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1 INTRODUCTION 

The primary theme of this dissertation is the application of 13C metabolic flux analysis 

(MFA) to the industrial biopharmaceutical hosts, Chinese hamster ovary (CHO) cells. The 

current climate of health crises in this country, and globally, driving the development of 

strategies to increase the metabolic efficiency and productivity of biomanufacturing hosts. 

Biotherapeutic drugs produced by CHO cells are used in the treatment of a myriad of conditions 

such as cancer, infertility, rheumatoid arthritis, diabetes, and more [1]. With the aging population 

and increase of obesity related illnesses, the scope for antibody and other protein therapeutics is 

ever expanding. Therefore, there is a critical need to characterize and assess metabolic 

phenotypes of these host organisms such that clones can be engineered for optimal production of 

therapeutics in the most cost efficient method possible.  

13C MFA is a robust analytical tool for evaluating intracellular metabolic fluxes [2–5]. 

Here, we demonstrate the versatility of 13C MFA in assessing CHO cell metabolic phenotypes 

resulting from various experimental conditions. This dissertation discusses the results of these 

13C MFA experiments on CHO cells in the following chapters: 

 

Chapter 2 expounds the relevance of CHO cells in biopharmaceutical manufacturing and 

provides a summary of CHO cell energy metabolism as it relates to this dissertation. The 13C 

MFA methodologies upon which this dissertation builds are highlighted in detail along with the 

current state of CHO cell metabolic analysis.  

Chapter 3 details the development and metabolic analysis of industrial CHO cells engineered to 

overexpress a global regulator of oxidative metabolism, PGC-1α [6,7]. From previous work 

performed in this lab [8,9], high-producing CHO cells have been discovered to have a higher rate 
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of oxidative metabolic activity than those producing lower amounts of product protein. Upon this 

foundation, we set out to induce an increase in oxidative metabolic fluxes in CHO cells to 

increase product protein production. Stable cell lines were developed and studied in fed-batch 

reactions imitating industrial growth conditions. The resulting engineered clones consumed up to 

2.4-fold more oxygen, exhibited an approximate 300% increase in oxidative mitochondrial 

metabolic fluxes, and increased mAb productivities by up to 5.2-fold over parental cultures. 

Chapter 4 provides the results of 13C MFA experiments on industrial CHO cells grown in a 

proprietary medium designed to reduce ammonia production and accumulation [10]. Ammonia is 

a toxic byproduct produced by industrial CHO cell cultures [11,12]. Sanofi developed a novel 

proprietary medium designed to prohibit the excess production and accumulation of ammonia by 

manipulating the amino acid profile of said medium. Cells cultured in the experimental medium 

were profiled in comparison to cells cultivated in a control medium. To further examine the 

specific effects of ammonia on cell metabolism, we also performed studies with the novel 

experimental medium supplemented with ammonia to the levels observed during growth on the 

control medium. The metabolic phenotype of CHO cells cultivated in each medium were 

compared and it was discovered that the proprietary low-ammonia medium did not significantly 

alter central carbon metabolism while significantly decreasing ammonia production.  

Chapter 5 details the development of protocols and methodology for fed-batch 13C MFA studies 

performed on CHO cells during stationary growth phase. The stationary growth phase is when 

the majority of product protein is manufactured and secreted by CHO cell cultures [13]. This 

phase occurs after the cells have transitioned out of exponential growth. In order to study 

intracellular metabolism during stationary phase only, the isotope tracer needs to be fed during 

the switch from exponential to stationary growth phase in order to avoid secondary tracer 
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effects—the consumption of 13C labeled byproducts previously secreted by the cells during 

exponential growth phase. The experimental design from this experiment laid the foundation for 

the experiments detailed in chapter 3. 

Chapter 6 summarizes a simplified metabolic study of industrial CHO cells to determine if 

intracellular metabolism was responsible for post-production breakdown of the product protein. 

Two CHO cell lines producing an identical protein product were experiencing variations in 

protein quality. One cell line was producing protein that was being degraded post-secretion due 

to disulfide bond reduction. 13C MFA was performed on each cell line to determine if increased 

NADPH production via oxidative pentose phosphate pathway (OPPP) was to blame for the 

breakdown of disulfide bonds in culture. We discovered that OPPP fluxes were not significantly 

altered between the two cell lines; therefore, the original hypothesis of excess NADPH causing 

the breakdown observed in the culture was disproven.  

Chapter 7 provides the conclusions from this dissertation as well as future directions for the 

research presented within.  
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 2 BACKGROUND AND SIGNIFICANCE 

2.1 Chinese hamster ovary cells in biomanufacturing 

 
 Modern medicine has been revolutionized by the production of novel biotherapeutic 

protein drugs using recombinant DNA technology. These novel biotherapeutics are now 

employed to treat a myriad of human diseases including some cancers. Recently, a new 

generation of biopharmaceutical proteins based on monoclonal antibody (mAb) technology has 

emerged. These human proteins are produced in genetically modified eukaryotic host cells 

capable of complex post-translational modifications that are intrinsically impossible for simpler 

prokaryotic hosts, such as E. coli or yeast strains, to perform [1–3]. Mammalian cell lines such as 

Chinese hamster ovary (CHO) cells, human embryonic kidney (HEK) cells, baby hamster kidney 

(BHK) cells, and mouse myeloma cells (NS0) are typical choices for biopharmaceutical 

production because they are properly equipped to process these complex biotherapeutic proteins 

[3–5]. Historically, the most commonly utilized mammalian host cell line has been CHO cells 

due to their innate capabilities for high productivity of recombinant proteins, robustness, and 

safety track record [6]. Currently, CHO cells account for the production of approximately 60-

70% of recombinant protein therapeutics on the market, including mAbs [3,4,7–9]. mAbs are 

structurally complex proteins that require post-translational modifications to functionally yield 

highly targeted therapies to treat a plethora of human diseases. Multiple large doses of mAb 

therapeutics are generally required to treat a single patient, sometimes as much as 1 mg/kg body 

weight as is the case in the anti-rejection drug Zenapax® used in organ transplant patients [10], 

while some mAb drugs in discovery are required at 2 mg/kg body weight [11]. These large 

effective doses of mAb drugs have led to a critical need for enhanced productivity in CHO cell 
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bioprocesses to increase overall culture titer and decrease the associated cost of development. 

Much work has been performed to increase bioreactor titers and viable cell density (VCD) in 

CHO cell cultures now regularly reaching 1-5 g/L and 20x106 cells/mL, respectively [12]. 

 CHO cells are perhaps the most prolific mammalian host cell line in the 

biopharmaceutical industry due more to historical precedence than biological superiority. When 

the protein biotherapeutic industry was still in its infancy, in the early 1980’s, a dihydrofolate 

reductase deficient (DHFR−) CHO cell line was generated where both alleles encoding for the 

dihydrofolate reductase (DHFR) enzyme were mutated or deleted—CHO-DUK-XB11 [13]. 

Expanding on this work, the CHO-DG44 cell line was created next, where both DHFR alleles 

were effectively eliminated [14]. These cell lines remain two of the most commonly used CHO 

cell lines in the biopharmaceutical industry today [14]. DHFR is an enzyme required for the 

biosynthesis of purine and pyrimidine nucleotides; therefore, cells cannot survive unless DHFR 

is recombinantly co-expressed with the mAb protein construct of interest. For this reason, 

DHFR− CHO cell lines make excellent selection systems that do not require the addition of 

antibiotics. Antibiotic addition is avoided in biotherapeutic production because the removal of 

any antibiotics during downstream purification would result in increased processing costs. 

Another such selection system widely used in industry today is the glutamine synthetase (GS) 

system. GS is the enzyme required for the synthesis of glutamine from glutamate, and GS 

deficiency is a characteristic of most CHO cell lines, making it an excellent selection system 

(Error! Reference source not found.). When the GS selection vector is used, exogenous 

glutamine is not fed to the CHO cell cultures as is generally required for CHO cell growth. Any 

cells that have not incorporated the GS vector into their genome will be unable to grow in 

glutamine-free medium. The GS system additionally offers the benefit of decreased ammonia 
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buildup in culture. Ammonia is produced via the spontaneous breakdown of glutamine in the 

culture; therefore, when glutamine is not added for growth of GS-expressing CHO cell lines, the 

toxicity from ammonia is all but eliminated from the cultures. Effective clones can be generated 

utilizing the GS system in roughly half the time required for DHFR− selection. Both CHO cell 

selection methods continue to be utilized by the biopharmaceutical industry. Additionally, both 

selection systems require chemical inhibitors to suppress any endogenous DHFR or GS activity 

that may be present in host cells.  

 

Figure 2-1 The role of glutamine synthetase (GS). GS allows for the synthesis of glutamine from 
glutamate and is not expressed at high endogenous levels in CHO cells. 

 Due to the demand for high VCDs, titers, and specific productivities, the industry has 

seen increased accumulation of toxic metabolites, specifically lactate and ammonia, which are 

byproducts of inefficient central carbon metabolism. Accumulation of lactate and ammonia have 

been linked to drastic declines in VCD and volumetric titers as a result of apoptotic cell death 

[15–17]. Due to these undesirable traits of high-density CHO cell cultures, much of the recent 

research in the field has focused on limiting said byproduct accumulation [7,9,15,18,19], anti-

apoptotic engineering [15], and media manipulations [20] to combat these commonly occurring 

problems plaguing the industry.  

 As was previously mentioned, the GS selection system effectively eliminates excess 

ammonia accumulation in cultures [21–23]. Media manipulations have been successfully 

employed to combat ammonia accumulation in cultures where the GS system is not utilized [20]. 
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However, much research in the field has been devoted to lactate reduction. Specifically, genetic 

engineering has been applied to combat excess lactate production, for example, by knockdown of 

the lactate dehydrogenase-A (LDH-A) enzyme responsible for the conversion of pyruvate into 

lactate [9,18,24]. LDH-A down-regulation in combination with other genetic engineering or 

alone, has resulted in 21-90% and 45-79% decreases in lactate production, respectively 

[9,18,24]. However, many industrial CHO cell lines (and other mammalian cell lines [25]) cease 

lactate production at the end of exponential growth phase and switch to lactate consumption 

during stationary phase [26]. This metabolic switch results in lower culture concentrations of 

lactate, longer culture durations, and higher product protein titers [25]. All studies presented in 

this dissertation involve CHO cell clones that undergo this metabolic shift. 

2.2 Energy metabolism and protein production 

 
 CHO cell energy metabolism is of utmost importance in pharmaceutical bioprocessing. 

Protein synthesis and secretion place high energetic demands on the host cells. This energy sink 

is in addition to the energy demands of cell growth. ATP is the energy currency of cells required 

to fuel cell biosynthesis and protein production. Each peptide bond in proteins, like mAbs, 

require four ATP equivalents to fuel the formation of each peptide bond [23,27]. This energy is 

manufactured by central carbon metabolism, specifically glycolysis combined with 

mitochondrial citric acid cycle (CAC) and oxidative phosphorylation (OXPHOS) [23,28]. As 

was previously mentioned, CHO cells are generally characterized by high conversion rates of 

lactate from glucose, referred to as the Warburg effect [26]. This state of aerobic glycolysis can 

generate ATP independently of mitochondrial metabolism; however, prior studies have 

elucidated that high lactate production is generally closely associated with low titers of 

recombinant proteins [23,29–31]. Glycolysis terminating in lactate produces two net moles of 
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ATP per mole of glucose consumed. However, if glycolytic flux is instead diverted into the 

mitochondria for CAC metabolism and OXPHOS instead of lactate production, a net 36 moles of 

ATP are produced per mole of glucose [23,28], a much more efficient energy production 

pathway. 

 Several studies have confirmed that CHO cell lines with high rates of recombinant 

protein production also have highly active CAC metabolism [23,32]. A high rate of CAC activity 

is further associated with high oxygen uptake rate (OUR) [26], and OUR has been further 

demonstrated to be directly correlated with high recombinant mAb production in CHO cell 

cultures [23,33]. This relationship between highly productive CHO cell clones and increased 

utilization of the more efficient mitochondrial mechanism for ATP production is potentially 

explained by the significant increase in energetic demands for mAb synthesis. Additionally, 

clones with high rates of lactate production, a hallmark of inefficient carbon metabolism, have 

been reported to have decreased mitochondrial oxidative capacity, further cementing the 

correlation between high lactate production and decreased mAb productivity phenotype 

previously mentioned [26]. 

 This relationship between efficient metabolic phenotypes and high productivity is further 

observed in CHO cell hosts engineered to express anti-apoptotic genes [9,15,23]. The anti-

apoptotic gene Bcl-2 is known to regulate mitochondrial permeability, control calcium dynamics 

[23,34], and prohibit the cascade of cytochrome c into the cytosol which triggers apoptotic cell 

death [23,35]. This sequence of events enabled by Bcl-2 expression not only prolongs culture 

longevity, but it may additionally activate OXPHOS by maintaining high levels of cytochrome c 

and calcium in the mitochondria. While the expression of Bcl-2∆, a truncated form of Bcl-2, has 

reportedly increased glucose uptake rates (GURs) in CHO cell clones, that extra glucose was 
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efficiently transported into the mitochondria for CAC metabolism instead of toward wasteful 

lactate accumulation [23]. 

 Some CHO cell lines experience a natural metabolic switch at the transition from 

exponential growth phase to stationary growth phase. At this junction in culture progression, 

cells drastically slow their duplication rate and enter peak recombinant protein production [32]. 

This switch in cell metabolism from biomass to mAb synthesis is often accompanied by the 

metabolic switch from lactate production to consumption. As was previously mentioned, this 

metabolic shift in lactate metabolism has been correlated with increased mAb productivities [36]. 

Additionally, this shift to lactate uptake has been proposed to be related to altered oxidative 

capacity of the cells [26,30]. While the exact mechanism responsible for the shift in lactate 

metabolism remains unknown, it is clear that there exists a fundamental connection between 

efficient metabolism of carbon, increased oxidative metabolic activity, and high recombinant 

protein biosynthesis. 

