the cholesterol synthesis pathways. As cholesterol is required for protein secretion, it could be 

the missing piece of the puzzle to finally elucidate the link between GSH synthesis and 

productivity. 

Keywords 

CHO cells, Glutathione, Buthionine sulfoximine, Cholesterol, Proteomic 
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1. Introduction 

Under bioprocess conditions, CHO cells can be exposed to oxygen microheterogeneity, free 

radicals generated by cell culture medium components and high oxidative metabolism, which 

can lead to oxidative stress. Moreover, product quality can also be affected by reactive oxygen 

species (ROS) production. For these and other reasons, research related to the control of 

oxidative stress has been of increased interest. In this context, the controlled modulation of 

oxidative stress can help scientists to improve bioprocesses.  

One of the main targets for modulation of oxidative stress is glutathione (GSH). GSH is a 

tripeptide (γ-L-glutamyl-L-cysteinyl glycine) which is the cofactor of ROS detoxification 

enzymes, as well as a direct ROS scavenger. Glutathione can also form conjugates with 

reactive electrophilic compounds to promote their detoxification (Ketterer et al., 1983). It plays 

a central role in the detoxification of ROS produced in the mitochondria, but also in the 

regulation of disulfide bond formation in the endoplasmic reticulum (Chakravarthi et al., 2004; 

Ribas et al., 2014).  

A potential relationship between GSH and secreted protein productivity has already been 

suggested in literature. High producing cell lines have been shown to contain more GSH than 

low producers and an up-regulated GSH metabolism (Chong et al., 2012; Orellana et al., 

2015). In order to reproduce this phenomenon, cell engineering has been performed to 

increase GSH synthesis (Orellana et al., 2017). On the one hand, overexpression of the 

catalytic subunit of glutamate cysteine ligase (GCLc), the rate limiting enzyme in GSH 

synthesis, did not lead to increased titers despite higher GSH levels. On the other hand, the 

overexpression of the regulatory subunit of glutamate cysteine ligase also called the 

glutamate‐cysteine ligase modifier subunit (GCLm) led to an increase of productivity.  

The uncertainty around the actual role of GSH in CHO bioprocessing led us to investigate the 

role of this metabolite further. Indeed, if the absolute GSH quantity does not explain 

productivity between two different clones, can it explain productivity differences between two 

processes with the same clone? What are the other cellular functions that are directly or 

indirectly impacted by the intracellular levels of GSH? In this context we have modulated 

intracellular GSH levels using two approaches: the variation of cystine supply through feed 

medium composition and direct inhibition of the GCL enzyme using buthionine sulfoximine 

(BSO). Our goal was to understand which pathways are actually affected by lower levels of 

GSH. To capture the metabolic adaptations to these two variations we investigated the cell 

phenotype, measured metabolites involved in the central carbon metabolism, and performed 

proteomic analysis. 
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2. Material and methods 

2.1. Cell culture 

A proprietary DG44 Chinese Hamster Ovary (CHO) cell line engineered to produce a full 

monoclonal antibody was used. These cells were cultivated for 14 days in 2L glass bioreactors 

(Sartorius) with dissolved oxygen and pH control. Bioreactors were inoculated on day 0 at a 

seeding density of 0.35x106 cells/mL. Cells were cultivated in fed-batch mode with addition of 

feeds from day 3 to day 12. Viable cell concentration (VCC) and viability were measured using 

a Vi-Cell analyzer (Beckman Coulter). Recombinant protein titer was measured by 

immunoturbidimetry using a Cedex Bio HT analyzer (Roche) in the supernatant.  

Two processes have been assessed to produce this recombinant protein: Process 1 and 

Process 2. In the upstream part, Process 2 has a less concentrated feed medium especially 

with less cysteine. To mimic an oxidative stress during the culture, L-buthionine sulfoximine 

(BSO) (Sigma) was spiked on day 3 to a final concentration of 0.5 mM in the bioreactor. This 

concentration has been selected based on previous screening experiment performed in shake 

flasks. BSO concentration below 0.5mM didn’t led to differences in VCC and monoclonal 

antibody (mAb) specific productivity despite lower GSH content (Figure S1 – S3). To ensure 

the capture of metabolic changes related to GSH, 0.5mM BSO treatment has been used in 

this study. All conditions have been performed in triplicates. One bioreactor cultivated with 

Process 2 and without BSO has been excluded from the data set due to pump failure during 

the culture.  

2.2. Amino acid measurement 

The cell culture fluid was centrifuged for 30min at 17000g in a 3K Amicon® 0.5mL Filter 

(Merck). The sample preparation and analysis were performed by reverse phase UPLC as 

described previously (Mulukutla et al., 2019) using a TUV detector (Waters) set at 254 nm.  

2.3. Glutathione measurement 

After sampling, the cell culture fluid was directly quenched using a -20°C ethanol bath and 

kept cold in a CoolRack® (Corning) during the sample preparation. A volume containing 107 

cells was then centrifuged at 1000g, 1 min, -5°C. Cell pellets were washed twice using cold 

0.9% NaCl solution and frozen at -80°C. The day of the analysis, the cell pellet was 

resuspended in a 10mM EDTA solution (pH 8) and a 13C-labelled glutathione internal 

standard (Buchem) was added. Cells were lysed using a sonifier (Brandson) for 30 seconds 

(pulse mode [15sec on / 5sec off]) with a 10% amplitude. In order to measure total glutathione, 

a DTT solution was added to the lysate and incubated for 30 min at room temperature to 

reduce glutathione disulfide (GSSG). After the 30 minutes, N-ethylmaleimide stock solution 
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was added and incubated for 40 min at room temperature, protected from light. Proteins were 

then precipitated by the addition of -20°C acetone. After precipitation, the samples were 

centrifuged at 17000g for 5min and the supernatant was transferred to a new tube for overnight 

evaporation (CentriVap® Centrifugal Concentrators, Labconco). The sample pellet was 

reconstituted in mobile phase A (0.1% formic acid:water) using sonication. The sample was 

analyzed by LC-MS using a tandem quadrupole detector (Waters). The liquid chromatography 

was performed on a HSST 3 column of 10 cm (Waters) at 45°C and under a gradient of mobile 

phase A and B (0.1%formic acid:acetonitrile). GSH quantity were determined by comparison 

with the internal standard and normalized by the cell quantity.  

2.4. Sample preparation for proteomics analysis 

Cells (5 x 107) were harvested on day 6 and 10 of the culture, quenched using a -20°C ethanol 

bath and kept cold in a CoolRack® (Corning) during the sample preparation. Cells were spun 

down at 1000g, 1min, -5°C. The cell pellets were washed two times with cold 0.9% NaCl 

solution. Proteins were extracted in 1mL of 6M guanidine solution, boiled for 5min at 95°C, 

and vortexed. Samples were then spun down for 10 min at 17000g and supernatants were 

stored at -80°C. Protein concentration was determined in samples diluted 10 times following 

the protocol of the PierceTM BCA Protein assay (Thermo Scientific). An internal standard has 

been generated by pooling equal proteins amount of all the samples analyzed. 50µg of each 

samples was reduced and alkylated using tris(2-carboxyethyl)phosphine and chloroacetamide 

at a final concentration of 10mM and 40mM respectively. Samples were diluted 1:3 with 10% 

Acetonitrile, 50 mM HEPES pH 8.5, LysC (MS grade, Wako) was added in a 1:50 (enzyme to 

protein) ratio, and samples were incubated at 37°C for 4hrs. Samples were further diluted to 

1:10 with 10% Acetonitrile, 50 mM HEPES pH 8.5, trypsin (MS grade, Promega) was added 

in a 1:100 (enzyme to protein) ratio and samples were incubated overnight at 37°C. Enzyme 

activity was quenched by adding 2% trifluoroacetic acid (TFA) to a final concentration of 1%. 

Prior to TMT labeling, the peptides were desalted on in-house packed C18 Stagetips 

(Rappsilber et al., 2007). For each sample, 2 discs of C18 material (3M Empore) were packed 

in a 200µl tip, and the C18 material activated with 40µl of 100% Methanol (HPLC grade, 

Sigma), then 40µl of 80% Acetonitrile, 0.1% formic acid. The tips were subsequently 

equilibrated 2x with 40µl of 1% TFA, 3% Acetonitrile, after which 10µg of sample was loaded 

using centrifugation at 4,000x rpm. After washing the tips twice with 100µl of 0.1% formic acid, 

the peptides were eluted into clean 500µl Eppendorf tubes using 40% Acetonitrile, 0.1% formic 

acid. The eluted peptides were concentrated in an Eppendorf Speedvac, and re-constituted in 

50mM HEPES (pH8.5) for TMT labeling. Labeling was done according to manufacturer’s 

instructions, and subsequently, labeled peptides were mixed in equimolar amounts (11-plex), 

acidified to 1% TFA and Acetonitrile concentration brought down to <5% using 2% TFA. 



45 
 

Process 1 and process 2 samples have been split between 4 different TMT 11-plexed 

samples. Biological replicates were intentionally distributed in different TMT 11-plexed 

samples (different labelling reactions). Three samples were run in triplicates (technical 

replicates) to assess the variability between TMT labelling reactions. 

Prior to mass spectrometry analysis, the peptides were fractionated using an offline 

ThermoFisher Ultimate3000 liquid chromatography system using high pH fractionation (5mM 

Ammonium Bicarbonate, pH 10) at 5µl/min flowrate. 30µg of peptides were separated over a 

120min gradient (5% to 35% Acetonitrile), while collecting fractions every 120sec. The 

resulting 60 fractions were pooled into 28 final fractions, acidified to pH < 2 with 1% TFA and 

loaded onto EvoSep stagetips according to manufacturer’s protocol. 

2.5. MS data acquisition 

For each fraction, peptides were analyzed using the pre-set ’30 samples per day’ method on 

the EvoSep One instrument. Peptides were eluted over a 44-min gradient, and analyzed on a 

Q-Exactive HF-X instrument (Thermo Fisher Scientific) running in a DD-MS2 top20 method. 

Full MS spectra were collected at a resolution of 120,000, with an AGC target of 3x106 or 

maximum injection time of 50 ms and a scan range of 350–1500 m/z. The MS2 spectra were 

obtained at a resolution of 45,000, with an AGC target value of 1x105 or maximum injection 

time of 96 ms, a normalized collision energy of 32 and an intensity threshold of 1.e5. First 

mass was set to 110m/z to ensure capture of the TMT reporter ions. Dynamic exclusion was 

set to 20s, and ions with a charge state <2, >6 and unknown were excluded. MS performance 

was verified for consistency by running complex cell lysate quality control standards, and 

chromatography was monitored to check for reproducibility. 

2.6. Proteomics data analysis 

MS spectra were processed using the TMT reporter ion quantitation from Proteome Discoverer 

(PD,Thermo Fisher Scientific, version 2.2) and the MS Amanda identification algorithm (Dorfer 

et al., 2014). The MS/MS data were queried against the CHO-K1 proteome available from 

UniProtKB (proteome ID : UP000001075, downloaded Sept 3, 2018) and the “common 

Repository of Adventitious Proteins” database (cRAP) for contaminants available on the 

Global Proteome Machine website (downloaded Oct 30, 2018)(Consortium, 2018; Craig et al., 

2004). Precursor mass tolerance was set at 10ppm. Fragment mass tolerance was set at 

0.02ppm. Methionine oxidation and protein N-terminal acetylation were defined as dynamic 

modifications. Cysteine carbamidomethylation, TMT adduction on Lysine and on protein N-

terminal were defined as a fixed modification. Peptides and assembled proteins were 

searched at a false discovery rate (FDR) of 1%. The identified protein set has been filtered 

depending on multiple the identification confidence criteria: a high FDR confidence provided 
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by PD software which is based on the comparison with decoy proteins and the MS Amanda 

scoring and a minimum of one unique peptide (Plubell et al., 2017). Moreover, proteins not 

detected in the internal standard of each TMT samples have been removed from the dataset.  