 

Figure 2-2 13C metabolic flux analysis (MFA) allows researchers to peek inside the black box to elucidate 
metabolic phenotype beyond that described by extracellular analysis alone. On the left, inputs and outputs 
can be quantified; however, it is impossible to define intracellular metabolic fluxes without further 
information due to the large number of unknown fluxes. 13C MFA applies 13C tracers to provide such 
information. Vi indicates an individual flux value; A-G represent generic intracellular metabolites. 
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2.3 13C metabolic flux analysis allows for the quantification of energy 
metabolism 

 
 The production of commodity chemicals, specialty chemicals, small-molecule drugs, 

therapeutic proteins, and other biomolecules of commercial value are produced via bacterial, 

yeast, plant, and mammalian cells [37]. Of particular interest to this dissertation is the industrial 

production of therapeutic proteins such as mAbs. As previously detailed, this production process 

typically requires mammalian host cells as biocatalysts, most commonly CHO cells. These CHO 

cell cultures are often restricted by toxic byproduct accumulation and low specific productivities. 

To investigate these issues, genome-scale modeling, cell-wide ‘omics’ platforms, and high-

throughput screening methods have been developed to combat these challenges by identifying 

target genes for engineering improved host cell performance. However, a more direct approach 

for the quantification and elucidation of in vivo metabolic pathway activities exists—13C 

metabolic flux analysis (MFA) [38–40]. Isotope labeling experiments allow strain and process 

engineers to look inside the black box of cellular metabolism by tracking the progression and, 

therefore, rearrangement of 13C labeled substrate molecules as they are metabolized via the host 

cells’ metabolic pathways as shown in Figure 2-2 [41–43]. 13C labeled glucose and 13C labeled 

glutamine are the most commonly utilized for the study of CHO cell metabolism via 13C MFA. 

MFA stands apart from other flux modeling approaches in that it is able to integrate numerous 

independent measurements into a single, comprehensive flux map while simultaneously 

elucidating inconsistent data that would not be obviously identified through localized analysis of 

specific metabolic nodes. Additionally, the flux maps produced from 13C MFA have direct 

biological relevance and can be compared across independent experiments. Metabolic 

quantifications obtained from 13C MFA experiments have been successfully employed to (1) 

characterize new host cells, (2) identify wasteful metabolic pathways responsible for diverting 
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carbon away from product formation, and (3) identify metabolic bottlenecks that restrict carbon 

flow from successful conversion into product. By quantifying the fluxes at individual nodes of 

the host metabolic network, and by determining how carbon is re-routed in response to targeted 

engineering or environmental perturbations, fundamental insights into metabolic network 

regulation can be discovered to rationally guide subsequent iterations of metabolic engineering. 

 
Figure 2-3 13C metabolic flux analysis workflow. (A) Stably labeled 13C isotopic substrate (e.g., glucose) 
is fed to cell cultures. (B) Intracellular metabolites are analyzed for 13C incorporation. (C) Intracellular 
metabolite 13C labeling is simulated from an established network of metabolic reactions. (D) These 
simulated labeling data are compared to the experimentally measured labeling data. (E) From the lack of 
fit between the simulated and measured isotopic data, the fluxes of the reaction network are adjusted, and 
(F) the process detailed in steps (C)-(E) are repeated until the lack of fit is minimized to a statistically 
acceptable level. 

 13C MFA studies are performed by feeding cells stable 13C isotope tracers as a primary 

substrate source and subsequently measuring isotope incorporation in downstream metabolites 

and secreted products as depicted in Figure 2-3 [38,43]. These measurements of isotope isomers, 

or isotopomers, obtained via gas chromatography in tandem with mass spectrometry (GC/MS) 

are combined with rates of cell growth and uptake/secretion of amino acids measured via high 
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performance liquid chromatography (HPLC) [8,44]. These data sets are then computationally 

analyzed to construct comprehensive, quantitative flux maps describing intracellular metabolism. 

A vital assumption of traditional 13C MFA is that the culture in question is in metabolic and 

isotopic steady state. Metabolic steady state is defined as the state when constant metabolic 

fluxes and intracellular pool sizes are achieved over the course of the labeling experiment. Since 

testing for this is not readily practicable, we assume that if growth and extracellular exchange 

rates are constant, then intracellular metabolism is also at steady state. Isotopic steady state is 

achieved when the relative abundances of different isotopomers reaches a constant distribution. 

When metabolic steady state is reached but isotopic steady state is not achieved or is not 

experimentally possible, isotopically nonstationary MFA (INST-MFA) can be employed to 

compute fluxes based on transient isotope labeling measurements over time (Figure 2-4) [45]. 

INST-MFA generally reduces the duration of isotope labeling experiments while providing 

increased flux resolution. However, it is computationally more demanding. INST-MFA can be 

employed for the analysis of autotrophic or methylotrophic organisms since they only consume 

single-carbon substrates [45–49]. Stationary 13C MFA is inadequate for analysis of such systems 

due to the fact that every carbon atom in the system is derived from a single source and therefore 

all intermediate metabolites will become uniformly labeled at isotopic steady state regardless of 

the fluxes of the organism. The transient labeling patterns that emerge from a change in substrate 

from 12C to 13C, however, can be analyzed by INST-MFA to precisely measure the resulting 

intracellular fluxes [45].   

Additionally, and of more relevance to the work detailed in this dissertation, INST-MFA 

can be utilized for systems where metabolic steady state cannot be held for a long enough period 

to also reach isotopic steady state [45]. This scenario can arise in cell culture when a later growth 
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phase is studied, resulting in a fed-batch experiment where 13C tracers are spiked in after the 

experiment is underway [15,23,50]. Additionally, this scenario is relevant when metabolic 

phenotypes are not maintained for significant periods of time relative to the rate of carbon 

distribution throughout cell metabolism. Slow incorporation of 13C into downstream metabolites 

can occur due to the presence of pathway bottlenecks or large intracellular pools of intermediate 

metabolites [51].  

 
Figure 2-4 Comparison of stationary metabolic flux analysis (MFA) and isotopically nonstationary 
(INST)-MFA. The left panel shows conventional MFA while the right panel shows INST-MFA based on 
the analysis of samples collected prior to isotopic steady state. 

 When designing a 13C MFA study, the choice of 13C tracer is paramount to the successful 

phenotyping of host cell metabolism. A good stable isotope tracer is consumed in large quantities 

by the organism in question and permeates the major pathways of the metabolic network. In 

mammalian cells, such as CHO cells, the primary substrate consumed is glucose followed by 

glutamine. For this reason, 13C-glucose isotopomers are the most common tracer choice. 

Uniformly labeled glucose, [U-13C6] glucose penetrates the metabolic network most thoroughly 

and rapidly. It also is the best glucose tracer choice for defining CAC metabolism since there are 
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six carbon atoms per 13C-glucose molecule and more 13C atoms reach the mitochondria than 

would if less enriched 13C glucose tracers were used. To gain insight into oxidative pentose 

phosphate pathway (OPPP) activity, [1,2-13C2] glucose is the most commonly utilized tracer. 

Doubly labeled glucose on the first two carbons adequately defines fluxes though both glycolysis 

and OPPP (Figure 2-5). However, since only two labeled atoms per glucose molecule consumed 

enter the metabolic network, only half of the pyruvate molecules entering the mitochondria are 

enriched with 13C. Additionally, if the [1,2-13C2] glucose molecule is metabolized via OPPP, the 

first 13C atom is lost to CO2 in the first reaction of the OPPP catalyzed by glucose-6-phosphate 

dehydrogenase (G6PDH)—therefore, the pyruvate molecules resulting from OPPP activity could 

potentially only have one 13C atom, further diluting the enrichment of 13C entering the 

mitochondria for CAC metabolism. Therefore, if [1,2-13C2] glucose is used in 13C MFA for 

elucidation of OPPP fluxes, it is generally combined with [U-13C6] glucose in order to adequately 

enrich the mitochondrial metabolism with 13C for precise calculation of CAC fluxes. This 

combination of 13C-glucose tracers has been frequently used to study CHO cell metabolism.  

Perhaps the most efficient 13C tracer combination for comprehensive quantification of 

CHO cell metabolism is [1,2-13C6-glucose] in combination with [U-13C5] glutamine. The [1,2-

13C6] glucose provides mass isotopomer distribution (MID) data to quantify the split ratio of 

glycolysis:OPPP activity while the [U-13C5] glutamine is directly metabolized into the CAC at 

the alpha-ketoglutarate node. Glutamine is generally consumed by CHO cells at rates such that 

isotopic enrichment of the CAC is achieved relatively quickly. This combinatorial labeling 

strategy is generally executed via parallel labeling experiments. This approach provides the 

quickest method for labeling all the main pathways of the metabolic network. However, 

glutamine is not typically fed to GS-CHO cell clones. In cases such as this, 13C-glucose must be 
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used at high enough concentrations to successfully penetrate and enrich mitochondrial 

metabolism with 13C. As was previously mentioned, [1,2-13C6] glucose will not enrich the CAC 

adequately in a timely fashion; therefore, if mitochondrial metabolism is of experimental interest, 

[U-13C6] glucose is the best option for stable isotope labeling of GS-CHO cell lines. 

 
Figure 2-5 Discerning the split of glycolysis and pentose phosphate pathway metabolic activity. The 
mass isotopomer distribution of pyruvate if generated purely through glycolysis or the PPP is shown. Any 
linear combination of the two can exist as cells generally utilize both pathways simultaneously. Linear 
regression can be used to determine the actual split ratio of glycolysis/PPP by fitting the experimental 
data to a mathematical model that accounts for the stoichiometry and atom rearrangements caused by the 
metabolic network. 

 13C MFA can also be performed with the utilization of parallel labeling studies. Parallel 

studies are desirable when two substrates are consumed by cells and incorporated into separate 

metabolic pathways—such as glucose and glutamine in mammalian host cells [52,53]. Parallel 

labeling studies are performed in separate cultures and the data are combined for computational 
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analysis. In the case of 13C glucose and 13C glutamine parallel experiments, the glucose cultures 

are analyzed for glycolytic intermediates to assess glycolysis and OPPP metabolic fluxes 

whereas the glutamine cultures are analyzed for mitochondrial metabolism, i.e., CAC-associated 

reactions. Both experiments are analyzed for extracellular amino acid fluxes, growth rates, 

GURs, and recombinant protein production rates. The two sets of intracellular metabolite MID 

measurements are analyzed in combination with the extracellular measurements. This method 

also increases the enrichment of 13C labeling in downstream metabolites by feeding tracers that 

enter the metabolic network proximal to the target analytes. However, as was previously 

mentioned, the GS selection system is extremely popular in the development of industrial CHO 

cell lines, and, therefore, 13C glutamine is not a viable tracer option since these cell lines do not 

consume exogenous glutamine. In this scenario, 13C tracers must be chosen such that infiltration 

into mitochondrial metabolism at sufficient levels for detection is possible. Glucose is slow to 

incorporate into the mitochondria. If exponential growth phase is the desired phase of study, this 

may not pose a serious problem; however, if stationary growth phase is the metabolic phase in 

question, slow incorporation could result in the impossibility of reaching isotopic steady state. In 

this case, INST-MFA can be utilized for metabolic mapping. 

 Since peak mAb productivity occurs during stationary growth, this phase of culture is of 

great experimental interest in the biopharmaceutical industry. However, since the metabolic 

phenotype is significantly altered when cultures make the shift from exponential to stationary 

phase, 13C MFA experiments with an initial bolus of 13C tracers do not adequately characterize 

stationary phase. When the culture switches from lactate production to consumption, the 

accumulated lactate serves as a secondary source of 13C, which significantly complicates 

subsequent flux analysis. To avoid the introduction of secondary isotope tracers, 13C substrates 
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must be introduced at the onset of the growth phase of interest. Such fed-batch experiments are 

already rather common in biopharmaceutical protein production. The introduction of fed-batch 

cultures has increased maximum cell densities in CHO cell cultures by several fold thus 

increasing possible volumetric mAb titers [25]. Furthermore, feeding substrate(s) throughout the 

duration of cultivation provides opportunities for introducing 13C tracers at multiple points in 

culture growth. Continuous monitoring of lactate concentrations in CHO cell cultures provides 

real-time insight into the exact timing of the metabolic shift from exponential to stationary 

growth phase. This method requires the clone in question to undergo the metabolic shift from 

lactate production to lactate consumption. However, as has already been explained, high-

producing clones do often experience said shift. Introducing the 13C tracer at this juncture in cell 

metabolism means that any 13C incorporated into downstream metabolites reflects stationary 

phase metabolism. This technique allows for the rigorous characterization of stationary phase 

metabolism, thus providing relevant information for further rational engineering of mAb 

production and the potential to elucidate energetic/carbon sinks that could be inhibited to 

enhance overall protein productivity.  
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3 13C MFA of industrial CHO cells overexpressing the global metabolic regulator PGC-
1α 

3.1 Summary 
  

Monoclonal antibody (mAb) protein therapeutics are used to treat a myriad of human 

diseases. Most commonly, Chinese hamster ovary (CHO) cells are used as mammalian host cells 

for biomanufacturing mAb drugs due to their innate abilities to synthesize, fold, glycosylate, and 

secrete complex proteins. Large effective doses, sometimes as high as 2 mg/kg patient body 

weight, are frequently required; therefore, CHO host cells capable of achieving high viable cell 

density (VCD) and cell specific productivity (qP) are needed to meet demands for mAb 

production. Highly productive CHO cell lines typically exhibit an oxidative metabolic 

phenotype, especially during the stationary growth phase when peak mAb production occurs. 

The major oxidative pathway of CHO cell metabolism is the mitochondrial citric acid cycle 

(CAC). We hypothesized that by engineering CHO cells to have higher CAC fluxes, we could 

increase qP. To accomplish this, we engineered CHO cells to constitutively overexpress 

peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-1α), a global 

regulator of mitochondrial biogenesis. The PGC-1α overexpressing lines exhibited 2.6- to 5.2-

fold increases in qP and consumed up to 2.4-fold more oxygen than the parental control. 13C 

metabolic flux analysis (MFA) was employed to quantify intracellular metabolic fluxes and 

elucidated approximately 3-fold increases in CAC fluxes in the PGC-1α lines over the control. 