For TMT quantification, the ratios of the TMT reporter ion intensities between samples and the 

internal standard (label 131C), generated by Proteome Discoverer for each protein, were 

used. These ratios were extracted for the statistical analysis in R.  

2.7. Statistical analysis 

Ratios extracted from Proteome discoverer were log2 transformed and quantiles normalized 

in R. This data was then used to perform an empirical Bayes moderated t-test using the limma 

package in R (Phipson et al., 2016; Ritchie et al., 2015). Effect of the parameter day, BSO 

treatment, and process have been included in the design matrix. Differentially expressed 

proteins were identified using an adj. p. value<0.05. To narrow down the analysis, we focused 

only on proteins differentially expressed because of the BSO treatment and with a log fold 

change (logFC) threshold of 0.5. A heatmap of the differentially expressed proteins was 

generated by hierarchical clustering using pheatmap package in R (Kolde, 2015). Functional 

analyses were performed using MetaCore (Clarivate Analytics, version 19.2.69700) after 

protein ID conversion to the Mus musculus equivalents. The ID conversion was performed 

using InParanoid 8 and UniProtKB BLAST when no matches were found in the first method 

(Sonnhammer et al., 2015).  

3. Results 

3.1. Delayed impact of BSO on growth 

In order to study effect of glutathione on recombinant mAb production, GSH was depleted 

using BSO. A sterile BSO solution was spiked on day 3 of the fed batch culture to a final BSO 

concentration of 0.5mM. BSO-treated bioreactors and control bioreactors were monitored by 

daily measurement of viable cell concentration (VCC), intracellular GSH and product titer. 

Surprisingly, despite a depletion of GSH already observed on day 4, i.e. 24 hours after BSO 

addition, the growth and production profiles only started to differ from day 6 (Figure 1). The 

average cell diameter started to increase from day 6 in the BSO condition instead of day 8 in 

control condition (Figure S4). Furthermore, the decrease in viability was only observed from 

day 9 in BSO conditions despite a treatment on day 3 (Figure S4). These results suggest that 

the CHO cell line phenotype was unaffected by glutathione depletion during the three first days 

after BSO addition. From day 6, their growth rate was gradually reduced, and their cellular 

volume is increasing until day 10. The viable cell concentration decreased after day 10 due to 

cell death until the end of the culture.  
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Figure 1: Effect of BSO treatment on cell growth, productivity and GSH content. 
Gray and blue indicates the feed medium used – control feed medium or low cysteine feed 
medium, respectively. Circles indicates non-treated bioreactors and triangles indicates BSO-
treated bioreactors. The red dotted lines represent the timing of BSO addition to a medium 
concentration of 0.5mM. (A) viable cell concentration (VCC) profile. (B) Product titer in the 
supernatant over time. (C) Intracellular GSH concentration overtime. (D) mAb Specific 
productivity over time. 
 

3.2. Cysteine supply modulates intracellular GSH and product titer 

Since cysteine is a precursor of glutathione, we also investigated if this lower concentration of 

cysteine influenced the content of intracellular glutathione during the cultivation using a feed 

(Process 2) containing lower levels of cysteine (Figure 1C). A correlation between the increase 

of total glutathione and the increase in specific productivity was observed over time.  

Except for product titer, no other significant differences between the two feeding strategies 

were observed in growth profile, proteomic data and metabolites uptake and production rate. 

As a result, data from the two feeding strategies (processes 1 and 2) were combined to study 

BSO effect in the next analysis.  
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3.3. BSO treatment affects metabolite secretion and uptake rates 

To further characterize the impact of glutathione depletion on CHO cell line metabolism, daily 

extracellular concentrations of selected metabolites were measured and associated specific 

uptake and production rate were calculated. Uptake/secretion rates of glucose, lactate and 

amino acids are shown in Figure 2 and Figure S5. Glucose uptake rates were similar between 

control and BSO conditions until day 10. Glucose uptake was slightly faster in the BSO 

condition compared to the control when viability and cell diameter started to decrease. Similar 

profiles were also observed for histidine, asparagine, and tyrosine uptake rate from day 10. 

On the contrary, hydroxyproline and aspartic acid were produced/released from this point. 

These metabolic changes seem to be more related to cell death than to the BSO stress itself. 

The production of cystine observed from day 8 suggests a cysteine secretion, but high 

variability was observed for this amino acid in the BSO conditions.  

 

 
Figure 2: Effect of BSO treatment on glucose, lactate and alanine uptake/secretion 
rates.  
Gray and blue indicates the feed medium used – control feed medium or low cysteine feed 
medium, respectively. Circles indicates non-treated bioreactors and triangles indicates BSO-
treated bioreactors. The red dotted lines represent the timing of BSO addition to a medium 
concentration of 0.5mM. (A) Glucose rate (B) Lactate rate (C) Alanine rate. 
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Lactate uptake/secretion rate already started to differ from day 6. Indeed, lactate is produced 

by BSO-treated cells and consumed by non-treated cells. Regarding amino acid 

uptake/secretion rates, alanine was the only amino acid that displayed a similar profile to 

lactate in response to the BSO treatment. Since lactate and alanine can be produced from 

pyruvate, these profiles suggest a failure or slowdown of the TCA cycle.  

3.4. Proteome related to TCA cycle, GSH metabolism and cholesterol biosynthesis 
are modulated by BSO treatment 

As glutathione metabolism is seemingly linked to the clone productivity, we evaluated the 

impact of glutathione depletion on cellular proteins expression in the studied cell line. For this 

purpose, we sampled 50x106 cells on day 6 and 10 to perform proteomics analysis using TMT 

labelling (see Materials and Methods). Across all samples, 3,281 proteins were identified with 

the identification criteria defined in the material and method section.  

Differentially expressed proteins in the BSO-treated culture have been identified using an 

empirical Bayes moderated t-test (adj. p. value <0.05, LogFC threshold: 0.5). This analysis 

was done on data from day 6 and day 10, i.e. 3 and 7 days after treatment (Supplementary 

table S1). 63 proteins were differentially expressed in response to BSO; 47 proteins were 

down-regulated, and 16 proteins were up-regulated. A heatmap of the differentially expressed 

proteins is shown in Figure 3. No pattern can be observed between data from process 1 versus 

process 2. The global protein expression was not impacted by a low cysteine supply in contrast 

to the product titer and intracellular glutathione content. Overall, except for a few proteins, the 

BSO impact on proteins levels observed on day 6 was amplified on day 10. 

In order to identify the cellular functions most impacted by the BSO treatment, enrichment 

analysis on differentially expressed proteins was performed in Metacore software based on 

GO annotations and Pathway maps (Supplementary table S2). Based on these results, each 

cluster identified on the heatmap has been associated with overrepresented functions (Figure 

3). In the first cluster, protein expression increased significantly between day 6 and day 10 for 

the control condition, while proteins expression remained low at day 10 for the BSO condition. 

This cluster primarily represented cell matrix adhesion proteins. This observation can be 

associated to cell growth differences observed on day 10 between the two conditions. 

Likewise, the opposite response observed for CYR61 protein can also be linked to cell growth 

response as this protein is a known regulator of apoptosis (Lau, 2011).  

The largest cluster of proteins were down-regulated after BSO treatment on both days 6 and 

10 (Figure 3, Table 1). These included three main functions: cholesterol biosynthesis, 

carboxylic acid metabolism, and aminoacyl-t-RNA biosynthesis in mitochondria. These cellular 

processes were interpreted to be at least partially down-regulated in the BSO conditions 

relative to the control. All detected enzymes involved in cholesterol biosynthesis were down-
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regulated with an average logFC between -0.34 to -1.21 (Table 1). Interestingly the related 

transcription factor SREBP2 was also down-regulated but to a lesser extent (logFC: -0.17 / 

adj. p. value <0.05).  

 
Figure 3: Heatmap of differentially expressed proteins under BSO treatment in CHO 
cells. 
Main cellular function of proteins cluster has been added in the figure. 
 

When we specifically considered mitochondrial proteins related to the TCA cycle, a global 

down-regulation was observed where 12 mitochondrial proteins were observed to have logFC 

in the interval [-1.09; -0.13] and adj. p. value <0.05 (Table 1). However, glycolysis-related 

proteins were not differentially expressed (Supplementary table 1).  

In the last cluster (Figure 3), the main response to oxidative stress was observed, as this 

contains the majority of BSO up-regulated proteins, including three proteins were related to 

heme metabolism. Heme oxygenase had the strongest signal with a logFC of 1.50 and has 

also been associated with oxidative stress (Hedblom et al., 2019).  
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Table 1: Cholesterol and TCA cycle related proteins expression in BSO-treated cells. 
The logFC and the adjusted p. value have been generated using limma empirical Bayes 
moderated t-test. The BSO-treated condition (n=10) have been compared to control 
conditions (n=12). 

Pathway Uniprot Accession Protein names logFC adj. p.Value 

TCA cycle 

G3H5K6 Pyruvate dehydrogenase E1 component 
subunit alpha  -0.46 2.43x10-7 

G3HRP3 Citrate synthase 0.12 5.09x10-3 

G3II47 Aconitate hydratase, mitochondrial 
(Aconitase) (EC 4.2.1.-) -0.20 6.38x10-5 

G3H450 Isocitrate dehydrogenase [NAD] subunit, 
mitochondrial -0.19 2.07x10-3 

G3H0B5 Isocitrate dehydrogenase [NAD] subunit, 
mitochondrial -0.10 1.70x10-2 

G3HSW9 Isocitrate dehydrogenase [NAD] subunit, 
mitochondrial -0.13 2.46x10-2 

G3HU51 Isocitrate dehydrogenase [NADP]  -0.34 2.84x10-7 
G3IHC0 Isocitrate dehydrogenase [NADP]  -0.13 2.87x10-3 

G3HMB4 2-oxoglutarate dehydrogenase E1 
component, mitochondrial 0.02 6.09x10-1 

G3IP00 Succinyl-CoA ligase [ADP-forming] 
subunit beta, mitochondrial 0.10 3.13x10-1 

G3HZ50 Succinyl-CoA ligase [ADP-forming] 
subunit beta, mitochondrial 0.04 5.68x10-1 

G3HQ05 Succinate--CoA ligase [ADP/GDP-
forming] subunit alpha, mitochondrial  -0.01 8.58x10-1 

G3GS40 Succinyl-CoA ligase [GDP-forming] 
subunit beta, mitochondrial -0.26 9.59x10-7 

G3IFX1 Succinate dehydrogenase [ubiquinone] 
flavoprotein subunit, mitochondrial  -0.60 7.66x10-12 

G3IEY0 Succinate dehydrogenase [ubiquinone] 
iron-sulfur subunit, mitochondrial  -0.73 1.65x10-11 

G3H6M5 Fumarate hydratase, mitochondrial 0.06 1.56x10-1 
G3HA23 Malate dehydrogenase (Fragment) 0.09 9.49x10-3 
G3HDQ2 Malate dehydrogenase  -0.18 1.90x10-2 
G3HTR9 Malic enzyme (NAD) -1.09 4.52x10-11 

Cholesterol 
biosynthesis 

G3HMY0 3-hydroxy-3-methylglutaryl coenzyme A 
synthase (HMG-CoA synthase)  -1.21 6.80x10-7 

G3HP76 3-hydroxy-3-methylglutaryl coenzyme A 
synthase (HMG-CoA synthase)  -0.86 9.79x10-7 

G3GRT8 Diphosphomevalonate decarboxylase  -0.34 5.52x10-6 
G3HC39 Farnesyl pyrophosphate synthetase -0.70 2.35x10-8 
G3H0L7 Squalene synthetase -1.02 8.31x10-11 

 

Proteins specifically involved in glutathione metabolism can be found in the two last described 

clusters (Figure 3). More details about proteins detected related to glutathione are presented 

in Figure 4. Glutathione synthesis-related proteins were overall up-regulated, especially the 

glutamate cysteine ligase regulatory subunit and the S-formylglutathione hydrolase. In 

contrast, some proteins involved in the consumption of glutathione, e.g. for the detoxification 
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or catabolism of glutathione, were overall down-regulated. A good example of this was the 

down-regulation of glutathione S-transferases from the Mu family. However, GSTs from other 

families (omega, alpha and pi) were not down-regulated (Figure 4).  

 

 
Figure 4: Glutathione metabolism related proteins expression in BSO-treated cells.  
The logFC and the adj. p. value are represented by the color from green to red. Red indicates 
a logFC>0.5 and a adj. p. value <0.05 ; ligh red indicates logFC<0.5 and a adj. p. value <0.05; 
green indicates a logFC<-0.5 and a adj. p. value <0.05; light green indicates logFC>-0.5 and 
a adj. p. value <0.05 and grey adj. p. value >0.05. Statistical data have been generated using 
limma empirical Bayes moderated t-test. The BSO-treated condition (n=10) have been 
compared to control conditions (n=12). 
 

4. Discussion 

In this study, in order to characterize oxidative stress response in CHO cells, we have 

modulated the GSH synthesis through two approaches: by the reduction of cysteine supply 

and by the inhibition of GSH biosynthesis. Reducing cysteine concentration in the feed by 50% 

did not appear to influence cell growth but led to a decrease of 24% in titer and of 50% in 

intracellular glutathione. However, inhibition of GCL activity by BSO led to significant depletion 

of GSH as well as a reduced cell growth and titer. In addition to classical physiological 

characterization and metabolite profiling, proteomics was performed at different stages of the 
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culture. Interestingly, no significant differences in protein expression were observed in the 

reduced cysteine feed condition, whereas 63 proteins displayed different expression levels in 

the BSO-treated conditions suggesting an adaptation to oxidative stress. 

In a recent study, it was shown that a decrease of cysteine supply led to a depletion of 

glutathione (Ali et al., 2019). Therefore, the oxidative stress generated led to cell death, titer 

decrease and differential expression of proteins. In our study, the decrease of cysteine supply 

did not lead to intracellular GSH depletion. Therefore, we did not observe cell death and 

significant protein differential expression (adjusted p value<0.05, LogFC threshold: 0.5), while 

specific productivity was substantially reduced. Indeed, a clear correlation over time between 

specific productivity and GSH intracellular concentration was observed. It can thus be 

suggested that in response to a reduced cysteine supply and therefore a reduce GSH 

availability, the cell metabolism initially decreases the recombinant protein production to 

reduce ROS production. The regulation of this phenomena can be due to a differential 

expression of non-detected cellular proteins such as transcription factors. It could also be due 

to other regulatory mechanisms such as protein phosphorylations, which are not detected in 

this type of proteomic analysis. 

Partial inhibition of GCL using BSO has been suggested as a selection system to enrich for a 

cell population with higher productivity (Feary et al., 2017). In our case, specific productivity is 

not increased by the BSO treatment. These differences can be related to the differences in 

plasmid maintenance in GS and DG44 cell lines. Indeed, in their study the effect of BSO is 

observed on the GS cell line which utilizes selection on methionine sulfoximine, an analog of 

BSO and an inhibitor of glutamine synthetase. However, the DG44 cell line used in this study 

utilizes a different selection system. However, the increase in cell diameter and the 

overexpression of GCLc and GCLm were consistent with previous observations (Feary et al., 

2017). Interestingly, in the present study, GCLm was more overexpressed than GCLc in BSO-

treated cells. In the control condition, GCLm expression decreases over time following the 

intracellular GSH increase. However, a constitutive expression of GCLc was observed (Figure 

S6). Despite a likely higher level of GCLc protein in CHO cells, it looks as though dynamic 

expression of GCLm is the most important parameter in the regulation of de novo synthesis of 

GSH during the process. In a previous study in CHO cells, it has been demonstrated that up-

regulation of GCLm by cell engineering increase GSH content. In the present study, in the 

presence of BSO, CHO cells try to compensate for GCL inhibition by producing more GCLm. 

However, this response was not able to restore normal intracellular GSH levels in our 

experimental conditions. As cystine cannot be used for GSH synthesis, it is possible that the 

potential secretion observed from day 8 happened to avoid accumulation of this amino acid in 

the cell. Indeed, cysteine/cystine accumulation can potentially influence the intracellular redox 

potential. 
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In addition to the attempt to up-regulate GSH production when inhibited by BSO, cells recycled 

GSH through the overexpression of S-formylglutathione and GSH reductase. Likewise, GSH 

catabolism through the gamma-glutamyl cyclotransferase was down-regulated. Interestingly, 

the GST Mu enzymes 1, 5 and 6 were down-regulated. However other GSTs from other 

families (omega, alpha and pi) have been detected and were not interpreted as down-

regulated. This can be due to the difference of substrate selectivity. For example, GSTs Mu 

are in general more efficient for nucleophilic aromatic substitution and less selective than 

GSTs Alpha (Eaton et al., 1999; Salinas et al., 1999). GSTs Alpha is the only family able to 

reduce hydroperoxides. They are also involved in lipid peroxidation by product detoxification 

such as Acrolein and 4-hydroxy-2-nonenal (Stevens et al., 2008; Yang et al., 2016). Moreover, 

some GSTs can have additional activities to conjugation such as GST Pi 1 which can bind to 

c-Jun N-terminal kinase (JNK) and GST Mu 1 which can bind to apoptosis signal-regulating 

kinase 1 (ASK1), and modulate apoptosis signaling pathways (Allocati et al., 2018; Armstrong, 

2010). 

Beside GSH metabolism, other responses to oxidative stress were observed. The main one 

was the overexpression of the heme oxygenase 1 already observed on day 6 and amplified 

on day 10. Increase of the free heme detoxification is usually observed under oxidative stress 

(Gozzelino et al., 2010). However, we also observed an up-regulation of the transferrin 

receptor protein 1 and the 5-aminolevulinate (ALA) synthase. The first is involved in iron 

transport and the second is the rate-limiting enzyme in heme synthesis. However, there is an 

inconsistency with the regulation of heme biosynthesis described in literature as ALA synthase 

is usually down-regulated when the heme oxygenase 1 is up-regulated (Ajioka et al., 2006; 

Fujii et al., 2004). 

The heme oxygenase 1 gene expression is regulated by the Nuclear factor E2-related factor 

2 (Nrf2). This factor is retained in the cytoplasm through a complex with Keap1 under normal 

conditions. Under oxidative stress, it is translocated to the nucleus and binds to the antioxidant 

response element (ARE). The overexpression of Gclm and heme oxygenase 1 in the BSO-

treated cells suggests an activation of the Keap1-Nrf2 pathway. Moreover Sequestosome 1, 

also called p62, is also overexpressed (Supplementary material 1). This protein is known to 

compete with Nrf2 for the interaction with Keap1 leading to a stabilization of free Nrf2 (Wei et 

al., 2019). Others proteins related to the antioxidant defense (catalase, superoxide dismutase 

[Mn], thioredoxin 1, glutathione reductase ) and NADPH regeneration through the oxidative 

pentose phosphate pathway (Glucose-6-phosphate 1-dehydrogenase, 6-phosphogluconate 

dehydrogenase) have been measured as differentially expressed in the BSO-treated cells, but 

with a lower logFC magnitude (Tonelli et al., 2018) (Supplementary Table 1). This observation 

can support the hypothesis of a Nrf2 activation. One of the limitations with this explanation is 
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that GSTs Mu genes have also been described as Nrf2 target and are significantly down-

regulated.  

Another response to oxidative stress is the down-regulation of intracellular ROS production. 

The main source of ROS within the cell is the respiratory chain (Turrens, 2003). In this context, 

mitochondria proteins should be the main targets of activity reduction. The general down-

regulation of proteins involved in the oxidative phosphorylation and the TCA cycle observed 

in BSO conditions confirm this hypothesis. Acyl-CoA synthetase family member 2, involved in 

the activation of fatty acid is also down-regulated (LogFC =-0.79, adj. p. value =1.11x1010). 

This observation suggested a decrease of Acetyl CoA supply to the TCA through the beta 

oxidation pathway. This hypothesis was supported by the down-regulation of other enzymes 

involved in the beta oxidation process such as the Carnitine O-palmitoyltransferase 2 or the 

Acetyl-CoA acetyltransferase (Supplementary table 1). Consequently, carbon fluxes through 

the TCA cycle were reduced and pyruvate accumulated in the cells. Indeed, glycolysis 

enzymes were not down-regulated and the glucose uptake was constant. Other enzymes 

involved in pyruvate production such as the malic enzyme [NAD] were down-regulated. 

Therefore, pyruvate surplus was converted to lactate and alanine which are produced from 

day 6 in BSO-treated cells.  

Another down-regulated process in response to glutathione depletion was lipid metabolism 

and especially the cholesterol de novo synthesis pathway. Cholesterol plays a major role in 

membrane fluidity regulation. Moreover, cholesterol regulation may also play a role on protein 

secretion reduction as it is an essential building block of secretion vesicles (Wang et al., 2000). 

Recently, it has been shown that the increase of cholesterol synthesis with the up-regulation 

of a micro RNA can increase the productivity of CHO cell lines by increasing their secretion 

capacity (Loh et al., 2017). It is then possible that the increase of productivity and glutathione 

content observed over time during the process are also link to cholesterol regulation.  

One hypothesis that can be proposed to explain the down-regulation of cholesterol synthesis 

under glutathione depletion is the accumulation of oxysterols in the ER. The expression of 

enzymes involved in cholesterol synthesis is regulated by a common transcription factor 

SREBP2. SERBPs are retained in the ER membrane by forming a complex with the SERBP 

cleavage-activating protein (SCAP) and the insulin-induced gene protein (Insig). The retention 

of the complex is controlled by cholesterol and by oxysterol concentrations (Howe et al., 2016). 

As oxysterol is a byproduct of cholesterol biosynthesis, it is a signal for cholesterol 

overproduction for the cell. Oxysterols can be enzymatically derived, especially by the 

cytochrome P450 reductase, or direct products of cholesterol autoxidation (Olkkonen et al., 

2012). Hence, it could be hypothesized that the BSO treatment led to an increase of oxysterols 

in the ER (Micheletta et al., 2006).  
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Another possible explanation is that the reduction of the cholesterol synthesis could be an 

attempt to decrease the use of NADPH. Indeed, the 3-hydroxy-3-methylglutaryl coenzyme A 

(HMG-CoA) reductase uses two NADPH molecules to reduce HMG-CoA to mevalonate (Burg 

et al., 2011). Moreover, NADPH electrons are transferred by the cytochrome P450 reductase 

to squalene monooxygenase and lanosterol demethylase during cholesterol synthesis (Porter, 

2015). In total, four NADPH molecules are used to produce one cholesterol molecule from 

acetyl-CoA, which is stoichiometrically a lot. Decreasing this activity may also help to maintain 

NADPH/NADP+ redox homeostasis and indirectly counteract oxidative stress.  

 Another hypothesis is the down-regulation of cholesterol to favorize GSH import in the 

mitochondria. Indeed, cholesterol has been reported as a mitochondrial GSH transport 

regulator (Ribas et al., 2016). Accumulation of cholesterol in the mitochondria membrane has 

been shown to impair the activity of some membrane proteins such as the 2-oxoglutarate 

carrier which exports 2-oxoglutarate in the cytosol in exchange of the import of GSH in the 

mitochondria. Moreover, it has been shown that accumulation of mitochondrial cholesterol can 

damage the respiratory chain complexes assembly (Solsona-Vilarrasa et al., 2019). Under 

GSH depletion, the cells potentially tried to stabilize the mitochondria membrane and favorize 

GSH import in the mitochondria matrix by lowering cholesterol.  