These findings support the hypothesis that high oxidative metabolic activity is correlated with, 

and can be potentially engineered to obtain, high qP in industrial CHO cell cultures. 
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3.2 Introduction 
 

Monoclonal antibody (mAb) based therapeutics represent a ground-breaking class of 

biotherapeutic drugs used to treat cancer, acute organ rejection, rheumatoid arthritis, and many 

other diseases [1,2]. MAb drugs have shown favorable safety profiles, high efficiency at 

interfering with protein/protein interactions, and high target specificity and affinity, thus making 

them excellent therapeutics [3]. These favorable attributes, however, cause difficulty in 

biomanufacturing due to the complex post-translational modifications such as folding patterns 

and glycosylation profiles required for efficacy. Additionally, high effective doses of up to 2 

mg/kg body weight are often required for treatment of patients [4]. Due to this need for large 

quantities of drug product and the associated high costs of their production and downstream 

purification, it is of utmost importance to maximize the cell specific productivity (qP) of host 

cultures. 

Chinese hamster ovary (CHO) cells are historically the most  utilized mammalian host 

cells for industrial production of mAb-based therapeutics [5,6].  Approximately 60 to 70% of 

recombinant biotherapeutics are produced by CHO cells due to their superior abilities to 

synthesize, fold, glycosylate, and secrete complex proteins (e.g., mAbs) in large-scale suspension 

cultures [7–9].  High viable cell densities (VCDs) resulting in high volumetric titers are routinely 

accomplished in industrial biomanufacturing; therefore, a focal point of ongoing research is on 

increasing qP of host cell lines to further increase mAb productivities and decrease associated 

costs. 

Peak mAb qP has been previously observed during CHO cell stationary growth phase 

[10,11]. Cells transition from a cell proliferation metabolic phenotype during exponential growth 

to a protein production phenotype during stationary growth [12]. Furthermore, a switch from 
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lactate production to consumption at the onset of stationary phase has also been associated with 

high producing CHO cell lines [13,14]. This metabolic switch provides an alternate carbon 

source to directly fuel mitochondrial metabolism. Furthermore, host cultures with high qP values 

have been observed to express increased flux through oxidative metabolism. Specifically, 

increased flux through the mitochondrial citric acid cycle (CAC) has been associated with highly 

productive CHO cell cultures [11,15].  

 
Figure 3-1 Role of PGC-1α as a master regulator of mitochondrial biogenesis. PGC-1α can be induced by 
CREB and activated by a variety of post-translational modifications including SIRT1 deacetylation and 
AMP kinase dependent phosphorylation. Active PGC-1α is a transcriptional co-activator which allows 
transcription factors such as NRF-1 to promote the nuclear expression of numerous mitochondrial genes 
including TFAM—a mitochondrial transcription factor that initiates expression of the mitochondrial 
genome resulting in mitochondrial biogenesis.  

To induce a highly oxidative metabolic phenotype in CHO cells, we engineered an 

industrial host line to overexpress PGC-1α, a transcriptional coactivator widely reported to 

regulate mitochondrial biogenesis as shown in Figure 3-1 [16–19]. PGC-1α expression is 
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enriched in many highly oxidative tissues such as skeletal muscle, heart, fasted liver, and has 

been repeatedly shown to become upregulated in conditions such as exercise where oxidative 

metabolism is elevated [20]. PGC-1α has been shown to increase the number of mitochondria in 

cells, thereby increasing their oxidative capacity as demonstrated by increased oxygen uptake 

rates (OURs) [21]. Additionally, PGC-1α overexpression has led to lower reactive oxygen 

species (ROS) production by mitochondria in muscle tissue and an upregulation of mitochondrial 

protein expression directly involved in oxidative phosphorylation, indicating PGC-1α expression 

directly affects mitochondrial metabolism [22]. Although PGC-1α activity and signaling vary by 

tissue and environmental stimuli, a clear pattern of regulation has emerged through the literature 

that PGC-1α ultimately is a master regulator of mitochondrial metabolism [23]. Here, we 

hypothesized that increasing the oxidative capacity of CHO cells through PGC-1α 

overexpression would increase mitochondrial metabolism, thus increasing CAC flux and driving 

qP upward. 

13C metabolic flux analysis (MFA) is a robust tool for elucidating intracellular metabolic 

phenotypes of cells. Previous 13C MFA studies identified an increased oxidative metabolic 

phenotype as a target for rational engineering of CHO cell metabolism for higher qP [15,24] and 

was therefore utilized in this study to elucidate the effectiveness of our metabolic engineering 

strategy. 13C MFA enables the quantification of intracellular metabolism through the 

administration of 13C-labeled substrates followed by measurement of isotope enrichment patterns 

in metabolic intermediates formed from those substrates. Since the 13C atoms are rearranged via 

metabolic pathways in predictable patterns, the intracellular labeling configurations of 

intermediates allows for the calculation of fluxes based on the observed dynamics of 13C 
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incorporation. This technique allows for a comprehensive assessment of metabolic phenotype 

resulting from experimental perturbations such as metabolic engineering of host cells.  

13C MFA provided confirmation that increased CAC flux and mitochondrial activity were 

conferred to some CHO cells through transfection of a PGC-1α expression vector followed by 

antibiotic selection to enrich cell populations for PGC-1α overexpressing clones. 13C-labeled 

glucose was spiked into fed-batch cultures to characterize their stationary phase metabolism, 

since that is when peak mAb production typically occurs. Due to the short duration of stationary 

phase, isotopic steady state was not achieved before culture death rates began to affect cellular 

metabolism. Therefore, isotopically nonstationary (INST)-MFA was used to quantify metabolic 

fluxes over the course of the limited stationary growth phase. INST-MFA is more 

computationally demanding than stationary MFA, but it provides increased accuracy of flux 

estimation and can be applied to experiments where isotopic steady state is not achieved.  

This study reinforced the hypothesis postulated by previous studies that high CAC fluxes  

is associated with enhanced qP [11,12]. PGC-1α overexpressing CHO cells consumed up to 2.4-

fold more oxygen, exhibited an approximately 3-fold increase in carbon flux through the CAC, 

and experienced up to a 5.2-fold increase in qP.  

 
3.3 Materials and methods 

 

3.3.1 Generation of cell lines 

 
The industrial mAb producing CHO cell line, C2869A (Janssen), was used for this study. The 

line expresses a model IgG antibody targeting respiratory syncytial virus (B21M). Two days 

preceding transfection with PGC-1α DNA (pcDNA4 myc PGC-1α was a gift from Toren Finkel, 

Addgene plasmid #10974) [25], C2869A cells were seeded at 2x105 cells/mL in 50 mL fresh 
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MACH-1 (SAFC) medium in 125 mL shake flasks at 37°C, 5% CO2, and shaking at 135 RPM. 

Since the recombinant mAb was expressed in the parental line using the glutamine synthetase 

(GS) expression system, methionine sulfoximine (MSX) was added to the MACH-1 medium to 

inhibit endogenous GS activity. On the day of transfection, cells were seeded in T-25 flasks 

containing 1x107 live cells in 1 mL fresh medium + MSX. Then, 15 µg purified PGC-1α DNA 

was incubated in 1.8 mL MSX-containing MACH-1 medium, while 37.5 µL polyethylenimine 

(PEI) was separately incubated in 1.8 mL MSX-containing MACH-1 medium. Next, the PEI 

incubation was combined with the PGC-1α DNA-containing aliquot and mixed thoroughly. The 

DNA/PEI mixture was incubated for 15 minutes at room temperature and then added to the T-25 

flask containing C2869A cells. The cultures were incubated for 48 hours, then harvested, 

centrifuged at 1000 RPM for five minutes, and the transfection medium was aspirated. The 

transiently transfected cells were re-suspended in fresh MACH-1 + MSX, phenol red, and 300 

µg/mL zeocin (Invitrogen) at a density of 1.6x104 cells/200 µL. Phenol red (Sigma) was added 

for visual assessment of cell growth, while zeocin was added for antibiotic selection to inhibit the 

growth of any cells not containing the PGC-1α DNA construct as previously described [8]. The 

cell suspension was aliquoted into 96-well plates (200 uL/well) for mini-pool selection to obtain 

stable lines. 

Roughly half of the medium in each well was removed via aspiration every three to four 

days and replaced with fresh growth medium. When the medium color change indicated rapid 

cell growth, the cells in those wells were expanded into 24-well plates, then to 12- and 6-well 

plates before finally expanding to T-25 and then T-75 flasks. Once the expanded mini-pools 

reached sufficiently high cell densities, they were seeded at 3x105 cells/mL in 30 mL medium in 
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125 mL shake flasks as stable populations. The expanded stable C2869A+PGC-1α cell lines 

were next characterized to verify successful transfection of PGC-1α. 

3.3.2 Characterization of stable PGC-1α overexpressing lines 

 
 A total of 20 C2869A+PGC-1α stable cell lines were generated from the antibiotic-

resistant mini-pools. These lines were analyzed for recombinant PGC-1α mRNA expression, 

mAb titer and qP, lactate and glucose extracellular fluxes, growth rates, and viability profiles. 

Eight of the transfected lines exhibited a loss of mAb production and were not studied further. 

Additionally, three stable lines did not demonstrate PGC-1α mRNA overexpression as measured 

by RT-qPCR and were not studied further. The remaining nine cell lines were further analyzed to 

identify lines exhibiting high mAb productivity, moderate levels of PGC-1α mRNA 

overexpression, and a range of growth rates. Four PGC-1α overexpressing C2869A lines were 

selected for 13C MFA experiments. Lines B5, C3, and D4 exhibited the highest qP levels of the 

twenty C2869A+PGC-1α lines and mid-range mRNA overexpression of PGC-1α. Line C1 also 

had moderate levels of mRNA expression and increased qP, though not as substantially increased 

as the other three lines. However, C1 exhibited increased growth rate and final volumetric titer 

compared to the other three stable lines and was chosen for further analysis due to its altered 

growth phenotype. 

3.3.3 Generation and characterization of stable empty vector (EV) overexpressing lines 

 
 To control for the effects of the selection process, C2869A parental cells were transfected 

with an empty vector (EV) using the same transfection and selection method previously 

described for PGC-1α overexpressing lines. The EV utilized was pcDNA3-EGFP gifted by Doug 

Golenbock (Addgene plasmid #13031). A total of 13 stable cell lines were generated and 
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analyzed by the same metrics as the PGC-1α lines—mAb titer, qP, lactate and glucose 

extracellular fluxes, growth rates, and viability profiles.  

3.3.4 Total RNA isolation and quantitative real-time PCR 

 
Total RNA was isolated from cells using the RNeasy Mini Kit (Qiagen, Germantown, 

MD) according to the manufacturer’s protocol and then reverse transcribed using a cDNA 

reverse transcriptase kit (BioRad, Hercules, CA). Quantitative real-time PCR (RT qPCR) was 

performed using iQ SYBR Green Supermix (BioRad, Hercules, CA) and BioRad CFX96 Cycler 

(BioRad, Hercules, CA). The sequences of the primers were as follows: PGC-1α sense (5'- GTC 

ACC ACC CAA ATC CTT AT -3') and antisense (5'- ATC TAC TGC CTG GAG ACC TT -3'), 

HPRT sense (5'- TGC TCG AGA TGT CAT GAA GGA G -3') and antisense (5'- TTT AAT 

GTA ATC CAG CAG GTC AGC -3'). Target gene expression was normalized to the expression 

of the housekeeping gene hypoxanthine guanine phosphoribosyltransferase (HPRT). 

3.3.5 Cell culture and isotope labeling experiment 

 
 Parental C2869A and the C2869A+PGC-1α lines B5, C1, C3, and D4 were grown in 125 

mL shake flasks at 37°C and 5% CO2 while shaking at 135 RPM. Four replicate flasks of each 

line were expanded from a single culture and grown in parallel. The cells were cultivated in the 

proprietary cell culture medium, MACH-1 (Janssen) with MSX and 300 ug/mL zeocin 

(Invitrogen) and fed proprietary feeds (Janssen) of amino acids and other nutrients according to 

Table 3-1. 
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Table 3-1 Experimental timeline of 13C labeling experiments. Days 5-8 are shaded to indicate presence 
of13C glucose in the cell culture medium. The 13C glucose bolus fed on day 5 initiated the labeling 
experiment (time = 0 hours), and samples were withdrawn and cold quenched at multiple time points to 
measure 13C enrichments of intermediate metabolites.  

Day 0 1 2 3 4 5 6 7 8 

Event Inoculate     Feed   
Feed 

 

 RT qPCR OUR 
13C Cold Quenches 
0h 40h 48h 60h 72h 

 

 A bolus of 100% [U-13C6] glucose was fed to two replicate flasks of each line at the start 

of stationary growth phase (day five). The onset of stationary growth phase was designated as the 

point when lactate metabolism switched from production to consumption. Two additional 

replicate flasks were fed natural (unlabeled) glucose at this time. The size of the glucose bolus 

was chosen to be 70% of the total glucose in the culture after the feed. The unlabeled cultures 

were sampled daily to assess growth and extracellular exchange rates. After two days of 13C 

glucose exposure, cell pellets were collected from the labeled cultures roughly every 12 hours 

and were immediately cold-quenched as previously described [10].   

3.3.6 Determination of growth and extracellular exchange rates 

 
Culture VCDs and percent viabilities were measured using a trypan blue exclusion 

method with a Cedex XS automated counter (Roche, Basel, Switzerland). Medium amino acid 

concentrations were analyzed using an Agilent 1200 series high performance liquid 

chromatograph (HPLC) as described previously [10]. Medium glucose and lactate concentrations 

were measured using a YSI 2300 biochemical analyzer (YSI, Yellow Springs, OH), and mAb 

titers were measured by a ForteBio Octet RED96 (Pall, Menlo Park, CA). Net growth rates, 

death rates, and extracellular fluxes were calculated by the ETA software package [26] as 

previously described [10]. 
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3.3.7 Oxygen consumption measurements 

 
 OURs were measured using an Oroboros Oxygraph-2k instrument, which contains two 

chambers with separate oxygen probes to monitor on-line changes in oxygen concentration over 

time. The instrument was set to 37ºC and cells were harvested from each culture and re-

suspended in growth medium at a density of 2x106 cells/mL. For each C2869A+PGC-1α line, 

two million cells were injected into one chamber of the instrument while two million cells of the 

C2869A parental control line were injected into the opposite chamber. The parental line was 

included in each experiment to control for chamber effects. The rates of oxygen consumption 

were allowed to reach equilibrium for a minimum of five minutes before OUR was measured.  

3.3.8 Gas chromatography-mass spectrometry (GC-MS) measurements 

 
Intracellular metabolites were extracted from the cold-quenched cell pellets, derivatized, 

and analyzed by gas chromatography-mass spectrometry (GC-MS) as described previously [12]. 

GC-MS analysis of medium glucose was performed by di-O-isopropylidene derivatization to 

accurately identify the enrichment of 13C-glucose in each labeled flask as previously described 

[27]. 

3.3.9 13C isotopically non-stationary metabolic flux analysis (INST-MFA) 

 
 An isotopomer model was constructed based on a previously described CHO cell 

metabolic network in order to simulate the 13C labeling profile of intracellular metabolites 

[10,11]. The model comprised 80 metabolic reactions, 22 extracellular metabolite exchange 

rates, and two macromolecular products (mAb and biomass) as detailed in Table A-3-3. 

Isotopomer models were regressed by the INCA software package [28] to fit the experimental 

data sets as previously described [10]. All model fits were overdetermined and calculated from a 
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random starting point with a minimum of 50 random restarts to ensure the identification of a 

global minimum. Due to the absence of isotopic steady state, isotopically non-stationary 

metabolic flux analysis (INST-MFA) was used to regress flux maps of the studied lines over 

days six through eight of the experiment. Goodness-of-fit metrics for the models are given in 

Table A-3-1. The Cytoscape software package was used to visualize the resulting flux maps [29]. 

3.3.10 Statistical analysis 

 
 Significant differences between fluxes of the different cell lines were analyzed via two-

way ANOVA (α = 0.05) with Tukey-Kramer post-hoc testing. Standard errors of the mean 

(SEM) for each flux were calculated from the 95% confidence intervals generated in INCA by 

dividing the difference between the upper and lower bounds by 3.92.  

3.4 Results 
 
3.4.1 Stable PGC-1α lines exhibit higher PGC-1α mRNA levels than parental control line 

 
 All four of the C2869A+PGC-1α CHO cell lines had increased PGC-1α mRNA levels as 

shown in Error! Reference source not found.. Line B5 exhibited the highest level of PGC-1α 

mRNA expression followed by C1, C3, and D4. These results confirm that the PGC-1α 

expression vector was successfully integrated into the DNA of these stable cell lines, and that 

they exhibited increased transcriptional activity of the recombinant PGC-1α gene. 
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Figure 3-2 Recombinant PGC-1α mRNA levels reported as fold changes over control expression. 
Expression levels were normalized to expression of the housekeeping gene, HPRT, on day seven of the 
fed-batch experiment as indicated in Error! Reference source not found.. Means +/- SEM plotted, n=2. 

3.4.2 PGC-1α lines consume more oxygen than the control 

 
 Oxygen uptake rates (OURs) were measured for each C2869A+PGC-1α line in 

comparison to the parental control on the final day of the fed-batch experiment as indicated by 

the experimental timeline described in Table 3-1. All C2869A+PGC-1α lines exhibited 

significantly increased OURs with the exception of line C1, which consumed oxygen at the same 

cell-specific rate as the parental control (Figure 3-3). These results indicate that three out of the 

four PGC-1α overexpressing lines exhibited substantial enhancements in oxidative metabolism 

during stationary phase. The only PGC-1α line that did not follow this trend (C1) also exhibited a 

different growth phenotype during stationary phase in comparison to the other PGC-1α lines.  

3.4.3 Net growth rates of all PGC-1α lines except C1 are similar to the parental control 

 
Net growth rates were calculated from the VCD time course, and death rates were 

calculated from the estimated dead cell densities over time where dead cell density is total cell 

density minus VCD. The net growth rates along with specific death rates are reported in Figure 



 39 

3-3B and C. The net growth rate is equal to the gross growth rate minus the death rate and is 

measured from the growth curves shown in Figure 3-3A. The gross growth rate, which accounts 

for cell growth and cell death, was used for 13C MFA and is shown in Figure A-3-1. The net 

growth rates were similar across all lines with the exception of C1, which experienced a roughly 

2.5-fold higher rate of growth than the other cell lines during stationary phase.  

 

Figure 3-3 Oxygen uptake rates (OURs) of the four PGC-1α CHO cell lines compared to the 
C2869Acontrol line. Means +/- SEM reported, n=2; **** indicates significant difference from the 
control, α <0.0001; ** α<0.01. 

 
Figure 3-4 (A) Growth curves over the full duration of the experiment. (B) Net growth rates calculated 
during stationary growth phase (days 5-8). (C) Death rates of each line during stationary growth phase. 
The gross growth rate reported in Figure A-3-1 was calculated by adding the death rates in (C) to the net 
growth rates in (B). Means +/- SEM reported, n=4; **** indicates significant difference from control, 
α<0.0001. 
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3.4.4 PGC-1α lines exhibit higher volumetric titers and qP than the control   

 
 All four PGC-1α lines exhibited significantly higher mAb qP than the parental control 

(Figure 3-5). Line B5 had both the highest final volumetric titer of 641 µg/mL as well as the 

highest qP of any line at 37.3 µg/Mcell/day, approximately four times the rate of the parental 

control. C1 had the second highest final volumetric mAb titer at 550 µg/mL but the lowest qP of 

the PGC-1α lines, which was still 2.7-fold higher than the parental control. This divergence is 

explained by the elevated growth and VCD of the C1 line, as a result of the trade-off between 

growth and product biosynthesis. 

 

Figure 3-5 (A) mAb titer profiles, (B) final volumetric mAb titer measured on day eight of the 
experiment, and (C) cell specific productivity (qP) of each line. Means +/- SEM shown, n=4; *** 
indicates significant difference from control, α <0.001, **** α <0.0001. 

3.4.5 PGC-1α lines consume both glucose and lactate at higher rates than the control 

 
 Glucose uptake rates (GURs) were significantly higher in PGC-1α lines than in the 

parental control with the exception of C1 (Figure 3-6A). Similarly, the lactate uptake rates 

(LURs) of all four PGC-1α lines were significantly increased over the parental control line 

during stationary phase (Figure 3-6B). The LUR of C1 was the lowest of the PGC-1α lines at 

~0.17 µmol/Mcell/day, but was still significantly increased over the control line (0.06 

µmol/Mcell/day).  
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Figure 3-6 (A) Glucose uptake rate (GUR) and (B) lactate uptake rate (LUR) of each cell line. Means +/- 
SEM shown, n=4; ** indicates significant difference from control, α <0.01, *** α <0.001, **** α 
<0.0001. 

3.4.6 PGC-1α lines have higher oxidative metabolic fluxes than control 

 
 Three PGC-1α lines (B5, C3, and D4) exhibited higher rates of CAC metabolism (up to 

three-fold increases in some cases) than that of the C2869A control and PGC-1α line C1 (Figure 

3-7). Furthermore, lines B5, C3, and D4 had elevated overall central carbon metabolism as 

compared to the control and C1 lines, consistent with the increased substrate uptake rates shown 

in Figure 3-6. The higher consumption of carbon from glucose was not mirrored by increased 

rates of growth for the three PGC-1α lines (B5, C3, and D4) but the excess carbon was funneled 

into mAb production (Figure 3-5) by all four lines showing increased GURs and/or LURs. 

3.4.7 EV overexpressing cell lines 

 
 The 13 PGC-1α overexpressing lines (still producing mAb) and the 13 EV 

overexpressing cell lines were compared for mAb volumetric titer (Figure A-3-11), qP (Figure 

A-3-10), growth, viability, LUR and GUR (Figure A-3-12). The population spread of qP and the 

other metrics were all similar with no stark differences in trends between the EV and the PGC-1α 



 42 

overexpressing cell lines. This data suggested that the zeocin antibiotic selection process 

seemingly selected for more robust cells with increased rates of growth and overall metabolism.   

 

Figure 3-7 Metabolic flux maps during stationary growth phase. The magnitude of each reported net 
carbon flux corresponds with the color and the width of the corresponding arrow. The mitochondrial 
oxidative citric acid cycle fluxes are boxed for emphasis. 
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3.5 Discussion 
 

This study sought to assess the correlation between elevated oxidative metabolism and qP 

in industrial CHO cell lines. Previous studies have uncovered an association between high mAb 

producing CHO cell clones and elevated CAC metabolism [10,11]. Here, we sought to engineer 

mAb producing industrial CHO cells with elevated oxidative metabolic activity through the 

introduction of PGC-1α. PGC-1α is a global regulator of mitochondrial metabolism extensively 

shown in the literature to increase mitochondrial number and, therefore, cellular oxidation [16–

18,30–34]. Since the highly oxidative CAC is located in the mitochondria, we hypothesized that 

increasing mitochondrial capacity of industrial CHO cells via PGC-1α overexpression would 

lead to increased qP.  

The B5, C3, and D4 lines exhibited an increase in both glucose and lactate consumption, 

the main sources of carbon for stationary-phase CHO cell cultures. High lactate consumption 

rates during stationary growth phase have been correlated to high productivities in CHO cell 

lines, a finding mirrored in this study [11]. Higher LURs also prolong culture longevity by 

removing toxic lactate buildup from the extracellular environment and provide a more direct 

source of carbon to mitochondrial metabolism. In order to fuel mitochondrial oxidative 

metabolism, carbon from lactate only needs one enzymatic step to be converted to pyruvate, 

whereas carbon from glucose must traverse all of glycolysis in order to successfully enter the 

mitochondria.  

The PGC-1α lines selected for this study all exhibited some level of upregulated CAC 

metabolic activity, with C1 more closely resembling the parental control. In previous work 

performed in cultured cardiac myocytes overexpressing PGC-1α, mitochondrial genes 
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responsible for energy production pathways (e.g., CAC enzymes) exhibited increased expression 

along with increased mitochondrial numbers [35]. We hypothesize that the increase in CAC flux 

was directly related to the increase in oxygen consumption of the PGC-1α lines as shown in 

previous work [35]. The OURs (Figure 3-3) indicated an increase in mitochondrial activity in 

three of the four PGC-1α lines, which was reflected by the increase in CAC fluxes regressed by 

13C INST-MFA. The OURs independently confirm the MFA results, as the OURs were not used 

to constrain the 13C MFA model. Functional PGC-1α overexpression has been repeatedly shown 

to increase mitochondrial number in mammalian cells, therefore increasing oxidative metabolic 

capacity as reflected in higher rates of oxygen consumption [21]. This evidence of higher rates of 

mitochondrial metabolism, both in measured metabolic fluxes and cellular OURs, suggests that 

PGC-1α was functionally overexpressed in the B5, C3, and D4 cell lines.  

All PGC-1α lines exhibited significantly enhanced qP over the parental control, with C1 

trending more closely with the parental control than the other three engineered lines (Figure 3-5). 

This data supports the hypothesis that an increased oxidative capacity leads to an increase in qP 

and further established that high producing lines require a highly active CAC to support 

increased qP. There appears to be a trade-off between mAb production and growth, which can 

lead to higher final volumetric titers in rapidly growing cells as demonstrated by line C1. This 

was the only cell line studied with increased growth rate compared to the control (Figure 3-4), 

and it had the second highest final volumetric titer but the lowest qP of all the PGC-1α lines 

studied (Figure 3-5). Further contributing to the final volumetric titer differences were the 

significantly slower growth rates exhibited by PGC-1α lines during exponential growth phase 

(Figure A-3-2). These slower growth rates resulted in fewer viable cells during the peak mAb 

production phase (Figure 3-4A). 
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In most the data presented here, line C1 trended with the parental control cell line. From 

preliminary Western Blot (WB) analysis, we have evidence that line C1 expressed an alternate 

isoform of PGC-1α, the NT-PGC-1α splice variant (Figure A-3-4). NT-PGC-1α results from 

alternate 3’ splicing and results in a short, truncated version of the PGC-1α protein [36,37]. The 

truncated PGC-1α variant likely has different regulatory properties compared to the full-length 

protein [37]. Further, PGC-1α4 has similar alternate 3’ splicing as NT-PGC-1α and has been 

shown to control muscle hypertrophy without co-activation of known PGC-1α targets involved 

in mitochondrial biogenesis [20,37]. NT- PGC-1α is reported to have a molecular weight of 37 

kDa, whereas PGC-1α4 is predicted to be 29.1 kDa [20]. Other splice variants of PGC-1α are 

reported to have similar predicted molecular weights [20], making them difficult to decipher via 

WB. Another possible explanation for the divergent metabolic phenotype of the C1 line is that 

the mini-pool selection process could have allowed cells with superior growth and productivity 

attributes to outcompete and overtake the polyclonal population. This conclusion would lead to 

the hypothesis that some of the differences in phenotype between PGC-1α lines may in fact be 

due to the selection process and not due to the overexpression of PGC-1α. Further supporting 

this alternate hypothesis are the data collected from the EV lines. These data show a similar 

spread in qP and other metrics used to initially characterize the PGC-1α lines. Further testing, 

specifically OUR measurements of the EV lines, will be required in order to determine if 

oxidative metabolism is significantly altered during the selection process.  

 Taken together, these data provide evidence that increased carbon flux through 

mitochondrial oxidative metabolism drives CHO cell qP upward. Overall, this study concluded 

that PGC-1α overexpression was associated with high oxidative metabolism and qP in industrial 

CHO cell cultures. 
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3.6 Future Directions 
 
 In order to confirm our hypothesis that PGC-1α leads to the highly oxidative metabolic 

phenotype seen in three of the four PGC-1α lines, we propose performing siRNA knockdowns of 

PGC-1α in the PGC-1α overexpressing stable lines studied here. Therefore, if the metabolic 

phenotype shifts from highly oxidative to trend more with the control cell line, it can be 

reasonably concluded that PGC-1α gene expression is responsible for the shift in metabolism 

seen in the PGC-1α lines generated in this study. Furthermore, OURs of the EV lines will be 

required to determine if the spread in the data is due to the selection of antibiotic resistant lines. 