We showed that reducing GSH intracellular content by half led to a decrease productivity of 

heterologous protein production despite a modest number of changes in the cellular proteins' 

expression profile. However, GSH depletion resulted in an adaptation of GSH metabolism and 

triggered an oxidative stress response. In addition, cells died, and recombinant protein was 

completely stopped. Thanks to these extreme conditions, this study have lighted up that the 

modulation GSH thanks to BSO also impacted lipid biosynthesis, especially cholesterol which 

play a role in protein secretion. Thus, in order to finally figure out how glutathione metabolism 

is linked to productivity, further work should include a control of cholesterol metabolism. 
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Chapter 3 
 
 
 
Differential effect of oxidative stress sources on process 
performance and CHO cells metabolism. 
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Rationale 
Many previous studies have made a link between changes in glutathione metabolism and 

oxidative stress. In Chapter 2 we have observed that glutathione metabolism is related to the 

specific productivity in recombinant protein production. Moreover, we have demonstrated a 

close link between cholesterol and glutathione metabolism. However, we do not know if these 

observations were related to a glutathione specific response or to a global oxidative stress 

response. In this context, we have performed the study presented in Chapter 3 in order to 

differentiate glutathione metabolism from the oxidative stress response. Thus, the assessment 

of different sources of oxidative stress and their impact on the bioprocess performance has 

been performed. 
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Abstract 

During recombinant protein production, CHO cells can be exposed to oxidative stress. Indeed, 

oxygen inhomogeneities, high energy demand, media components and waste accumulation 

can be responsible of reactive oxygen species (ROS) production. As ROS can be detrimental 

to the cells and to the product quality at high concentration, oxidative stress must be well 

controlled. Different antioxidant systems can be activated by the cells in response to high ROS 

concentration. These systems are involved in different pathways and can lead to different 

cellular response. In this context, this study aims to further the understand of the impact of 

these cellular processes on CHO cell performance during recombinant production. The three 

main antioxidant defenses, the glutathione system, the thioredoxin system and the catalase 

detoxification have each been inhibited using specific chemicals inhibitors. The analysis of cell 

metabolism and physiology has revealed different responses depending on the sources of 

oxidative stress. Moreover, we have shown that the link between glutathione and productivity 

observed previously is glutathione specific and not related to the other oxidative stress 

responses. 

Keywords 

CHO cells, Glutathione, Thioredoxin , Catalase, Bioprocess, Productivity 
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1. Introduction 

In order to reach acceptable process yields and address the needs of the biologics market, 

bioprocesses for recombinant protein production are more and more  in demand. Cell lines 

are genetically modified to reach high specific productivity and cell cultures are more and more 

dense. Therefore, Chinese hamster ovary (CHO) cells, which are widely used in this area, are 

exposed to a high level of stress during production which can led to apoptosis if levels of stress 

are not well controlled. The understanding of cellular stresses is therefore essential for further 

optimization of recombinant protein production in CHO cells.  

Although oxygen is an essential component for the aerobic life, by-products of oxygen 

metabolism can be reactive oxygen species (ROS), which have detrimental effects at high 

concentrations. Nevertheless, ROS are important players in cellular redox homeostasis and 

are involved in a lot of signaling pathways (Zhang et al., 2016).  For example, ROS are 

implicated in the activation of NF-kB, a transcription factor which is involved in a number of 

critical cellular processes, such as inflammation, proliferation, autophagy and apoptosis (Chen 

et al., 2001).  

The cellular antioxidant defense is composed of molecules and proteins which act directly or 

indirectly to detoxify ROS. The glutathione and thioredoxin systems, along with catalases are 

the main ROS detoxification pathways. Glutathione is a tripeptide which can directly scavenge 

ROS. It is also the cofactor of antioxidant enzymes such as the glutathione peroxidase, the 

glutaredoxins and the glutathione-s-transferases. Moreover, especially through S-

glutathionylation, glutathione regulates the activity of a large variety of proteins like 

transcription factors (IKKβ, TRAF 6, c-Jun), transporters (Adenosine transporter) and 

enzymes (GADPH, eNOS) (Zhang et al., 2012). Thioredoxin is a small protein which can serve 

a similar function to glutathione but also plays other important roles in mammalian cells. 

Thanks to its thiol groups, thioredoxin can exchange disulfide bonds with other proteins. For 

example, thioredoxins are the partner proteins of peroxiredoxins which detoxify H2O2. They 

also modulate the activity of other proteins such as ASK-1 which is a transcription factor 

involved in the apoptosis cascade (Saitoh et al., 1998). Finally, the catalases are class of 

enzymes which reduce H2O2 to H2O, and require NADPH to be maintained in their active 

form (Birben et al., 2012). 
Even if all these antioxidant system aims to reduce oxidative stress, their involvement in the 

cellular processes are different. Therefore, in an effort to understand the impact of oxidative 

stress on bioprocesses such that process parameters can be identified to control it in the 

future, all the antioxidant defense systems should be explored. In this study we have examined 

the glutathione system, the thioredoxin system and the catalase detoxification by specifically 
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inhibiting their activity. We highlight the difference observed between them and their impact 

on bioprocess performance and cell metabolism. 

2. Material and Method 

2.1. Cell culture 

A proprietary CHO DG44 cell line producing a recombinant monoclonal antibody (mAb) has 

been cultivated 14 days in a fed-batch mode. The culture was grown in 1 L non-baffled shake 

flasks (Corning) with a culture start volume of 300mL where proprietary basal media and feed 

were used. Shake flasks were placed in a shaking incubator at 140 rpm, 5% CO2, 80% 

humidity and 36.8°C (Infors). The stirring was increased during the culture to maintain a proper 

oxygenation, while the CO2 level was decreased to maintain a pH close to 7. Three inhibitors 

were used in order to induced oxidative stress: a catalase inhibitor 3-amino-1,2,4-triazole (3-

AT, Sigma); a thioredoxin inhibitor 1 -Methylpropyl-2-imidazolyl disulfide (PX-12, Sigma); and 

an inhibitor of the glutathione synthesis, buthionine sulfoximine (BSO, Sigma). After sampling 

on day 3, each inhibitor was added to a final concentration of 1mM for 3-AT, 50µM for the PX-

12 and 0.5mM for the BSO. Daily measurements of viable cell density and cell diameter 

average were performed using an automated cell counter (ViCell, Beckman Coulter). mAb 

titer, glucose concentration and lactate concentration were determined using an automated 

metabolites analyzer (Cedex Bio HT, Roche).   

2.2. Intracellular glutathione measurement 

Samples for GSH measurement were taken on day 3, 5, 7, 10, 12, 13 and 14 of the culture. 

After sampling, the cell culture sample was directly quenched using a -20°C ethanol bath and 

kept cold in a CoolRack® (Corning) during the sample preparation. A volume containing 5 x 

107 cells was then centrifuged at 1000 g, 1 min, -5°C. Cell pellets were washed twice using 

cold PBS solution and frozen at -80°C. The sample preparation and the intracellular analysis 

of GSH was performed by LC-MS as described previously (chapter 2). 

2.3. Intracellular cholesterol measurement 

A cell culture volume containing 2 x 107 cells was taken daily to measure intracellular 

cholesterol content. The samples were centrifuged at 180 g for 5 min and the cell pellets were 

washed twice using cold PBS solution. Subsequently, 500 µL of Lipid Extraction Buffer 

(Abcam kit ab211044) were added to each cell pellet. The samples were placed in an orbital 

shaker for 15 – 20 min to extract the lipids into the organic phase. After centrifugation for 5 

min at 13,000 x g the supernatant was transferred into a new 2 mL tube and the buffer was 

evaporated using the vacuum concentrator at 40 °C for 2 – 3 hours (CentriVap® Centrifugal 

Concentrators, Labconco). The dry lipid pellet was resuspended in 125 µL of Cholesterol 
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Assay Buffer (Abcam kit ab65359). To ease the resuspension, the tubes were placed in a 

sonicated water bath for 15 min at 37 °C. After vortexing, the samples were analyzed to 

determine their cholesterol concentration using the Cholesterol Bio HT test kit in the Cedex 

Bio HT (Roche). The quantity of cholesterol present in the sample was then divided by the 

analyzed cell number. 

3. Results and discussion 

3.1. Different growth time response depending on the oxidative stress sources 

In order to study different sources of oxidative stress, three different antioxidant defense 

systems were inhibited. Thioredoxin was inhibited with PX-12, catalase with 3-AT and 

glutathione synthesis with BSO. Inhibitors were added to separate fed-batch cultivations on 

day 3 after sampling. 

 

 

Figure 1 : Impact of different oxidative stress sources on viable cell concentration (A), 
specific productivity (B) and cell diameter (C). Day 3 interventions were performed (after 
sampling) to achieve final concentrations of 1 mM 3-AT, 50 µM PX-12 and 0.5 mM BSO. 
Abbreviations: 3-AT= 3-amino-1,2,4-triazole (catalase inhibitor); PX-12= 1-Methylpropyl-2-
imidazolyl disulfide (thioredoxin inhibitor); BSO = buthionine sulfoximine (glutathione synthesis 
inhibitor).   
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A reduction of the cell growth rate was already visible on day 4 for the PX-12 treated cells 

compared to the control (Figure 1A). However, for 3-AT and BSO treated cells, the viable cell 

concentration only started to differ from the control on day 6 and 8 respectively. The effect of 

3-AT and BSO on cell growth was delayed compared to PX-12. It can also be noticed that the 

effect of BSO on cell growth was lower than in our previous study (chapter 2) even though 

the same concentration of BSO was used. This observation can be explained by the scale 

differences between the two studies. It has been shown that cultivation in a bioreactor is a 

more stressful environment than in a shake flask cultivation. Indeed, oxidative stress is 

promoted in bioreactors that are actively sparged (chapter 1 ; (Chevallier et al., 2020)) and 

where the type of stirring can induce more shear stress (Klöckner et al., 2012). 

3.2. Growth arrest effect observed on specific productivity with PX-12 and 3-AT 
treatments 

Regarding specific productivity, different profiles can be observed depending on the inhibitor 

used (Figure 1B). PX-12, which had the higher impact on cell growth, led to an increase of 

specific productivity between days 5 and 9. To a lesser extent, the same phenomenon 

happened to 3-AT treated cells between days 7 and 9, in parallel to the cell growth rate 

decrease.  This increase of specific productivity can be related to a cell growth arrest effect. 

Inhibition of the cell cycle has been widely studied in CHO cells to increase specific productivity 

of recombinant proteins. For example, the overexpression of cycling dependent kinases 

inhibitors to provoke cell arrest by cell engineering showed an increase of specific productivity 

in literature (Bi et al., 2004; Mazur et al., 1998). Specific productivity has previously been 

shown to improve through the use of small molecules such as sodium butyrate to block the 

cell cycle (Du et al., 2015; Jiang et al., 2008; Sung et al., 2004). Less specific stress, such as 

nutrient depletion, osmotic stress or temperature shifts have also led to a decrease of cell 

growth and an increase of specific productivity in CHO cells (Fomina-Yadlin et al., 2014; 

McHugh et al., 2020; Shen et al., 2010). Our results suggest that oxidative stress can have a 

similar effect. 

Interestingly, the PX-12 treated cells had an immediate increase of specific productivity after 

inhibitor addition. PX-12 is a covalent inhibitor which interacts with the thiol groups of 

thioredoxin (Ramanathan et al., 2007). Thus, thioredoxin was not able to exchange disulfide 

bonds with other proteins, such as peroxiredoxins, and the detoxification of H2O2 was likely 

reduced. But beside that, an oxidative environment is required in the ER in order to promote 

the oxidation of PDI and the subsequent disulfide bond formation (Mezghrani et al., 2001). 

Thus, it can be hypothesized that the accumulation of oxidants in the ER can be beneficial for 

protein folding rate to a certain extent. This hypothesis is also supported by the specific 
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productivity profile of 3-AT treated cells between days 7 and 9. Indeed, 3-AT is an inhibitor of 

catalase, an enzyme which hydrolyzes H2O2. 