Through the rational design of RT-qPCR primers, it should be possible for future 

experiments to elucidate which PGC-1α variants we have present in each C2869A+PGC-1α cell 

line studied here. If, in fact, line C1 does express the PGC-1α4 or NT- PGC-1α splice variants, 

that could explain some of the differences in metabolic phenotype between the engineered cell 

lines.  

Since peak mAb productivity in CHO cells occurs during stationary phase naturally, 

inducing PGC-1α overexpression during the onset of stationary phase could further increase 

effectiveness of the enhanced oxidative metabolic phenotype. This method could allow cells to 

reach higher VCDs by not sacrificing growth during early exponential phase (see Figure A-3-2), 

which would lead to increased volumetric titers at later stages of culture. The gene could be 

placed on a variety of different inducible expression systems. One possibility would be a 

chemically induced expression system like the reverse cumate gene-switch that induces gene 

expression upon the addition of cumate to the culture [38,39]. Another option would be gene 

expression on a self-regulating promoter such as Txnip [40,41]. The Txnip expression system has 

previously been used in CHO cells to express genes as culture growth slows, with one study 
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showing increased gene expression over time with certain cultures getting activated at the onset 

of stationary phase [40]. Ultimately, further experiments to optimize the timing and intensity of 

PGC-1α expression should be carried out to maximize qP and titer. 
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3.7 Appendix 
 
Table A-3-1 Model goodness-of-fit assessment metrics as determined by INCA software and the best-fit 
model for each cell line. 

 
SSR best fit SSR expected range DOF 

C2869A 146.5 104.7 - 169.1 135 
B5 127.5 85.5 - 144.3 113 
C1 134 89.8 - 150.0 118 
C3 89.8 103.8 - 167.9 134 
D4 118.5 95.9 - 157.8 125 

 

Table A-3-2 Precursor requirements for growth. 

Metabolite Coefficient (µmol/Mcells/day) 
Alanine 1.776 x10-4 
Arginine 1.116 x10-4 
Asparagine 1.396 x10-4 
Aspartate 8.529 x10-5 
Cysteine 4.292 x10-5 
Glutamine 9.528 x10-5 
Glutamate 1.143 x10-4 
Glycine 1.948 x10-4 
Histidine 4.229 x10-5 
Isoleucine 9.591 x10-5 
Leucine 1.67 x10-4 
Lysine 1.687 x10-4 
Methionine 4.085 x10-5 
Phenylalanine 6.487 x10-5 
Proline 9.267 x10-5 
Serine 1.305 x10-4 
Threonine 1.143 x10-4 
Tryptophan 1.305 x10-5 
Tyrosine 5.389 x10-5 
Valine 1.232 x10-4 
G6P 8.538 x10-5 
R5P 6.892 x10-5 
C1 7.458 x10-5 
DHAP 3.599 x10-5 
AcCoA.c 7.326 x10-4 
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Figure A-3-1 Gross growth rates during stationary growth phase. Gross growth was used in the 13C MFA 
experimental analysis as it accounts for total biomass generation. Means +/- SEM plotted, n=4; *** 
indicates significant difference from control, α <0.001. 

 

Figure A-3-2 Specific growth rates during exponential growth phase. The control line (C2869A) and line 
C1 trend together while the remaining PGC-1α lines experience significantly decreased rates of growth 
during exponential phase, days zero through five of the experiment. Means +/- SEM plotted, n=4; *** 
indicates significant difference from control, α <0.001, **** α <0.0001. 
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Figure A-3-3 Viability profiles of the cultures. Mean +/- SEM reported; n=4. 

 

Figure A-3-4 Anti- PGC-1α Western Blot (WB) of the selected PGC-1α lines and parental line (leftmost 
lane). C1 appeared to express a different PGC-1α isoform than the other lines. Anti-PGC-1α antibody 
should detect both recombinant and endogenous PGC-1α. Intact PGC-1α should be detected at 113 kDa, 
NT- PGC-1α at 37 kDa, and PGC-1α4 at 29.1 kDa.  
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Table A-3-3 Flux maps with 95% confidence intervals indicated by lower bound (LB) and upper bound 
(UB). 
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Figure A-3-5 Average percent enrichments (APEs) of intracellular metabolites over the course of the 
experiment. Isotopic steady state is reached when the fractional enrichment does not change over time. 
These data prompted the conclusion that isotopic steady state was not obtained. Therefore, INST-MFA 
was used to regress fluxes in the stationary phase CHO cell cultures studied here. 
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Figure A-3-6 Average percent enrichments (APEs) of intracellular metabolites over the course of the 
experiment (continued). Isotopic steady state is reached when the fractional enrichment does not change 
over time. These data prompted the conclusion that isotopic steady state was not obtained. Therefore, 
INST-MFA was used to regress fluxes over time in the CHO cell cultures studied here. 
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Figure A-3-7 Average percent enrichments (APEs) of intracellular metabolites over the course of the 
experiment (continued). Isotopic steady state is reached when the fractional enrichment does not change 
over time. These data prompted the conclusion that isotopic steady state was not obtained. Therefore, 
INST-MFA was used to regress fluxes over time in the CHO cell cultures studied here. 
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Figure A-3-8 Flux results of selected intracellular fluxes. Means +/- SEM reported, n=2. 

 

Figure A-3-9 Characterization of twelve of the twenty PGC-1a stable lines generated from mini-pool 
selection. The other eight lines were not measured due to their lack of PGC-1a mRNA expression 
(measured via RT qPCR), and three with no mAb expression are not included here. The gray bars are the 
lines chosen for the 13C MFA study described in this chapter. Mean +/- SEM, n=2; grown in batch and 
measured during stationary growth phase. 
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Figure A-3-10 Comparison of EV- and PGC-1α stable lines specific productivities (qP) in descending 
order normalized to the C2869A control line. Other lines are denoted as indicated by the accompanying 
table. These experiments were performed in batch growth and measurements were taken over stationary 
phase. N=2. 

 
Figure A- 3-11 Comparison of EV- and PGC-1α stable lines mAb volumetric titers in descending order. 
All values are normalized to the respective control, C2869A. All lines are displayed as indicated in the 
accompanying table. 
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Figure A- 3-12 ∆GUR and ∆LUR of EV and PGC-1a lines plotted in descending order. The ∆GUR and 
∆LUR values were calculated by subtracting the GUR and LUR of the respective control. Cultures were 
grown in batch culture and measurements taken during stationary growth phase. 
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4 13C FLUX ANALYSIS REVEALS THAT REBALANCING MEDIUM AMINO 
ACID COMPOSITION CAN REDUCE AMMONIA PRODUCTION WHILE 

PRESERVING CENTRAL CARBON METABOLISM OF CHO CELL CULTURES 
 

Biotechnology Journal 13 (2018):1700518. 

4.1 Summary 

13C metabolic flux analysis (MFA) provides a rigorous approach to quantify intracellular 

metabolism of industrial cell lines. In this study, 13C MFA was used to characterize the metabolic 

response of Chinese hamster ovary (CHO) cells to a novel medium variant designed to reduce 

ammonia production. Ammonia inhibits growth and viability of CHO cell cultures, alters 

glycosylation of recombinant proteins, and enhances product degradation. Ammonia production 

was reduced by manipulating the amino acid composition of the culture medium; specifically, 

glutamine, glutamate, asparagine, aspartate, and serine levels were adjusted. Parallel 13C flux 

analysis experiments determined that, while ammonia production decreased by roughly 40%, 

CHO cell metabolic phenotype, growth, viability, and monoclonal antibody (mAb) titer were not 

significantly altered by the changes in media composition. This study illustrates how 13C flux 

analysis can be applied to assess the metabolic effects of media manipulations on mammalian 

cell cultures. The analysis revealed that adjusting the amino acid composition of CHO cell 

culture media can effectively reduce ammonia production while preserving fluxes throughout 

central carbon metabolism.  

4.2 Introduction 

Chinese hamster ovary (CHO) cells are the most frequently utilized host organism for 

industrial production of biotherapeutic drugs, such as monoclonal antibodies (mAbs) used for 

treatment of immunological disorders and cancer [1]. CHO cells characteristically consume large 
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amounts of glucose and glutamine as carbon and nitrogen sources, leading to excretion of lactate 

and ammonia byproducts [2]. Both lactate and ammonia can become toxic to CHO cells when 

accumulated to high levels. Lactate toxicity can be self-corrected by some CHO cells by 

switching to lactate consumption at the onset of stationary phase [3–5], which can be further 

enhanced through genetic engineering [4–6] or closed-loop feeding strategies [7,8]. However, 

decreasing ammonia build up is conventionally accomplished by media manipulations [9–12].  

Ammonia production is mainly a byproduct of glutaminolysis—an important pathway for 

energy generation, biosynthesis, and nitrogen supply to mammalian cells [13,14]. While 

glutamine-independent growth has been reported in CHO cells [15–17], some studies have 

shown that glutamine deficiency can lead to depletion of required precursors for product 

glycosylation [15,18]. Therefore, researchers at Sanofi formulated a novel chemically defined 

proprietary growth medium for decreased ammonia accumulation in CHO cell cultures by 

reducing the concentrations of several amino acids (glutamine, asparagine, and serine) that are 

metabolized to ammonia when present in excess. In order to maintain balanced flux of amino 

acids entering central carbon metabolism, the concentrations of downstream amino acids 

(glutamate and aspartate) formed from glutamine and asparagine were increased to offset the 

decreased availability of their upstream precursors. Although glutamate and aspartate typically 

accumulate in the control medium as waste products, it was hypothesized that supplementing 

these amino acids would inhibit ammonia-producing metabolic reactions while maintaining a 

consistent supply of anaplerotic substrates to support the citric acid cycle (CAC). These five 

amino acids were identified from literature as having potential significant impacts on ammonia 

production and regulation [10,11,13,19,20].  

A multivariate experiment [21–23] was previously performed to identify an optimal 
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combination of the five selected amino acids that reduced ammonia production in culture without 

significantly affecting cell growth or productivity. However, it was unclear whether the new 

medium formulation might have unanticipated impacts on central carbon metabolism of CHO 

cells. Standard assays generally utilized for media optimization studies include viable cell 

density (VCD), growth rate, percent viability, culture longevity, product titer, and specific 

productivity. While these metrics generate practical data about cellular responses to media 

alterations, they do not provide quantitative readouts of the intracellular metabolic response to 

media manipulations. 13C metabolic flux analysis (MFA) bridges the gap between extracellular 

manipulations and intracellular metabolic pathway perturbations, providing a rigorous analytical 

approach to quantify changing metabolic phenotypes across different experimental conditions 

[24–27].  

In this study, we applied parallel 13C MFA to assess a newly developed proprietary medium 

that reduced ammonia production by industrial CHO cells by roughly 40% without negatively 

affecting culture growth or mAb specific productivity. The low-ammonia (LA) medium variant 

was formulated with decreased glutamine, asparagine, and serine compensated by increased 

availability of their downstream glutamate and aspartate products. 13C MFA revealed that 

intracellular metabolic fluxes were not significantly altered by the media manipulations, although 

there was a trend toward altered anaplerotic carbon sources for CAC metabolism in cells cultured 

in the LA medium. This study shows that it is possible to manipulate amino acid metabolism in 

CHO cell cultures while maintaining consistent fluxes through central carbon metabolism, if 

reductions in certain amino acids are offset by addition of other complementary nutrients.  
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4.3 Materials and methods 

4.3.1 Media 

Three media formulations were studied. The control medium (CM) was Sanofi's in-house 

chemically defined CHO cell growth medium. A low-ammonia (LA) variant was developed and 

formulated according to Table 0-2. A third medium condition was tested to ensure that any 

changes in CHO cell metabolism were due to the LA medium alterations and not due to the 

presence or absence of ammonia itself. The LA+ variant designates the LA medium 

supplemented with 4 mM ammonia. This value was determined by averaging the final ammonia 

concentrations at the conclusion of several CHO batch cultures grown in CM (data not shown). 

 

Table 0-2 Relative amino acid composition of Low Ammonia (LA) medium. Values indicate fold-
changes relative to CM. 

Amino acid Gln Glu Asn Asp Ser 
Fold change 0.5X 6X 0.7X 3X 0.6X 

 

4.3.2 Cell Culture 

One vial of mAb-producing CHO cells was expanded in a 250 mL shake flask with a 

working volume of 60 mL of control medium. Cells were passaged into each of the three media 

variants once the VCD surpassed 2 Mcell/mL, with passaging occurring roughly every 3 days 

(Figure 4-8). Working volumes were increased to 75 mL (P2) and 250 mL in 1L shake flasks 

(P3) to accumulate enough cells for seeding P4 flasks. Cell doubling time was measured to be 

approximately 35 hours (data not shown). The parallel 13C labeling studies for MFA were 

performed during passage four (P4) in 250 mL shake flasks with initial working volumes of 75 

mL. Samples were collected after 24, 48, 60, and 72 hours during P4 for amino acid analysis and 
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13C labeling measurements. All flasks were incubated at 37°C, 5% CO2, 125 RPM shaking, and 

80% humidity. Inoculation of stages P1-P3 targeted 0.5 Mcell/mL. The inoculation density in the 

13C-labeled media for P4 was 1 Mcell/mL. 

4.3.3 Parallel 13C Labeling Studies 

[1,2-13C2]Glucose was added to glucose-free media for duplicate flasks of each experimental 

condition during P4. A second set of duplicate flasks was inoculated with [U-13C5]glutamine 

labeled media (Figure 4-8). The duplicate flasks containing 13C-glucose were analyzed for 

labeling in glycolytic and pentose phosphate pathway (PPP) intermediates, while the 13C-

glutamine labeled flasks provided data on CAC and anaplerotic pathways [28]. Unlabeled 

samples were harvested from flasks in P3 to use as negative controls during the measurement of 

13C labeling. 
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Figure 4-8 Experimental design. Cells were passaged approximately every three days. Parallel labeling 
experiments with [1,2-13C2]glucose and [U-13C5]glutamine took place during passage 4 (P4). Culture 
samples collected from P3 flasks were used to determine dry cell weight. 