For both cases, the increase of specific productivity is lost by day 10, and by day 13 the specific 

productivity of PX-12 and 3-AT treated cells was completely absent. This is in contrast to the 

control condition, which continued to produce during the decline cell growth phase. By day 10 

the PX-12 and 3-AT inhibited cells appeared to be overwhelmed by the accumulation of ROS 

and aggregation of intracellular proteins leading to apoptosis (Redza-Dutordoir et al., 2016). 

Other antioxidant and maintenance systems, such as the GSH system, were not sufficient to 

compensate for the loss of activity from the catalases or the thioredoxin system.  

3.3. GSH metabolism was needed to support recombinant protein production 

Even if the impact of PX-12 and 3-AT on specific productivity were similar, the opposite 

response was observed with BSO. Indeed, when PX-12 had an increased specific productivity, 

BSO treated cells had a reduction of their specific productivity. This reduced specific 

productivity compared to the control was maintained from day 5 to day 14. The inhibition of 

glutathione synthesis did not generate the same growth arrest effect as was observed with the 

inhibition of the thioredoxin system or catalase activity. This result suggests that glutathione 

metabolism plays another role than the detoxification of H2O2 in the protein synthesis and 

secretion. Moreover, it suggests that other defense systems, such as the thioredoxin system 

and the detoxification by the catalase, were sufficient to maintain a steady intracellular level 

of ROS despite the GSH depletion, allowing the cells to survive in the tested condition.    

The average cell diameter has been reported to correlate with specific productivity (Pan et al., 

2017). In this regard, the cell physiology was also impacted differently between oxidative 

stress sources. One day after the PX-12 spike, the cell diameter increased of 1 µm compared 

to the other conditions (Figure 1C). The cell diameter of the 3-AT and BSO treated cells started 

to increase on day 6 to reach the same size of PX-12 on day 7 and day 8 respectively. In the 

control conditions, cell diameters stayed below the stressed conditions until day 10. After this 

point, cell death led to a decrease of the cell diameter average in stressed conditions. Results 

obtained with PX-12 and 3-AT treated cells also suggest a positive correlation between cell 

size and specific productivity. Moreover, other examples of cell diameter changes and 

increases in specific productivity due to cell growth arrest were reported in literature (Bi et al., 

2004; Carvalhal et al., 2003; Martínez et al., 2015).  However, this does not appear to be the 

case for BSO treated cells, which have a higher cell diameter than the control but a lower 

specific productivity. As the effect on cell diameter was also observed in all three of the induced 

stress conditions,  it is likely that the same physiology changes occurred in the BSO treated 

cells due to an increase of ROS. However, in contrast, the specific productivity of BSO treated 
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cell decreased with increasing cell size, implicating a dependence on glutathione and its role 

in protein production pathways more specifically.   

 

  

Figure 2 : Impact of different oxidative stress sources on intracellular glutathione 
content. Oxidative stress inducers were added on day 3, after sampling, to a final 
concentration in the shake flask of 1 mM 3-AT, 50 µM PX-12 and 0.5 mM BSO. Abbreviations: 
3-AT= 3-amino-1,2,4-triazole (catalase inhibitor); PX-12= 1-Methylpropyl-2-imidazolyl 
disulfide (thioredoxin inhibitor); BSO = buthionine sulfoximine (Glutathione synthesis inhibitor); 
GSH = glutathione.     

 

Intracellular glutathione content is shown in Figure 2.  A decrease of the intracellular GSH 

content was only observed in the BSO treated cells between days 5 and 10.  Thus, the GSH 

content in PX-12 and 3-AT treated cells  was similar to the control condition when their specific 

productivity was high. This observation suggests that recombinant protein synthesis depends 

on glutathione metabolism to some extent. In the second part of the cultivation, the PX-12 and 

3-AT GSH content decreased from day 10 to the end of the process when apoptosis started. 

Indeed, decrease of GSH content was already reported as part of the apoptotic events 

cascade (Circu et al., 2008). 
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3.4. Glucose consumption was increased under oxidative stress 

Glucose and lactate production/uptake rates are shown in Figure 3. One day after treatment, 

PX-12 treated cell have an increased consumption rate compared to the control. This high 

glucose consumption on day 4 was associated with a simultaneous increase of lactate 

production. This temporal lactate production increased was concomitant with the cell diameter 

increase observed previously (Figure 1C).Then, the PX-12 treated cells also began lactate 

consumption on day 5. 

 

 

Figure 3 : Impact of different oxidative stress sources on Glucose  (A) and Lactate (B) 
uptake/production rate. Oxidative stress inducers were spiked on day 3 after sampling. The 
final concentration in the shake flask after spike was 1mM for 3-AT, 50µM for PX-12 and 
0.5mM for BSO. Abbreviations : 3-AT= 3-amino-1,2,4-triazole (catalase inhibitor) ; PX-12= 1-
Methylpropyl-2-imidazolyl disulfide (thioredoxin inhibitor) ; BSO = buthionine sulfoximine 
(Glutathione synthesis inhibitor).   

 

The increase in glucose uptake rates suggested an increase demand for energy and can be 

explained by a less effective use of carbons by the cells. Indeed, under oxidative stress, the 

need of NADPH is known to increase, along with an increased carbon flux through. In our 

study, NADPH was certainly required to regenerate thioredoxin which was blocked in its 
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oxidized form due to the PX-12 treatment  (Holmgren et al., 1995). Similarly, 3-AT and BSO 

treated cells increased their glucose consumption from day 9. These observations can also 

be related to an increase of the pentose phosphate pathway, as NADPH is also required for 

the regeneration of GSH and modulate the catalase activity (Kirkman et al., 1999; Perl et al., 

2011). The increase of the glucose consumption happened when cells were starting to die and 

was followed by an increased lactate production.  The TCA cycle activity was very likely 

decreased due to the excess of oxidative stress, and it has been shown that H2O2 inhibits 

important enzymes in the TCA cycle, e.g. aconitase, alpha-ketoglutarate dehydrogenase and 

succinate dehydrogenase (Nulton-Persson et al., 2001). As a consequence, less pyruvate was 

converted to lactate by the TCA cycle.    

 

 

Figure 4 : Impact of different oxidative stress sources on intracellular cholesterol 
content. Oxidative stress inducers were spiked on day 3 after sampling. The final 
concentration in the shake flask after spike was 1mM for 3-AT, 50µM for PX-12 and 0.5mM 
for BSO. Abbreviations : 3-AT= 3-amino-1,2,4-triazole (catalase inhibitor) ; PX-12= 1-
Methylpropyl-2-imidazolyl disulfide (thioredoxin inhibitor) ; BSO = buthionine sulfoximine 
(Glutathione synthesis inhibitor).   
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3.5. Cholesterol biosynthesis was increased under oxidative stress 

In parallel, intracellular cholesterol was accumulated in stressed cells from day 9 to 14 at a 

higher concentration than in the control condition (Figure 4). Possibly, the overflow of glucose 

led to an accumulation of acetyl-coA. Acetyl-coA was then converted to cholesterol, which 

accumulated within the cells. The accumulation of cholesterol under oxidative stress can 

explained the downregulation of the expression of cholesterol biosynthesis enzymes observed 

in our previous study (chapter 2). Indeed, the expression of the enzyme involved in cholesterol 

synthesis has been shown to be under feedback regulation by elevated cholesterol 

concentrations (Howe et al., 2016) . As cholesterol content was increased in all the stressed 

conditions, it can be concluded that the effect observed in chapter 2 was not glutathione 

specific but related to a general oxidative stress response. Despite the involvement of 

cholesterol in the secretion vesicles, no correlation with specific productivity was observed 

here.  

4. Conclusion 

In the context of recombinant protein production, CHO cells metabolism is exposed to a large 

variety of stresses, one of which is oxidative stress. However, different oxidative stresses 

exhibit both common and specific response. With this study we have demonstrated that 

different effects on the bioprocess performance can be obtained depending on the oxidative 

stress pathway involved. Inhibition of thioredoxin system and catalase detoxification caused a 

cell growth arrest with a temporal increase of the specific productivity. Nevertheless, an 

inhibition of the glutathione synthesis led to a decrease of specific productivity with a reduced 

effect on cell growth. These results support previous observations on the interconnection 

between glutathione metabolism and protein synthesis. It also confirms that this relationship 

is glutathione specific and not due to a global oxidative stress.   

  



71 
 

References 
Bi, J. X., Shuttleworth, J., & Al-Rubeai, M. (2004). Uncoupling of cell growth and proliferation results in enhancement of 

productivity in p21CIP1-arrested CHO cells. Biotechnol Bioeng, 85(7), 741-749. doi:10.1002/bit.20025 

Birben, E., Sahiner, U. M., Sackesen, C., Erzurum, S., & Kalayci, O. (2012). Oxidative stress and antioxidant defense. World 

Allergy Organ J, 5(1), 9-19. doi:10.1097/WOX.0b013e3182439613 

Carvalhal, A. V., Marcelino, I., & Carrondo, M. J. (2003). Metabolic changes during cell growth inhibition by p27 overexpression. 

Appl Microbiol Biotechnol, 63(2), 164-173. doi:10.1007/s00253-003-1385-5 

Chen, F., Castranova, V., & Shi, X. (2001). New insights into the role of nuclear factor-kappaB in cell growth regulation. The 

American journal of pathology, 159(2), 387-397. doi:10.1016/s0002-9440(10)61708-7 

Chevallier, V., Andersen, M. R., & Malphettes, L. (2020). Oxidative stress-alleviating strategies to improve recombinant protein 

production in CHO cells. Biotechnol Bioeng, 117(4), 1172-1186. doi:10.1002/bit.27247 

Circu, M. L., & Aw, T. Y. (2008). Glutathione and apoptosis. Free Radic Res, 42(8), 689-706. doi:10.1080/10715760802317663 

Du, Z., Treiber, D., McCarter, J. D., Fomina-Yadlin, D., Saleem, R. A., McCoy, R. E., . . . Reddy, P. (2015). Use of a small 

molecule cell cycle inhibitor to control cell growth and improve specific productivity and product quality of recombinant 

proteins in CHO cell cultures. Biotechnol Bioeng, 112(1), 141-155. doi:10.1002/bit.25332 

Fomina-Yadlin, D., Gosink, J. J., McCoy, R., Follstad, B., Morris, A., Russell, C. B., & McGrew, J. T. (2014). Cellular responses 

to individual amino-acid depletion in antibody-expressing and parental CHO cell lines. Biotechnol Bioeng, 111(5), 965-

979. doi:10.1002/bit.25155 

Holmgren, A., & Björnstedt, M. (1995). Thioredoxin and thioredoxin reductase. Methods Enzymol, 252, 199-208. 

doi:10.1016/0076-6879(95)52023-6 

Howe, V., Sharpe, L. J., Alexopoulos, S. J., Kunze, S. V., Chua, N. K., Li, D., & Brown, A. J. (2016). Cholesterol homeostasis: 

How do cells sense sterol excess? Chem Phys Lipids, 199, 170-178. doi:10.1016/j.chemphyslip.2016.02.011 

Jiang, Z., & Sharfstein, S. T. (2008). Sodium butyrate stimulates monoclonal antibody over-expression in CHO cells by improving 

gene accessibility. Biotechnol Bioeng, 100(1), 189-194. doi:10.1002/bit.21726 

Kirkman, H., Rolfo, M., Ferraris, A., & Gaetani, G. (1999). Mechanisms of protection of catalase by NADPH. J Biol Chem, 274, 

13908-13914. doi:10.1074/jbc.274.20.13908 

Klöckner, W., & Büchs, J. (2012). Advances in shaking technologies. Trends Biotechnol, 30(6), 307-314. 

doi:10.1016/j.tibtech.2012.03.001 
Martínez, V. S., Buchsteiner, M., Gray, P., Nielsen, L. K., & Quek, L.-E. (2015). Dynamic metabolic flux analysis using B-splines 

to study the effects of temperature shift on CHO cell metabolism. Metabolic Engineering Communications, 2, 46-57. 

doi:10.1016/j.meteno.2015.06.001 

Mazur, X., Fussenegger, M., Renner, W. A., & Bailey, J. E. (1998). Higher productivity of growth-arrested Chinese hamster ovary 

cells expressing the cyclin-dependent kinase inhibitor p27. Biotechnol Prog, 14(5), 705-713. doi:10.1021/bp980062h 

McHugh, K. P., Xu, J., Aron, K. L., Borys, M. C., & Li, Z. J. (2020). Effective temperature shift strategy development and scale 

confirmation for simultaneous optimization of protein productivity and quality in Chinese hamster ovary cells. Biotechnol 

Prog, e2959. doi:10.1002/btpr.2959 

Mezghrani, A., Fassio, A., Benham, A., Simmen, T., Braakman, I., & Sitia, R. (2001). Manipulation of oxidative protein folding and 

PDI redox state in mammalian cells. Embo j, 20(22), 6288-6296. doi:10.1093/emboj/20.22.6288 

Nulton-Persson, A. C., & Szweda, L. I. (2001). Modulation of mitochondrial function by hydrogen peroxide. J Biol Chem, 276(26), 

23357-23361. doi:10.1074/jbc.M100320200 

Pan, X., Dalm, C., Wijffels, R. H., & Martens, D. E. (2017). Metabolic characterization of a CHO cell size increase phase in fed-

batch cultures. Appl Microbiol Biotechnol, 101(22), 8101-8113. doi:10.1007/s00253-017-8531-y 

Perl, A., Hanczko, R., Telarico, T., Oaks, Z., & Landas, S. (2011). Oxidative stress, inflammation and carcinogenesis are 

controlled through the pentose phosphate pathway by transaldolase. Trends in molecular medicine, 17(7), 395-403. 

doi:10.1016/j.molmed.2011.01.014 

Ramanathan, R. K., Kirkpatrick, D. L., Belani, C. P., Friedland, D., Green, S. B., Chow, H. H., . . . Dragovich, T. (2007). A Phase 

I pharmacokinetic and pharmacodynamic study of PX-12, a novel inhibitor of thioredoxin-1, in patients with advanced 

solid tumors. Clin Cancer Res, 13(7), 2109-2114. doi:10.1158/1078-0432.ccr-06-2250 



72 
 

Redza-Dutordoir, M., & Averill-Bates, D. A. (2016). Activation of apoptosis signalling pathways by reactive oxygen species. 

Biochimica et Biophysica Acta (BBA) - Molecular Cell Research, 1863(12), 2977-2992. 

doi:10.1016/j.bbamcr.2016.09.012 

Saitoh, M., Nishitoh, H., Fujii, M., Takeda, K., Tobiume, K., Sawada, Y., . . . Ichijo, H. (1998). Mammalian thioredoxin is a direct 

inhibitor of apoptosis signal-regulating kinase (ASK) 1. Embo j, 17(9), 2596-2606. doi:10.1093/emboj/17.9.2596 

Sengupta, N., Rose, S. T., & Morgan, J. A. (2011). Metabolic flux analysis of CHO cell metabolism in the late non-growth phase. 

Biotechnol Bioeng, 108(1), 82-92. doi:10.1002/bit.22890 

Shen, D., Kiehl, T. R., Khattak, S. F., Li, Z. J., He, A., Kayne, P. S., . . . Sharfstein, S. T. (2010). Transcriptomic responses to 

sodium chloride-induced osmotic stress: a study of industrial fed-batch CHO cell cultures. Biotechnol Prog, 26(4), 1104-

1115. doi:10.1002/btpr.398 

Sung, Y. H., Song, Y. J., Lim, S. W., Chung, J. Y., & Lee, G. M. (2004). Effect of sodium butyrate on the production, heterogeneity 

and biological activity of human thrombopoietin by recombinant Chinese hamster ovary cells. J Biotechnol, 112(3), 323-

335. doi:10.1016/j.jbiotec.2004.05.003 

Zhang, H., & Forman, H. J. (2012). Glutathione synthesis and its role in redox signaling. Seminars in cell & developmental biology, 

23(7), 722-728. doi:10.1016/j.semcdb.2012.03.017 

Zhang, J., Wang, X., Vikash, V., Ye, Q., Wu, D., Liu, Y., & Dong, W. (2016). ROS and ROS-Mediated Cellular Signaling. Oxid 

Med Cell Longev, 2016, 4350965. doi:10.1155/2016/4350965 

 
  



73 
 

 
 
Chapter 4 
 
 
 
Use of novel cystine analogs to decrease oxidative stress and 
control product quality. 
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Rationale 
In parallel to our investigations of oxidative stress in CHO cells cultures, we wanted to explore 

potential solutions to alleviate oxidative stress. Based on preliminary work performed at UCB 

on cystine analogs, and based on observations described in Chapter 2, we chose to study the 

impact of new cystine related compounds on oxidative stress and process performance. 

Indeed, we have previously observed a strong link between cysteine supply and glutathione 

metabolism. Moreover, it has been demonstrated in literature that certain product quality 

attributes are modulated by oxidation reactions. With this case study, we have demonstrated 

that the control of oxidative stress can help to reduce product microheterogeneity and thus 

improve product quality.  
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Abstract 
 
Continuous  improvements of cell culture media are required in order to ensure high yield and 

product quality. However, some components can be instable and led to detrimental effects on 

bioprocess performances. L-cysteine is an essential amino acid commonly used in cell culture 

media. Despite it beneficial effect on recombinant protein production, in some cases, this 

component can be responsible for product microheterogeneity. In this context, alternative 

components have to be found in order to reduce product variants while maintaining high 

productivity. In this study, we have assess the performance of different cysteine and cystine 

analogs : N-acetyl-cysteine, s-sulfocysteine, N,N′-diacetyl-L-cystine and the N,N′-diacetyl-L-

cystine dimethylester (DACDM). Replacement of cysteine by  cystine analogs, and especially 

DACDM, has shown positive impact on charge variants level and recombinant protein 

coloration level. Moreover, this molecule contributed to the increase of the intracellular 

glutathione pool, which suggests a close relationship with the oxidative stress regulation.    

 

Keywords  
CHO cells, cysteine, cell culture media, monoclonal antibody,  glutathione, charge variants 
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1. Introduction 

Control of product microheterogeneity is an important facet of biologics drug manufacturing. 

Mammalian cells are the preferred host to produce recombinant therapeutic proteins as their 

intracellular machinery is capable of producing proteins with post-translational modifications 

very similar to those produced by human cells. However, they are not producing identical 

molecules of a single variety but rather a population of protein variants. These variants can be 

cause by multiple modifications such as glycosylation, amino acid misincorporation, 

deamination, molecule adduction, clipping, and oxidation (Gramer, 2014). This product 

microheterogeneity will generate different populations of the proteins of interest with, for 

example, different sizes, charges, or colorations; which can potentially interact with the protein 

therapeutic activity, immunogenicity, or stability (Walsh et al., 2006).  

In this context, CHO cells production platforms need constant optimizations to reach 

commercial and regulatory requirements in terms of productivity and product quality.  In the 

recent years, a lot of effort has been made in order to understand the impact of process 

parameters on protein microheterogeneity and media development has been one of the main 

focus of the researchers (He et al., 2018; Vijayasankaran et al., 2018; Weng et al., 2020; Xu 

et al., 2018). For example, the use of high B-vitamins concentration in cell culture media have 

been shown to impact drug substance coloration, a product quality attribute (Vijayasankaran 

et al., 2013).  

L-cysteine is an essential amino acid commonly used in cell culture media and plays an 

important role for the production of proteins. It also serves as a precursor of essential 

molecules such as inorganic sulfur, glutathione, taurine and coenzyme A (Stipanuk et al., 

2006). Moreover, as cysteine is a thiol-containing molecule, this amino acid contributes to the 

intracellular redox-state (Bin et al., 2017).  Oxidation of L-cysteine to L-cystine easily occurs 

in cell culture environment as this reaction required oxygen and is catalyzed by metal ions 

such as copper (Atmaca, 2004).  Due to its reactivity, hydroxyl free radicals and sulfide free 

radicals can be generated and promote oxidative stress (Harman et al., 1984; Hua Long et al., 

2001). In the context of bioprocesses, this phenomenon could lead to a reduction of process 

performance through a decrease of cell growth or productivity, but may also lead to 

modifications of the protein of interest resulting in a product microheterogeneity (Chevallier et 

al., 2020). 

In this regard, cysteine derivatives have already been used to stabilize media and feed to 

reduce oxidative stress. For example, s-sulfocysteine has been shown to stabilize feed media, 

to stimulate cellular antioxidant defense and to improve productivity (Hecklau et al., 2016). 

Moreover a decrease of IgG fragments and trisulfide variants level has also been observed 

with this cysteine analog (Seibel et al., 2017).  Another cysteine analog widely used in 
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literature is N-acetyl-cysteine (NAC). This analog has shown an increase in glutathione 

production and an improvement of cell productivity (Oh et al., 2005; Raftos et al., 2007). 

However, cystine derivatives such as N,N′-diacetyl-L-cystine (DiNAC)  and N,N′-diacetyl-L-

cystine dimethylester (DACDM) were not extensively used in cell culture despite their 

involvement in the regulation of the intracellular thiol redox status. These molecules have 

mostly been studied in the context of inflammation reduction. Moreover, they haven’t been 

described as antioxidant molecules in the tested cell types (Pettersson et al., 2007; Yamada 

et al., 2004). For example, DACDM have been reported to suppress the UVB-induced NF-kB 

binding activity in a human keratin-ocyte cell line thanks to a shift of the intracellular redox 

balance to a more oxidized state (Kitazawa et al., 2002).  

In this study, we have tested the replacement of cysteine in feed media by two cysteine 

analogs, NAC and S-sulfocysteine, and two cystine analogs, DiNAC and DACDM, and 

assessed their impact on the performance of an industrial cell line producing a recombinant 

protein (Figure 1). Surprisingly, the cysteine analogs didn’t perform as well as the cystine 

analogs and early toxicity has been observed with S-sulfocysteine. A dosage study has then 

demonstrated that a 50% replacement of cysteine by DACDM allowed a reduction of product 

microheterogeneity without a detrimental effect on final titer. Further analysis demonstrated 

that the use of DACDM reduced free cysteine in the extracellular environment and enhanced 

the intracellular glutathione production.  

2. Material and method 

2.1. Chemicals 
N-acetyl-cysteine (CAS : 616-91-1) , N,N′-diacetyl-L-cystine (CAS : 5545-17-5)  and N,N′-

diacetyl-L-cystine dimethylester(CAS : 32381-28-5) were purchased from Bachem AG and S-

Sulfocysteine (CAS: 1637-71-4) from Merck.  

2.2. Cell culture 
CHO-DG44 cells producing a monoclonal antibody (mAb) were used in this set of experiment. 

Different culture scale were used for this study: 2L glass bioreactor (Sartorius), Ambr15© 

bioreactors (Sartorius) or 250mL Shake flasks (Corning). Culture start volume were 

respectively 1.3L, 12mL and 100mL.   Each time, cells were inoculated in basal media at a 

seeding density of 0.35x106 cells /mL and  cultivated during 14 days in fed-batch mode with 

the same feeding strategy. Cysteine in the feed was replaced by different cysteine and cystine 

analogs at different percentages (molar equivalence). Viable cell concentration (VCC) and 

viability were measured using a Vi-Cell analyzer (Beckman Coulter).  
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Figure 1 : Molecular structures of studied cysteine and cystine analogs 
  

2.3. Titer and product microheterogeneity determination 
At the end of the 14 days of culture, the cell culture fluid was harvested by centrifugation. 