4.3.4 Analytical Techniques 

Cell and supernatant samples were collected at 24, 48, 60, and 72 hours during P4 and 

analyzed for VCD, viability, glucose, lactate, pH, pCO2, pO2, osmolarity, and amino acid 

concentrations. Amino acid concentrations were measured via HPLC as previously described 

[29]. VCDs and percent viability measurements were obtained at each time point using Trypan 

blue exclusion with a Vi-CELL XR (Beckman Coulter). Glucose and lactate were measured with 

a Cedex Bio HT (Roche). pH, pCO2 and pO2 were measured with a RapidLab 1240 blood-gas 

analyzer (Siemens). At each time point, culture aliquots were collected containing approximately 

10 million viable cells and immediately cold-quenched with a 60/40 (v/v) solution of methanol 

and ammonium bicarbonate (AMBIC) pre-cooled to -40°C [30]. The samples were centrifuged 

and the supernatant was immediately removed, thus diluting and then removing extracellular 
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components and minimizing the likelihood of extracellular contamination in the intracellular 

metabolite fractions. Following the cold-quench, intracellular metabolites were extracted via the 

Folch method [31]. Once extracted, intracellular metabolites were derivatized via methoxamine 

(MOX) and tert-butyldimethylsilyl chloride (TBDMS) reagents for analysis via gas 

chromatography-mass spectrometry (GC/MS) [29]. One duplicate flask of each media variant 

was harvested at the conclusion of P3 for dry cell mass measurements by drying a known 

number of cells in a non-humidified incubator at 70°C and measuring the resulting mass. The 

composition of the cell mass was determined based on previous work in hybridoma cells [29,32]. 

4.3.5 Metabolic Flux Analysis 

The 13C isotope labeling data generated by GC/MS analysis were analyzed using the 

MATLAB-based software package isotopomer network compartmental analysis (INCA) 

(publicly available at http://mfa.vueinnovations.com) [9]. Mass and isotopomer balances were 

simulated for CHO cell central carbon metabolism using an elementary metabolite unit (EMU) 

decomposition of the reaction network to simulate changes in isotope labeling induced by 

changes in metabolic fluxes [33,34]. We verified that P4 cultures achieved metabolic steady state 

by observing constant rates of change in extracellular metabolite concentrations. Isotopic steady 

state was verified by measuring equilibration of mass isotopomer distributions (MIDs), or 

average percent enrichments (APEs, SI Equation 1), at the time points analyzed (Figure A- 4-13–

10) [35]. The APE represents the average enrichment of tracer atoms in the measured fragment 

ion. Isotopic steady state is reached when the change in isotopic enrichment over time falls 

within range of the measurement uncertainty. Extracellular fluxes were calculated using the 

MATLAB-based software package extracellular time course analysis (ETA) to regress the 
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extracellular metabolite concentration changes over time [36]. Stationary 13C MFA was applied 

to calculate intracellular fluxes at the 60 hr time point. Experimentally measured MIDs and 

extracellular fluxes were regressed using a Levenberg-Marquardt optimization algorithm [5]. 

Parallel datasets from [1,2-13C2]glucose and [U-13C5]glutamine labeling studies were regressed 

simultaneously to yield one complete metabolic flux map for each medium formulation. Fluxes 

were calculated using a minimum of 100 unique restarts from random initial values to ensure a 

global minimum was found. Flux results were subjected to a chi-square statistical test to assess 

goodness-of-fit, and 95% confidence intervals were calculated for each estimated flux value [37]. 

A summary of the best-fit solutions, flux uncertainties, and goodness-of-fit metrics can be found 

in Table A- 4-4 1–4 and Figure A- 4-23–16. INCA model files are available upon request. 

4.3.6 Statistical Analysis 

The CM, LA, and LA+ cell culture fluxes were compared using one-way ANOVA. When 

significance was found at a=0.05, a Tukey-Kramer test was applied.  

4.4 Results 

4.4.1 Ammonia production was reduced in LA medium without altering growth, viability, or 
mAb specific productivity 

 
Growth rate and cell viability were not significantly different across the three media variants 

as shown in Figure 4-9. Ammonia production was significantly decreased in the LA and LA+ 

media variants (Figure 4-10A) while mAb specific productivity remained unchanged across all 

media variants (Figure 4-10B). The media alterations resulted in a 40% reduction in ammonia 

production by CHO cells grown in the LA medium. The LA+ medium elicited an even more 

dramatic 70% reduction in ammonia production compared to the CM. This effect was perhaps 
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from feedback inhibition of ammonia-producing metabolic pathways by maintaining high 

ammonia levels in the medium throughout the experiment.  
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Figure 4-9 (A) Growth curve and (B) Percent viability of CHO cells cultured in the three media variants. 
Data indicate mean values +/- SEM, n=4. 

 

Figure 4-10 (A) Ammonia production rate and (B) mAb specific productivity of cultures in the 
experimental media conditions. Data indicate mean fluxes +/- SEM, n=4. ****a<0.0001; ***a<0.001; 
**a<0.01. 
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4.4.2 Glutamine, but not glucose, uptake was reduced in LA medium 

Glutamine consumption rate (QUR) was significantly reduced in the LA and LA+ media 

variants while glucose uptake rate (GUR) was not significantly different across the three 

conditions (Figure 4-11A). These results indicate that the GUR did not fully compensate for 

reduced carbon entering through glutamine uptake. There was net production of glutamate by 

CHO cells grown in all three media formulations, with a trend toward lower net production in the 

LA and LA+ media variants as shown in Figure 4-4B. Excretion of glutamate has been 

previously shown to be positively correlated with glutamine consumption by CHO cells [38]. 

Glycine production was also reduced in the LA and LA+ media (Figure 4-11B). Glycine is 

utilized in CHO cells for mAb and biomass synthesis and is intracellularly produced from serine. 

Since serine concentrations were limited in the LA and LA+ media, less excess serine was 

available for conversion to glycine, leading to reduced glycine excretion as a waste product 

(Table A- 4-4). Alanine, aspartate, glutamate, and glycine were excreted by cells grown under 

CM conditions; however, their rates of excretion trended downward in the LA medium as shown 

in Figure 4-11B. This indicates that amino acid consumption and metabolism under the LA growth 

conditions were better matched to biosynthetic demands for protein synthesis, cell growth, and 

anaplerosis. 
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Figure 4-11 (A) Glucose uptake rate (GUR) and glutamine uptake rate (QUR). (B) Excretion rates of 
alanine, aspartate, glutamate, and glycine. Data indicate mean fluxes +/- SEM, n=4. ****a<0.0001; 
*a<0.05. 

4.4.3 Alanine production is associated with ammonia accumulation 

Alanine production was significantly decreased in the LA medium compared to CM (Figure 

4-11B). Alanine is second only to ammonia as the major byproduct of glutaminolysis; therefore, 

decreased alanine excretion was expected to correlate with decreased glutamine consumption. 

Notably, the alanine production in the LA+ medium was at least as high as that in CM. This was 

the only flux that varied significantly (at p<0.05) between the LA and LA+ media formulations. 

Increased alanine excretion has been reported to compensate for ammonia stress in CHO cells 

since it acts as an alternative nitrogen sink [38]. Our results confirm that elevation of culture 

ammonia alone can drive increased alanine production. This finding was further supported by 

model-estimated changes in flux through alanine transaminase (ALT) (Table A- 4-4).  
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Figure 4-12 (A) Central carbon metabolic map with enzymes of interest labeled. Arrow width represents 
flux in carbon moles for the CM condition. (B) Glycolytic fluxes, (C) pentose phosphate pathway (PPP) 
fluxes, and (D) citric acid cycle (CAC) fluxes during P4. Data indicate mean fluxes +/- SEM, n=4. 
 

4.4.4 Glycolysis and PPP fluxes were not significantly altered in LA medium 

A decrease in glycolysis with decreased glutamine availability has been previously 

reported [15]; however, 13C flux analysis showed no significant changes in glycolytic fluxes 

across the three media variants in our study (Figure 4-5B). Furthermore, PPP fluxes (Figure 4-

5C) were not significantly affected by the altered amino acid profile of the LA and LA+ media. 
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Overall, PPP flux accounted for 10% of glucose consumption in CM and ~14% in LA and LA+ 

media (Figure 4-5A).  

 

Figure 4-13 Anaplerotic fluxes through glutamate dehydrogenase (GDH) and aspartate transaminase 
(AST). In our flux model, GDH flux represents total anaplerosis from glutamate to alpha-ketoglutarate, 
while AST represents total anaplerosis from aspartate to oxaloacetate. Data indicate mean fluxes +/- 
SEM, n=4. 

 

4.4.5 CAC fluxes were not significantly altered in LA medium, despite variations in 
anaplerotic contributions from certain amino acids 

 
CAC fluxes were largely unchanged across the three media variants (Figure 4-5D), however, 

anaplerotic carbon contributions into the CAC were partially redistributed in the LA and LA+ 

conditions. Aspartate aminotransferase (AST) flux trended upward in LA and LA+ cultures 

(Figure 4-13). An increased contribution from aspartate to supply carbon into the CAC at the 

oxaloacetate (OAA) node appears to compensate for reduced anaplerotic flux through glutamine 

dehydrogenase (GDH) to supply alpha-ketoglutarate (Figure 4-13). Therefore, redistribution of 

anaplerotic fluxes entering the CAC could result directly from alterations to asparagine/aspartate 

and glutamine/glutamate ratios that lead to more balanced amino acid metabolism in the LA 

medium. Flux through pyruvate carboxylase (PC) could not be precisely resolved in our study 

due to uncertainties associated with pyruvate recycling through malic enzyme (ME). However, 
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the net anaplerotic flux of pyruvate entering the CAC (i.e., the difference between PC and ME 

fluxes) was estimated with good precision (Table A- 4-8). The results indicate net outflow (i.e., 

cataplerosis) of pyruvate leaving the CAC, suggesting that amino acids provided the major 

source of anaplerotic carbon to support mitochondrial metabolism in all media conditions.     

4.5 Discussion 

Ammonia toxicity is a well-documented effect of excess amino acid metabolism in CHO 

cell cultures [14]. Sanofi successfully engineered a proprietary media variant that maintained cell 

growth, viability, and mAb production while dramatically reducing ammonia production in 

industrial CHO cell cultures. 13C MFA revealed that decreasing media concentrations of 

glutamine, asparagine, and serine while increasing media availability of glutamate and aspartate 

had significant effects on ammonia-producing fluxes while largely preserving central carbon 

metabolism unchanged. There was only a 2% difference in the total molar mass between the two 

formulations as a result of the amino acid manipulations. Therefore, changes in byproduct 

formation were not simply due to a leaner medium. 

Reducing glutamine availability is a natural first step for eliminating excess ammonia 

production. This has generally been achieved by adapting CHO cells to glutamine-independent 

growth or through genetic engineering to introduce glutamine synthetase (GS) to host cells 

[18,39–41]. Asparagine and serine have also been identified as tunable amino acids for the 

reduction of byproduct formation while maintaining cellular requirements for biosynthesis and 

energy production [11]. While asparagine is essential to cell survival [11], it is also a source of 

ammonia when metabolized through asparaginase [9]. For this reason, the LA media variant 

limits asparagine availability to meet the cellular requirements of proliferating cells while 

minimizing excess flux to aspartate through asparaginase. As a result, aspartate consumption 
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increases in order to compensate for reduced asparagine availability [11]. In this study, the LA 

medium contained increased aspartate levels to counteract asparagine limitation and to supply 

sufficient OAA to support CAC anaplerosis (Figure 4-13). Aspartate utilization to form OAA 

was increased in the LA medium such that excretion of aspartate was decreased (Table A- 4-4). 

The conversion of serine to pyruvate is another notable source of ammonia in CHO cell cultures 

[19]. Serine is the major supplier of one-carbon units for methylation reactions along with its role 

in protein, nucleotide, and lipid biosynthesis [11]. Complete removal of serine in CHO cell 

cultures reportedly limits cell growth and causes metabolic shifts that ultimately increase 

ammonia production through heavy dependence on asparagine consumption [11]. Tight 

regulation of serine concentrations to match cellular metabolic demands has been shown to 

effectively minimize ammonia formation [11]. Due to these previous findings, serine was limited 

to biologically required levels in the LA medium with flux analysis indicating a trend toward 

increased serine consumption in the LA and LA+ media conditions (Table A- 4-4). This could 

indicate a more efficient metabolism of serine when its availability is limited along with 

glutamine and asparagine. 

As further evidence of improved metabolic efficiency, less pyruvate was converted to alanine via 

ALT (Table A- 4-4) in the LA medium compared to CM or LA+ cultured cells. LA+ cultured 

cells increased their flux to alanine as a result of increased ammonia stress [38]. Cells cultured in 

CM exhibited an alanine flux that was intermediate between that of the LA and LA+ conditions. 

This trend corroborates the concept that alanine production results from ammonia stress, since 

the CM cultured cells experienced a gradual increase in ammonia levels over the course of the 

experiment while the LA+ cultured cells were exposed to high levels of ammonia throughout the 

experiment.  
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By elucidating the metabolic phenotype induced by nutrient alterations, this study 

demonstrates the effectiveness of 13C MFA in media development efforts. While directly 

observable extracellular measurements can provide useful information to guide media 

optimization, they do not describe the intracellular metabolic responses induced by altering the 

carbon and nitrogen sources available to CHO cells. In the current study, the effects of media 

alterations on CAC anaplerotic sources and amino acid metabolism might have been overlooked 

in the absence of 13C MFA. These changes could potentially impact bioprocess operations or 

product attributes, even though cell growth and specific productivity were not significantly 

altered. On the other hand, 13C MFA confirmed that many central metabolic pathways were 

completely unaffected by the media switch, confirming that amino acid metabolism could be 

effectively manipulated without significantly altering important bioenergetic fluxes. 

Understanding which metabolic pathways are altered by media changes, and which are not, can 

thus provide important information for decision-making in industrial cell culture applications.  

To our knowledge, this is the first study that has applied 13C MFA to assess intracellular 

metabolic effects resulting from media reformulation. This study provides a valuable example of 

how flux analysis can be applied to obtain intracellular metabolic readouts that would be 

otherwise unavailable to industrial researchers. 
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4.6 Appendix 

Table A- 4-4 Flux maps of the three media conditions with 95% confidence intervals; CM=control 
medium, LA=low ammonia medium, LA+=low ammonia medium with added ammonia. LB-lower bound 
of 95% confidence interval, UB-upper bound of 95% confidence interval. An ‘.e’ indicates an 
extracellular metabolite pool; ‘.m’ indicates a mitochondrial metabolite pool; ‘.u’ indicates an unlabeled 
metabolite pool; and a ‘.l’ indicates a labeled metabolite pool. 

Rxn ID Reaction CM (umol/Mcell/day) LA (umol/Mcell/day) LA+ 
(umol/Mcell/day) 

Flux LB UB Flux LB UB Flux LB UB 
GUR Glc.e → Glc 2.30 2.00 2.50 2.30 1.90 2.70 2.30 1.70 2.90 

Glc.l IN Glc.l → Glc.e 2.30 1.90 2.50 2.30 1.80 2.70 2.10 1.60 2.90 
Glc.u IN Glc.u → Glc.e 0.00 0.00 0.24 0.00 0.00 0.35 0.16 0.00 0.38 

HK Glc → G6P 2.30 2.00 2.50 2.30 1.90 2.70 2.30 1.70 2.90 
PGI G6P ↔ F6P 2.00 1.60 2.40 1.90 1.40 2.40 2.00 1.30 2.80 
PFK F6P → DHAP + GAP 2.10 1.90 2.40 2.10 1.70 2.70 2.10 1.50 2.80 
TPI DHAP ↔ GAP 2.10 1.80 2.40 2.10 1.70 2.60 2.10 1.50 2.80 

GAPDH GAP ↔ 3PG 4.30 3.80 4.80 4.30 3.40 5.30 4.30 3.20 5.60 
PGM 3PG ↔ PEP 4.30 3.70 4.80 4.40 3.50 5.40 4.50 3.30 5.70 

AGXT 3PG ↔ Ser 0.01 -0.19 0.21 -0.07 -0.18 0.04 -0.12 -0.26 0.01 
PK PEP → Pyr 4.30 3.70 4.80 4.40 3.50 5.40 4.50 3.30 5.70 

LDH Pyr ↔ Lac 2.10 1.80 2.40 2.10 1.80 2.40 1.90 1.80 2.00 
PDH Pyr → AcCoA.m + CO2 2.30 1.80 2.90 2.40 1.40 3.40 2.70 1.40 4.00 
CS OAA + AcCoA.m → Cit 2.30 1.80 3.00 2.40 1.40 3.50 2.80 1.50 4.10 

IDH Cit ↔ aKG + CO2 2.00 1.50 2.70 2.00 0.97 3.10 2.40 1.10 3.80 
AKGDH aKG → Suc + CO2 2.30 1.80 3.00 2.00 1.00 3.10 2.50 1.10 3.90 

SDH Suc ↔ Fum 2.30 1.80 3.00 2.00 1.00 3.20 2.50 1.10 4.00 
FH Fum ↔ Mal 2.30 1.80 3.20 2.00 1.00 3.20 2.50 1.20 4.00 

MDH Mal ↔ OAA 1.90 0.46 2.60 1.70 -1.50 2.80 2.10 -0.44 3.40 
G6PDH G6P → Ru5P + CO2 0.23 0.00 0.59 0.33 0.00 0.68 0.31 0.00 0.94 

PPE Ru5P ↔ X5P 0.14 -0.02 0.37 0.19 0.19 0.43 0.18 -0.03 0.60 
PPI Ru5P ↔ R5P 0.10 0.02 0.22 0.13 0.13 0.25 0.12 0.02 0.34 

TKT1 X5P ↔ EC2 + GAP 0.14 -0.02 0.37 0.19 0.19 0.43 0.18 -0.03 0.60 
TKT2 EC2 + E4P ↔ F6P 0.07 -0.01 0.19 0.10 0.09 0.21 0.09 -0.01 0.30 
TKT3 EC2 + R5P ↔ S7P 0.07 -0.01 0.19 0.10 0.09 0.21 0.09 -0.01 0.30 
TAL1 EC3 + GAP ↔ F6P 0.07 -0.01 0.19 0.10 0.09 0.21 0.09 -0.01 0.30 
TAL2 S7P ↔ EC3 + E4P 0.07 -0.01 0.19 0.10 0.09 0.21 0.09 -0.01 0.30 
ME Mal → Pyr + CO2 0.41 0.18 1.70 0.29 0.10 3.00 0.42 0.15 2.90 
PC Pyr + CO2 → OAA 0.00 0.00 1.30 0.00 0.00 2.90 0.00 0.00 2.50 

ACL Cit → AcCoA.c + OAA 0.32 0.26 0.37 0.40 0.35 0.46 0.35 0.28 0.42 
AS Asn ↔ Asp 0.34 0.21 0.47 0.34 0.25 0.43 0.38 0.29 0.47 

PCC ProCoA + CO2 → Suc 0.00 0.00 0.03 0.01 0.00 0.05 0.03 0.00 0.08 
GS Gln ↔ Glu 0.68 0.60 0.76 0.26 0.21 0.31 0.21 0.16 0.26 

PYCR Glu ↔ Pro 0.06 -0.04 0.17 0.00 -0.09 0.09 -0.04 -0.17 0.08 
Gly syn CO2 + C1 ↔ Gly 0.14 0.12 0.16 0.10 0.08 0.12 0.12 0.10 0.15 
His cat His → C1 + Glu 0.00 0.00 0.03 0.00 0.00 0.04 0.01 0.00 0.05 
PAH Phe → Tyr 0.01 0.00 0.27 0.00 0.00 0.01 0.00 0.00 0.03 
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SHMT Ser ↔ Gly + C1 0.17 0.14 0.19 0.14 0.12 0.16 0.15 0.11 0.17 
Thr cat Thr → Pyr + CO2  0.00 0.00 0.02 0.00 0.00 0.02 0.00 0.00 0.04 

Trp cat Trp → 2 CO2 + Ala + 
aKA 0.00 0.00 0.01 0.00 0.00 0.01 0.00 0.00 0.01 

aKA cat aKA → 2 CO2 +  
2 AcCoA.m 0.00 0.00 0.04 0.00 0.00 0.04 0.01 0.00 0.07 

GDH Glu ↔ aKG 0.30 0.14 0.46 0.05 -0.07 0.18 0.09 -0.08 0.26 
ALT Pyr ↔ Ala 0.29 0.25 0.33 0.24 0.21 0.27 0.33 0.29 0.37 

Ile cat Ile → AcCoA.m + CO2 
+ ProCoA 0.00 0.00 0.02 0.00 0.00 0.03 0.01 0.00 0.04 

Leu cat Leu + CO2 → CO2 +  
3 AcCoA.m 0.00 0.00 0.02 0.00 0.00 0.03 0.01 0.00 0.05 

Tyr cat Tyr → CO2 + Fum +  
2 AcCoA.m 0.00 0.00 0.25 0.00 0.00 0.03 0.01 0.00 0.05 

Val cat Val → 2 CO2 + ProCoA 0.00 0.00 0.03 0.01 0.00 0.04 0.02 0.00 0.06 
Lys cat Lys → aKA 0.00 0.00 0.04 0.00 0.00 0.04 0.01 0.00 0.06 

AST Asp ↔ OAA 0.11 -0.06 0.28 0.23 0.09 0.36 0.29 0.12 0.46 
ARG Arg → Glu + Urea 0.00 0.00 0.03 0.00 0.00 0.03 0.02 0.00 0.06 

Cys cat Cys → Pyr 0.04 0.02 0.07 0.02 0.00 0.03 0.02 0.00 0.04 

Met cat Met + Ser → C1 + Cys + 
ProCoA + CO2 0.00 0.00 0.01 0.00 0.00 0.01 0.00 0.00 0.01 

Lys IN Lys.e → Lys 0.10 0.09 0.14 0.12 0.10 0.15 0.12 0.09 0.17 
Thr IN Thr.e → Thr 0.08 0.07 0.10 0.09 0.08 0.11 0.09 0.08 0.12 
Phe IN Phe.e → Phe 0.05 0.04 0.31 0.05 0.04 0.06 0.05 0.04 0.07 
Tyr IN Tyr.e → Tyr 0.03 0.00 0.06 0.05 0.04 0.07 0.05 0.03 0.08 
Val IN Val.e → Val 0.09 0.08 0.12 0.11 0.09 0.14 0.11 0.09 0.15 
Leu IN Leu.e → Leu 0.10 0.09 0.13 0.12 0.11 0.15 0.12 0.10 0.15 
Ile IN Ile.e → Ile 0.05 0.04 0.07 0.07 0.05 0.09 0.07 0.05 0.09 
Trp IN Trp.e → Trp 0.01 0.01 0.02 0.02 0.01 0.02 0.02 0.01 0.03 
His IN His.e → His 0.03 0.02 0.05 0.03 0.03 0.07 0.04 0.02 0.08 
Met IN Met.e → Met 0.02 0.02 0.03 0.03 0.02 0.03 0.03 0.02 0.04 
Ser IN Ser.e ↔ Ser 0.27 0.07 0.47 0.33 0.22 0.44 0.39 0.25 0.52 

Ala OUT Ala ↔ Ala.e 0.19 0.16 0.23 0.13 0.10 0.15 0.23 0.20 0.26 
Arg IN Arg.e ↔ Arg 0.06 0.05 0.09 0.07 0.06 0.10 0.08 0.06 0.13 

Asp 
OUT Asp ↔ Asp.e 0.15 0.03 0.26 0.02 -0.08 0.12 0.01 -0.14 0.15 

Cys IN Cys.e ↔ Cys 0.07 0.05 0.10 0.05 0.04 0.06 0.05 0.03 0.06 
Glu OUT Glu ↔ Glu.e 0.25 0.17 0.33 0.13 0.07 0.20 0.12 0.03 0.20 

Gln IN Gln.e ↔ Gln 0.74 0.66 0.81 0.33 0.28 0.38 0.27 0.22 0.32 
Gly OUT Gly ↔ Gly.e 0.20 0.15 0.24 0.11 0.08 0.14 0.15 0.11 0.19 

Pro IN Pro.e ↔ Pro 0.00 -0.11 0.11 0.08 -0.01 0.16 0.11 -0.01 0.24 
Asn IN Asn.e ↔ Asn 0.39 0.26 0.52 0.40 0.31 0.49 0.44 0.35 0.53 

Lac OUT Lac ↔ Lac.e 2.10 1.80 2.40 2.10 1.80 2.40 1.90 1.80 2.00 
Gln.l IN Gln.l → Gln.e 0.72 0.64 0.80 0.33 0.25 0.38 0.27 0.22 0.32 
Gln.u IN Gln.u → Gln.e 0.02 0.00 0.02 0.00 0.00 0.05 0.00 0.00 0.02 
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Table A- 4-5 Growth (day-1) and antibody (nmol/Mcell/day) fluxes for the three media conditions. 

 
Reaction CM LA LA+ 

 Flux LB UB Flux LB UB Flux UB LB 
Specific growth rate 0.43 0.36 0.51 0.55 0.47 0.62 0.48 0.39 0.57 
Antibody production rate 0.55 0.49 0.62 0.52 0.44 0.61 0.57 0.51 0.63 
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Table A- 4-6 Metabolite fragments measured by GC-MS for analysis of intracellular metabolite labeling. 

 
Metabolite Mass Carbon atoms Fragment Formula 
Lactate 233 2 3 C10H25O2Si2 
Lactate 261 1 2 3 C11H25O3Si2 
Pyruvate 174 1 2 3 C6H12O3NSi 
Alanine 232 2 3 C10H26ONSi2 
Alanine 260 1 2 3 C11H26O2NSi2 
Serine 288 2 3 C12H34NOSi2 
Serine 302 1 2 C12H32NO2Si2 
Serine 362 2 3 C14H40NO2Si3 
Serine 390 1 2 3 C17H40O3NSi3 
Aspartate 302 1 2 C12H32NO2Si2 
Aspartate 376 1 2 C14H38NO3Si3 
Aspartate 390 2 3 4 C14H40NO3Si3 
Asparagine 417 1 2 3 4 C14H41N2O3Si3 
Glutamate 330 2 3 4 5 C16H36O2NSi2 
Glutamate 358 1 2 3 4 5 C12H36NO3Si2 
Glutamine 431 1 2 3 4 5 C19H43O3N2Si3 
Malate 419 1 2 3 4 C18H39O5Si3 
Glycine 218 2 C8H24NO2Si2 
Glycine 246 1 2 C10H24O2NSi2 
 
 



 84 

 
Table A- 4-7 Model goodness-of-fit assessment.  

 
Model Degrees of freedom SSR expected range Best-fit SSR 
CM 19 8.9, 32.9 25.4 
LA 19 8.9, 32.9 15.6 
LA+ 19 8.9, 32.9 5.4 



 85 

 
Table A- 4-8 Pyruvate contribution to anaplerosis. PC=pyruvate carboxylase, ME=malic enzyme, PC-
ME=difference between PC and ME fluxes (i.e., net anaplerotic flux from pyruvate). CM=control 
medium, LA=low ammonia medium, LA+=low ammonia medium with added ammonia. SE=standard 
error of flux estimate, LB=lower bound of 95% confidence interval, UB=upper bound of 95% confidence 
interval, CI=confidence interval.  