Antibody final titer was determined using protein A HPLC (Waters). The supernatant was then 

purified using a protein-A affinity chromatography (GE). The protein-A eluates were used for 

the charge variants determination using isocapillary focusing (ProteinSimple iCE3). Another 

part of the protein A eluates was concentrated to 40mg/mL using Amicon centricon centrifugal 

filter devices (Millipore). Color intensity of the concentrated antibody composition was 

measured in the concentrated protein A eluates using a spectrophotometer by transmission 

(UltrascanPro) and compared to the CIE (commission internationale de l’éclairage) scale. The 

b* values were normalized to the concentration of 40mg/mL. 
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2.4. Cystine measurement 
The cell culture fluid was centrifuged 30min at 17000g in a 30K Amicon® 0.5mL Filter (Merck). 

The samples have been prepared using the AccQ-Tag Ultra Derivatization Kit (Waters). The 

analysis was performed by reverse phase UPLC (TUV detector set at 254 nm) using the AccQ-

Tag Amino Acid Analysis Column and associated buffers as recommended by the supplier 

(Waters). 

2.5. Intracellular glutathione measurement 
After sampling, the cell culture fluid was directly quenched using a -20°C ethanol bath and 

kept cold in a CoolRack® (Corning) during the sample preparation. A volume containing 107 

cells was then centrifuged at 1000g, 1 min, -5°C. Cell pellets were washed twice using cold 

0.9% NaCl solution and frozen at -80°C. The day of the analysis, the cell pellet was 

resuspended in a 10mM EDTA solution (pH 8) and a 13C-labelled glutathione internal 

standard (Buchem) was added. Cells were lysed using a sonifier (Brandson) during for 30 

seconds (pulse mode [15sec on / 5sec off]) with a 10% amplitude. After lysis, incubation with 

DTT and then N-ethylmaleimide were done in order to reduce GSSG and then alkylate GSH. 

Proteins were then precipitated by addition of -20°C acetone. After precipitation, the 

supernatant was transferred in a new tube for overnight evaporation using a vacuum 

concentrator. The sample pellet was reconstitute in mobile phase A (0.1% formic acid:water) 

using sonication. The sample was analyzed by LC-MS using a tandem quadrupole detector 

(Waters). The liquid chromatography was performed on a HSST 3 column of 10 cm (Waters) 

at 45°C and under a gradient of mobile phase A and B (0.1%formic acid:acetonitrile). GSH 

quantity were determined by comparison with the internal standard and normalized by the cell 

quantity.  

3. Results 

3.1. The use of cysteine and cystine analogs reduces product microheterogeneity 
In order to assess the effect of cystine and cysteine analogs on process performance and 

product quality, 50% of the cysteine in feed was replaced by an analog. The quantity of each 

analog added was calculated in order to keep an equivalent molar concentration of cysteine 

in all feeds tested. In this experiment 4 analogs of cystine and cysteine were tested: NAC, 

DiNAC, DACDM and S-Sulfocysteine. The performance of these feeds was compared with a 

100% Cysteine feed and a 50% Cysteine only feed in order to differentiate the effect of the 

cystine/cysteine analogs to the decrease of free cysteine. These results are displayed in 

Figure 2. 
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Figure 2 : 2L Bioreactor experiment process performances and product 
microheterogeneity results. Cysteine in the feed was replaced by different cysteine and 
cystine analogs at different percentages (molar equivalence). All conditions have been 
performed in duplicates except the S-Sulfocysteine. The error bars correspond to the standard 
deviation. Some figures show the Viable cell concentration (A), Titer at day 14 (B), Acidic 
variants level at day 14(C), mAb coloration level (b*value) at day 14 (D).  Abbreviations : 
Control = 100% cysteine feed ; 50% Cys = 50% cysteine only feed ;  DACDM = 50 %  DACDM 
50% cysteine feed ; DiNac = 50% DiNAC 50% cysteine feed ; Nac = 50% NAC 50% cysteine 
feed ; S-sulfo = 50% S-Sulfocysteine 50% cysteine feed ; APG = Acidic peak group. 
 

Growth profiles were not affected by the new sources of cysteine except for the S-

sulfocysteine which displayed an increase in cell death from day 8. As a consequence, we 

observed a 25% decrease in titer compared to the control condition at the end of the 

process. Feeds containing DiNAC and NAC displayed a 10% titer decrease compared to the 

control condition, which is in line with what was observed with the 50% cysteine only feed. 

However, the 50% DACDM feed had a similar titer to the control on day 14. Therefore, 

DACDM compensated for the loss of cysteine in the feed and led to a similar titer recovery.  

Regarding microheterogeneity, and especially charge variants, the main effect was observed 

with the 50% cysteine only feed with a 20% increase of the main charged species compared 

to the control condition. To a lesser extent, 50% DiNAC, 50% NAC and 50% DACDM feeds 
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exert a 10% to 15% decrease in acidic species level. In contrast, no decrease in acidic 

species level was observed with the 50% S-sulfocysteine feed (Figure 2C).  

Even if the effect on charge variants looks to be related to the cysteine decrease in 50% 

DiNAC, 50% NAC and 50% DACDM feeds, the mAb color level is significantly different from 

the 50% cysteine only feed. The lower level of coloration was observed with the 50% 

DACDM feed with a decrease of the b*value of 30% compared to the control. In the contrary, 

50% cysteine only feed and 50% S-sulfocysteine feed do not significantly affect the mAb 

color level with a b* value decrease between 0% and 5%. 

Based on these negative results, the S-sulfocysteine was not tested in the subsequent 

experiments.  

 

 
Figure 3: Ambr15© Bioreactor experiment growth profiles. Cysteine in the feed was 
replaced by different cysteine and cystine analogs at different percentages (molar 
equivalence). The ratio represents the percentage of cysteine and cystine analogs in the feed.  
All conditions have been performed in triplicates. The error bars correspond to the standard 
deviation. 
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3.2. Replacement of 50% cysteine by DACDM is the best compromise between 
product quality and productivity. 

A concentration screening was performed in Ambr15© system to identify the best replacement 

ratio of cysteine by a cystine/cysteine analog. Replacement ratios from 10% to 90% were 

tested.  

Growth profile are shown in Figure 3. A larger variability and a lower max peak were observed 

in the VCC profiles of the small-scale cultivations compared to the 2L bioreactor scale 

production. Taking into account this variability, similar growth profiles were observed between 

0% and 50% for all the feeds used. A smaller max peak was only observed with the 70% 

DiNAC, 70% DACDM feeds, and the 90% NAC feed compared to the control, however it 

cannot be considered statistically significant due to the high variability. Cells cultivated with 

the 90% DiNAC and 90% DACDM feeds have stopped to grow from day 6.  

 

 
Figure 4 : Relative % change in acidic species level and titer on day 14 with respect to 
the control in response to different cysteine/cystine analogs level. Cysteine in the feed 
was replaced by different cysteine and cystine analogs at different percentages (molar 
equivalence). The ratio represents the percentage of cysteine and cystine analogs in the feed.  
All conditions have been performed in triplicates and the ribbon corresponds to the 95% 
confidence interval of the fit. In black : acidic species level (APG) at day 14. In Blue : titer (IGG) 
at day 14.  
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Figure 4 displayed the effect of the different replacement ratios and the different 

cystine/cysteine analogs on final titer and main charge species. The main impact on charge 

variant levels was again observed with the DACDM feed with around 15% -20% increase in 

the main charge species level from 50% to 90% of cysteine replacement.  However, as a loss 

of titer was observed for concentrations above 70% of DACDM in the tested feed.  The best 

replacement ratio for this cystine analog remains 50%.  

3.3. DACDM increases intracellular glutathione content and reduce free cystine 
concentration. 

In parallel, the free cystine in the cell culture media has been measured in the 2L bioreactors 

samples (Figure 5). The cysteine supplied by the feed medium is known to be mostly oxidized 

to cystine in the cell culture environment (Krattenmacher et al., 2019).  From day 3, the free 

cystine provided by the feed accumulated in the extracellular environment. Until day 10, the 

cystine/cysteine analogs feeds displayed the same concentration profile as the 50% cysteine 

only feed. However, at the end of the culture, cystine started to accumulate only with the 

cysteine/cystine analogs feed. As cell growth was similar for both 50% cysteine only feed and 

cysteine/cystine analog feeds, these data suggested  that cystine was released from the 

cysteine/cystine analogs.  

 
Figure 5 : Extracellular free cystine profile.Cysteine in the feed was replaced by different 
cysteine and cystine analogs at different percentages (molar equivalence).  
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To further understand how DACDM can contribute to improvements in microheterogeneity and 

the process performance control, analysis of intracellular glutathione (GSH) has been 

performed on samples generated in fed batch shake flasks cultures. Intracellular GSH content 

is shown in Figure 6.  

 
Figure 6 : Intracellular total glutathione profile with DACDM feeding. 50% of the cysteine 
in the feed was replaced by 50% of DACDM (molar equivalence). Samples have been 
generated from a shake flask fed batch culture. All conditions have been performed in 
duplicates. The error bars correspond to the standard deviation. 
 

From day 3, which corresponds to the start of the feeding, to day 8, the intracellular GSH level 

is lower in the cells grown with the 50% DACDM feed than for cells fed with the control media. 

This time period corresponded to the exponential growth phase. From day 8, the intracellular 

GSH in the DACDM feed condition started to accumulate and became higher than the control 

condition from day 11 to day 14. In addition, to be a source of cysteine for the cells, DACDM 

appears to have contributed to an increase in the intracellular GSH pool, supporting the 

antioxidant defense of cells.  
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4. Discussion 

In this study, the replacement of free cysteine in feed media by cysteine or cystine analogs 

has been assessed. Two cysteine analogs, NAC and S-Sulfocysteine and two cystine analogs, 

DiNAC and DACDM have been tested. 

With an equimolar ratio of 50% analog / 50% cysteine, no impact on growth was observed 

with the tested analogs except for S-sulfocysteine. As the cells cultivated with the 50% 

cysteine feed were not impacted regarding cell growth, the cell death observed with S-

sulfocysteine cannot be related to a cysteine depletion. It thus can be suggested that S-

sulfocysteine accumulated in the extracellular environment and reached a growth inhibiting 

concentration for the cell line tested. However, previous studies have demonstrated that CHO 

cells can metabolized S-sulfocysteine (Hecklau et al., 2016; Seibel et al., 2017). Further work 

is required to adapt the tested cell line to this compound in order to avoid cell death and titer 

decrease. 

Likewise, the concentration screening in Ambr15© revealed a decrease of growth 

performance with higher replacement ratio for the cystine analogs, DiNAC and DACDM, 

leading to a decrease of mAb titer. This observation may also support the hypothesis that the 

analogs accumulate in the extracellular environment. Therefore, the toxic concentration may 

be reached leading to a cell death. However, no control conditions were available in this study 

to see the effect of cysteine depletion when the concentration of free cysteine is lower than 

50% in the feed medium. So far, no studies have been performed to study the uptake of cystine 

analogs in CHO cells eg. DiNAC and DACDM.  Our study provides a partial answer to this 

question and suggests that NAC, DiNAC and DACDM led to a cystine release at the end of 

the process. This cystine accumulation can be the result of an extracellular degradation or 

intracellular catabolism of the analogs. These results confirmed that the cystine/cysteine 

analogs tested are used by the cells as a source of cystine/cysteine. Free cysteine can be 

detrimental to product yields and help to generate variants through, for example, direct 

adduction (cysteinylation) or generation of hydrogen sulfide leading to the generation of acidic 

variants or proteins with trisulfides bonds (Gramer, 2014; Kshirsagar et al., 2012; Ono et al., 

2014; Vijayasankaran et al., 2018). For example, replacement of free cysteine by S-

sulfocysteine can decrease mAb fragmentation and trisulfide bonds (Seibel et al., 2017).  

In this study, we have demonstrated that the use of cystine and cysteine analogs in feed media 

can help to control recombinant protein microheterogeneity essential to maintain product 

quality. Especially, the use of DACDM with a 50% equimolar ratio of cysteine replacement, 

led to a decrease of acidic species level and a decrease of mAb coloration. Interestingly, both 

of these proteins variants have been reported to be influenced by oxidation reactions. Acidic 

and basic species have been shown to related to methionine oxidation and deamination 
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(Chumsae et al., 2007; Ponniah et al., 2015). The link between covalent mAb yellow-brown 

coloration and oxidation has also been demonstrated in multiple studies (Butko et al., 2014; 

Li et al., 2014; Song et al., 2016). More recently, the correlation between acidic species and 

coloration has also been shown in mAb produced by CHO cells (Vijayasankaran et al., 2018). 

The authors have demonstrated that the use of certain antioxidant can help to decrease these 

two product attribute levels. All these examples support the idea that DACDM most likely 

modulates the oxidation level of our recombinant proteins.  

In literature, DACDM has been shown to be a prooxidant molecule which inhibits the NF-kB 

pathways and increases oxidized GSH content of human keratinocyte cell (Kitazawa et al., 

2002). However, in our CHO cells model system, the total GSH content increased with the 

50% DACDM feed while no detectable differences in the oxidized GSH content was measured 

(data not shown). Moreover, the reduction of product variants related to oxidation events 

suggests an antioxidant effect of the DACDM at the tested concentration. It is well known that 

some components can have a dual prooxidant and antioxidant role depending on the tested 

conditions (Halliwell, 2008). The increase of the intracellular GSH pool when cystine was 

replaced by the DACDM, suggests that this cystine analog favors GSH synthesis. It can thus 

be suggested that the cystine dimethylester form of DACDM favors uptake of the amino acid 

and thus increase the supply of precursors for glutathione synthesis (Zhou et al., 2020).  

To conclude, the use of cysteine and cystine analogs can help to ensure process performance 

and product quality through the control of oxidative stress. With a partial elucidation of the 

mechanism of action of DACDM, we have demonstrated that this molecule can be a good 

alternative to cysteine in feed medium. In combination with cell line adaptation to these new 

compounds, cysteine and cystine analogs can completely replace cysteine in feed medium in 

the future.  
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Concluding remarks  
 
The improvement of bioprocesses is essential to meet the increasing recombinant proteins 

market demand in the biopharmaceutical area. Chinese hamster ovary (CHO) cells is widely 

used to produce recombinant monoclonal antibodies (Kunert et al., 2016). Despite the large 

use of this host in the industry, a lot of unknowns still exist as these cell lines have not been 

studied to the same extend as E. coli or S. cerevisiae (Gupta et al., 2017). Thanks to the recent 

publication of the CHO cells genome, and a number of technological advances, new tools are 

available for scientist to go deeper into the understanding of this cell line and the improvement 

of bioprocesses (Xu et al., 2011). With the intensification of bioprocesses, e.g. high cell 

densities cultivation and high productive clones, the already existing cellular stress occurring 

in bioreactors was amplified. In Chapter 1, we gave an overview of the different potential 

sources of oxidative stress during recombinant protein production in mammalian cells. This 

disturbance of the redox status can lead to detrimental effects on cell growth, productivity but 

can also alter the final recombinant proteins quality. The analysis of the literature 

demonstrated that the CHO cells scientific community is more and more working on strategies 

to control oxidative stress. We identified two main approaches, the media development and 

the cell engineering. However, even if some solutions are available in literature, there are still 

some unknown around the actual pathways involved in the oxidative stress in CHO cells and 

their relationship with process performance and product quality.  

As a relationship between glutathione (GSH) metabolism and specific productivity was 

observed in literature with GS cell line, we started to focused on this antioxidant defense in an 

industrial DG44 cell line. In Chapter 2, GSH synthesis was inhibited using buthionine 

sulfoximine (BSO). Thanks to this inhibition and a proteomic analysis, we demonstrated that 

the specific productivity was dependent of GSH metabolism and that cholesterol biosynthesis 

was also highly impacted by this oxidative stress. We then hypothesized that the modulation 

of cholesterol biosynthesis by the GSH depletion can be related to the modulation of specific 

productivity. To further investigate this mechanism, we compared the cellular response to 

different oxidative stress sources (Chapter 3). We induced oxidative stress by inhibiting two 

others antioxidant processes, the thioredoxin system and the catalase detoxification. The goal 

was to decouple the GSH specific response to the global oxidative stress response. Therefore, 

we obtained different specific productivity profiles depending on the stress applied. GSH 

depletion led to a decrease of specific productivity, as observed in Chapter 2. However, 

thioredoxin system and catalase inhibition led to a transient increase of specific productivity 

most likely due to a cell growth arrest effect. This observation suggested that GSH relationship 

with specific productivity observed previously was not related to a global oxidative stress 

response but to a GSH specific response. This conclusion confirms the essential role of the 
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GSH metabolism in the recombinant protein production, suggesting that further effort has to 

be made in this direction. Indeed, according to literature the increase of the absolute GSH 

content is not the regulator of the recombinant protein production in GS cell line. However, in 

our DG-44 cell line, we can see that a decrease of specific productivity is induced by a 

decrease of cysteine supply. The reduced availability of cysteine led to a decrease of the 

absolute GSH content without significant change in the GSH related proteome. This 

observation suggests that absolute GSH content may play a role in the studied DG-44 cell 

line. However, an overexpression of the glutathione synthase protein using cell engineering 

will help to support or refute this hypothesis. Moreover, it is possible that the low cysteine 

supply activates similar regulation pathways as under BSO treatments. However, a classic 

proteomic analysis was not sufficient to detect these changes. Indeed, the protein expression 

is not the only way to regulate pathways within the cells. Phosphatases and kinases activities 

play a major role in the cellular regulation mechanisms. The use of more advance proteomic 

techniques, such as the phosphoproteomics, can then be used to further understand this type 

of regulation (Dudley et al., 2014). Moreover, a protein activity can also be modulated by a 

conformational change or other protein modifications such as oxidation (Cui et al., 2012). It 

could be interesting to look deeper to the GSH related protein modifications, especially the 

glutamate-cysteine ligase regulatory subunit. Lastly, in our study with have only looked at the 

proteome at different days due to technical constrains. As signaling pathway have often 

oscillatory dynamics, it can be interesting to look at smaller timeframe to capture this dynamic 

and maybe model it in the future (Sumit et al., 2017). 

Intracellular cholesterol profiles were similar between the three treatments tested in Chapter 
3. This observation suggested that the modulation of cholesterol was not the root cause for 

the specific productivity decrease observed under glutathione depletion. Cholesterol is one of 

the building block of secretion vesicle. It has been shown that the increase of intracellular 

cholesterol content using miRNA can improve protein secretion (Loh et al., 2017). As 

cholesterol content increased in all the stressed condition, it is possible that this phenomenon 

is due to the growth arrest effect. Thus, the temporary increase in specific productivity 

observed in the thioredoxin and catalase inhibited conditions was maybe due to the cholesterol 

content increase. However, this increase of specific productivity was not observed in the BSO 

treated cells because the GSH is more important than the cholesterol for the recombinant 

protein production.  The modulation of SREBP2 and Insig proteins using cell engineering or 

siRNA approaches can be a way to modulate cholesterol and validate its involvement in 

specific productivity. 

In parallel to this investigating work, the effect of cystine analogs on oxidative stress and 

process performance has been studied (Chapter 4).  Cysteine is an amino acid used in cell 

culture media which is essential for the cellular antioxidant defense as it is one of the building 
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blocks of glutathione. However, this molecule can be responsible of the formation of reactive 

byproducts in solution, leading to oxidative stress. Our study demonstrated that cysteine can 

be partially replaced by cystine analogs which will have positive impact on product quality 

without detrimental effect on process yields.  Indeed, the use of cystine analogs, and  

especially DACDM, reduced the charge variants level and mAb color level usually caused by 

oxidation of the molecule. DACDM reduced the level of free cystine in the extracellular 

environment and caused an increase of intracellular glutathione content. These results 

suggested that DACDM can improve product quality thanks to a reduction of oxidative stress. 

This PhD thesis has demonstrated the central role of glutathione metabolism in recombinant 

protein production. However, there are still some uncertainties on how this metabolism is 

actually regulating recombinant protein production.  Moreover, this study has shown that the 

control of oxidative stress can be essential to maintain the product quality. Future 

combinations of media development and cell engineering will certainly bring new solutions to 

control oxidative stress and glutathione metabolism to further improve process performance 

and product quality. 
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 Chapter 2 (Supplementary) 
 
Characterization of glutathione proteome in CHO cells and its relationship with 

productivity and cholesterol synthesis. 
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Figure S1: Effect of different BSO concentrations on Viable cell density. The studied DG-
44 cell line producing a recombinant mAb has been cultivated in fed batch mode in shake 
flasks. Different concentration of BSO (0.05mM, 0.1mM and 0.5mM) have been added on day 
3 (dotted line).  
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Figure S2: Effect of different BSO concentrations on mAb specific productivity. The 
studied DG-44 cell line producing a recombinant mAb has been cultivated in fed batch mode 
in shake flasks. Different concentration of BSO (0.05mM, 0.1mM and 0.5mM) have been 
added on day 3 (dotted line). 
 

 
Figure S3: Effect of different BSO concentrations on Intracellular GSH content. The 
studied DG-44 cell line producing a recombinant mAb has been cultivated in fed batch mode 
in shake flasks. Different concentration of BSO (0.05mM, 0.1mM and 0.5mM) have been 
added on day 3 (dotted line). 
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Figure S4 : Effect of BSO treatment on cell viability and cell diameter. Gray and blue 
indicates the feed medium used – control feed medium or low cysteine feed medium, 
respectively. Circles indicates non-treated bioreactors and triangles indicates BSO-treated 
bioreactors. The red dotted lines represent the timing of BSO addition to a medium 
concentration of 0.5mM. (A) Viability profile. (B) Cell diameter average over time. 
 

 
Figure S5 : Effect of BSO treatment on amino acid uptake/secretion rates. Rates are 
normalized (% of pg/cell/day). Gray and blue indicates the feed medium used – control feed 
medium or low cysteine feed medium, respectively. Circles indicates non-treated bioreactors 
and triangles indicates BSO-treated bioreactors. The red dotted lines represent the timing of 
BSO addition to a medium concentration of 0.5mM.  
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Figure S6 : Expression of GCLm and GCLc over time in BSO treated and non-treated 
cells. The treatment was done after the sampling on day 3. 
 
 
Table S1 : Differential proteins expression in BSO treated cells. Outputs from the limma 
empirical Bayes moderated t-test. 
 
https://onlinelibrary.wiley.com/action/downloadSupplement?doi=10.1002%2Fbit.27495&file=
bit27495-sup-0008-Supplementary_material_table_1.xlsx 
 
 
Table S2 : Enrichment analysis on differentially expressed proteins. This analysis was 
performed in Metacore software based on GO annotations and Pathway maps. 
 
https://onlinelibrary.wiley.com/action/downloadSupplement?doi=10.1002%2Fbit.27495&file=
bit27495-sup-0009-Supplementary_material_table_2.xls 
 

https://onlinelibrary.wiley.com/action/downloadSupplement?doi=10.1002%2Fbit.27495&file=bit27495-sup-0008-Supplementary_material_table_1.xlsx
https://onlinelibrary.wiley.com/action/downloadSupplement?doi=10.1002%2Fbit.27495&file=bit27495-sup-0008-Supplementary_material_table_1.xlsx
https://onlinelibrary.wiley.com/action/downloadSupplement?doi=10.1002%2Fbit.27495&file=bit27495-sup-0009-Supplementary_material_table_2.xls
https://onlinelibrary.wiley.com/action/downloadSupplement?doi=10.1002%2Fbit.27495&file=bit27495-sup-0009-Supplementary_material_table_2.xls
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