 

Rxn 
CM (umol/Mcell/day) LA (umol/Mcell/day) LA+ (umol/Mcell/day) 

Flux SE LB UB CI width Flux SE LB UB CI 
width Flux SE LB UB CI 

width 

PC 1E-4 0.33 0.00 1.30 1.30 9.9E-
2 

-
0.84 0.00 3.30 3.30 1E-4 0.66 0.00 2.60 2.60 

ME 0.41 0.39 0.19 1.70 1.52 0.39 0.87 -
0.11 3.50 3.39 0.42 0.73 0.16 3.00 2.85 

PC-ME  -0.41 0.16 -0.81 -0.18 0.62 -0.29 0.10 -
0.49 

-9.6E-
2 0.40 -

0.42 0.14 -
0.69 

-
0.16 0.53 
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Table A- 4-9. Biomass composition. 

 
Metabolite Coefficient (mmol/Mcell) 
Alanine 1.78E-04 
Arginine 1.12E-04 
Asparagine 1.40E-04 
Aspartate 8.53E-05 
Cysteine 4.29E-05 
Glutamine 9.53E-05 
Glutamate 1.14E-04 
Glycine 1.95E-04 
Histidine 4.23E-05 
Isoleucine 9.59E-05 
Leucine 1.67E-04 
Lysine 1.69E-04 
Methionine 4.09E-05 
Phenylalanine 6.49E-05 
Proline 9.27E-05 
Serine 1.31E-04 
Threonine 1.14E-04 
Tryptophan 1.31E-05 
Tyrosine 5.39E-05 
Valine 1.23E-04 
G6P 8.54E-05 
R5P 6.89E-05 
MEETHF 7.55E-05 
DHAP 3.60E-05 
AcCoA.c 7.33E-04 
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Table A- 4-10 Antibody composition (mol/mol). 

 
Amino Acid Coefficient 
Alanine 38 
Cysteine 18 
Aspartate 26 
Glutamate 33 
Phenylalanine 21 
Glycine 46 
Histidine 14 
Isoleucine 15 
Lysine 47 
Leucine 55 
Methionine 8 
Asparagine 24 
Proline 48 
Glutamine 30 
Arginine 20 
Serine 90 
Threonine 55 
Valine 67 
Tryptophan 13 
Tyrosine 34 
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Equation A- 4-1 Average percent enrichments (APE) were calculated according to the following 
equation (after correction for natural isotope abundance): 

 

!"# = (&'×))+
',-

.  
 

 
! = !#$%&'	)*	+,'%)!-	.!	*',/$&!0	.)! 	
!" = $%&'($')*	,-	.ℎ*	0-.ℎ	2$33	03,.,4,2*5  
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Figure A- 4-13 Average percent enrichments (APEs) of pyruvate and lactate for CM fed cells labeled 
with [1,2-13C2]glucose. 

 

13C source: [1,2-13C2]glucose  
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Figure A- 4-14 APEs of pyruvate and lactate for LA fed cells labeled with [1,2-13C2]glucose. 

 
 

13C source: [1,2-13C2]glucose  
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Figure A- 4-15 APEs of pyruvate and lactate for LA+ fed cells labeled with [1,2-13C2]glucose. 

 

13C source: [1,2-13C2]glucose  
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Figure A- 4-16 APEs of malate and glutamate for CM fed cells labeled with [U-13C5]glutamine.  

 

13C source: [U-13C5]glutamine  
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Figure A- 4-17 APEs of alanine, glycine, serine, aspartate, and asparagine for CM fed cells labeled with 
[U-13C5]glutamine. 

 

13C source: [U-13C5]glutamine  
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Figure A- 4-18 APEs of malate and glutamate for LA grown cells labeled with [U-13C5]glutamine. 

13C source: [U-13C5]glutamine  
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Figure A- 4-19 APEs of alanine, glycine, serine, aspartate, and asparagine for LA grown cells labeled 
with [U-13C5]glutamine. 

 

13C source: [U-13C5]glutamine  
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Figure A- 4-20 APEs of malate and glutamate for LA+ fed cells labeled with [U-13C5]glutamine. 

 

13C source: [U-13C5]glutamine  
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Figure A- 4-21 APEs of alanine, glycine, serine, aspartate, and asparagine for LA+ fed cells labeled with 
[U-13C5]glutamine. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

13C source: [U-13C5]glutamine  
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Figure A- 4-22 APEs of glutamine for cells cultured in each media variant. 100% of the intracellular 
glutamine was labeled by day 2. 

 

13C source: [U-13C5]glutamine  
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Figure A- 4-23 MIDs of labeled intracellular metabolites as measured (gray bars) by GC-MS and 
simulated (black bars) by the best-fit model for the CM condition. 
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Figure A- 4-24 Fluxes of extracellular metabolites as measured (gray bars) and simulated (black bars) by 
the best-fit model for the CM condition.  
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Figure A- 4-25 MIDs of labeled intracellular metabolites as measured (gray bars) by GC-MS and 
simulated (black bars) by the best-fit model for the LA condition. 
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Figure A- 4-26 Fluxes of extracellular metabolites as measured (gray bars) and simulated (black bars) by 
the best-fit model for the LA medium condition. 
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Figure A- 4-27  MIDs of labeled intracellular metabolites as measured (gray bars) by GC-MS and 
simulated (black bars) by the best-fit model for the LA+ condition. 
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Figure A- 4-28 Fluxes of extracellular metabolites as measured (gray bars) and simulated (black bars) by 
the best-fit model for the LA+ medium condition. 
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5     13C METABOLIC FLUX ANALYSIS IN LABELING CHO CELL STATIONARY 
GROWTH PHASE 

 
5.1 Summary 

 
Chinese hamster ovary (CHO) cell cultures are extensively used in industry for the 

production of complex recombinant proteins (e.g., biotherapeutics, vaccines, and monoclonal 

antibodies) in bioreactors. Programmed cell death, or apoptosis, is inevitable as a result of 

nutrient or growth factor depletion, byproduct accumulation, and other stressors inherent to 

bioreactor growth conditions. Apoptosis is a highly regulated signaling cascade that has been 

successfully combatted by cell engineering techniques with the result of prolonged culture 

viabilities and increased recombinant protein production. However, few previous studies have 

investigated the effects of anti-apoptotic protein engineering on CHO cell central carbon 

metabolism. Here, we utilized 13C metabolic flux analysis (MFA) to analyze the effects of four 

anti-apoptotic genes (Bcl-2Δ, E1B-19K, Aven, and XIAP) on CHO cells in culture during 

stationary growth phase. CHO cell metabolism naturally shifts from producing predominantly 

biomass to producing predominantly recombinant protein with cell density remaining relatively 

constant during stationary growth phase. Bcl-2Δ was studied and a similar protein, E1B-19K was 

studied in concert with Aven and XIAP and compared to the parental control cell line with no 

anti-apoptotic gene expression. Favorable shifts in lactate consumption, an altered amino acid 

metabolism, and an elevated utilization of mitochondrial metabolism were observed in the 

apoptosis-resistant cells. Specifically, the Bcl-2Δ clone consumed roughly 85% more lactate than 

the parental clone during stationary phase, a highly advantageous metabolic phenotype. 
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5.2 Background and Introduction 
 

Chinese hamster ovary (CHO) cells are the prevailing cell line used by the 

pharmaceutical industry to produce biotherapeutic drugs, such as the monoclonal antibodies 

(mAbs) used to treat cancer and immunological disorders [1]. The metabolism of CHO cells is 

complex and generally consists of two main growth phases: exponential and stationary. During 

the exponential growth phase, typically the first two to three days of batch or the first four to five 

days of fed-batch culture, the cells are heavily glycolytic and double in biomass approximately 

every 24 hours. When CHO cells enter the stationary growth phase, the cells have partially 

exhausted their glucose supply and subsequently switch from primarily biomass production to 

protein production. This is the phase when cells produce and secrete the majority of their 

recombinant products such as mAbs or other industrially relevant proteins [2]. 

CHO cell metabolism is generally characterized by an energy inefficient phenotype. They 

produce excessive quantities of ammonia and lactate that not only demonstrate a wasteful 

metabolic phenotype, but can also have toxic side effects to the culture [3]. Scientists often 

combat high ammonia producing strains by genetically modifying the CHO cells to express 

glutamine synthetase (GS) which enables CHO cells to produce their own glutamine for 

biological requirements [4–7]. This allows cells to metabolically bypass glutaminolysis, the 

major source of culture ammonia. While extensive metabolic engineering has been performed on 

CHO cell lines to combat lactate production [8–10], some CHO cell clones, like the clones 

studied here, consume excess lactate at the onset of stationary phase [8,9,11]. Since glucose is 

virtually depleted at this point in the culture's growth, the otherwise toxic lactate serves as the 

major carbon source during stationary growth phase. There is no conclusively agreed upon 

reason for this phenomenon in literature since not all cultures that experience this shift are 
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glucose depleted, or otherwise nutrient starved. However, in the clones studied here, the switch 

from lactate production to consumption signifies the onset of stationary phase. Interestingly, anti-

apoptotic gene overexpression in CHO cells has been previously reported to alter their lactate 

metabolism so they do not accumulate inhibitory levels of lactate as seen in control cell lines [8]. 

Anti-apoptosis engineering of industrial producer lines is a well-established technique to 

prolong cell culture life and, therefore, volumetric protein production [12–14]. Since the 

volumetric protein production of a culture is directly proportional to the integrated viable cell 

density (IVCD) [15], the more cells that survive for longer periods of time, the more product 

protein that will be produced. Apoptosis is reported to cause up to 80% of cell death in normal 

bioreactor cultures [16]. Here, we study the stationary phase metabolism of two cell lines 

expressing either Bcl-2Δ, a combination of three other anti-apoptotic proteins, E1B-19K, AVEN, 

and XIAP, and the parental, non-modified cell line. Bcl-2 (B-cell lymphoma 2) is localized at the 

outer membrane of the mitochondria, nuclear envelope, and portions of the endoplasmic 

reticulum (ER) and has been shown to suppress programmed cell death, also known as apoptosis 

[17,18]. Bcl-2Δ, a more stable and efficacious truncated version of Bcl-2 [14,19], has been 

associated with reduced lactate accumulation, increased IVCD, increased biomass yield, 

increased peak VCD, and increased isocitrate dehydrogenase (IDH) and NADH oxidase 

activities in a previous study performed in this lab [9]. E1B-19K is a functional and structural 

homolog of Bcl-2—both anti-apoptotic proteins have been shown to disable p53 function [20]. 

Aven, another anti-apoptotic gene studied here, has been shown to suppress cell death in multiple 

cell types including CHO cells in previous studies [21,22]. Aven's anti-apoptotic effects are due 

to its ability to inhibit the apoptosome complex early in the apoptotic process [8]. XIAP (X-

linked inhibitor of apoptosis protein), the final anti-apoptotic gene used in this study, 
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accumulates in the cytosol and acts by inhibiting the activation of caspases, which are a family of 

protease enzymes that play a critical role in the late stages of apoptosis [8,23]. 

XIAP has been shown to significantly protect  HEK 293 cells against nutrient deprivation 

and virus infection induced apoptosis [23]. The action of the three anti-apoptotic genes studied in 

this experiment are detailed in Figure 5-1. Previous studies of anti-apoptosis engineering have 

mainly used apoptotic DNA laddering [23,24], percent viability analysis [9,14,23,24], caspase 

activity screening [9,14], titer, and extracellular metabolic rates such as lactate production [14] to 

determine the effects of anti-apoptotic genes in various cell types. While utilizing the 

aforementioned metrics gives a general picture of cellular metabolism, they do not quantitatively 

elucidate the effects of anti-apoptotic genes on intracellular central carbon metabolism. Instead, 

these metrics confirm anti-apoptotic activity, extracellular changes in metabolism, and even 

intracellular indicators of anti-apoptotic gene activity but are unable to elucidate the effects of 

anti-apoptotic genes on the critical intracellular metabolism of the cells. However, 13C metabolic 

flux analysis (MFA) allows for rigorous quantification of intracellular carbon metabolism in a 

way that is not possible with extracellular metabolic flux measurements alone. MFA opens up 

the black box of intracellular metabolism to enable identification of metabolic bottlenecks, 

underutilized pathways, possible feedback mechanisms, etc. by tracing 13C atoms through 

intracellular metabolism as they are rearranged and shuffled through various metabolic pathways 

[25]. In this study, we performed 13C MFA on CHO cell lines constitutively expressing zero, 

one, or three anti-apoptotic gene(s) during their stationary growth phase. Since stationary phase 

is the peak recombinant protein production phase for industrial CHO cell lines, the metabolic 

phenotype during this growth phase is of utmost interest to pharmaceutical researchers [2]. 
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The experiment detailed in this chapter utilized 13C MFA to elucidate the intracellular 

metabolism of three industrial CHO cell lines: two clones over expressing anti-apoptotic gene(s) 

and a control clone during stationary growth phase. From this work, we determined a fed-batch 

experimental protocol for future use in analyzing CHO cell metabolism during stationary phase. 

Furthermore, it was determined that the anti-apoptotic genes did affect overall metabolic 

phenotype even with the alteration of substrate preference. One anti-apoptotic clone preferred 

lactate whereas the other preferred amino acids as primary fuel sources during stationary growth. 

 

Figure 5-1 Apoptosis signaling cascade in mammalian cells. The anti-apoptotic genes studied in this 
paper are shown in purple ovals. Bcl-2Δ and AVEN inhibit the signaling cascade that triggers apoptosis 
due to DNA damage while AVEN also inhibits the apoptosome complex early in the apoptotic process as 
shown. XIAP inhibits the activation of caspases 3, 7, and 9 which play a critical role in the late stages of 
apoptosis. Bcl-2Δ and E1B-19K are homologous. 

 
5.3 Materials and Methods 

 
5.3.1  Cell Culture 
 

Three proprietary cell lines from Janssen Pharmaceuticals, C1013A, C1013H, and 

C1013K, were seeded in Janssen's proprietary MACH-1 media at 0.3 Mcell/mL in 125 mL shake 
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with 50 mL working volume at 37°C, 130 RPM, and 5% CO2. Five flasks (designated A-E) of 

each cell line were cultivated for this experiment. C1013A served as the control cell line with no 

anti-apoptotic genes expressed. C1013H signified C1013A with Bcl-2Δ overexpressed, and 

C1013K denoted C1013A with E1B-19K, Aven, and XIAP overexpressed. The cells were grown 

for twelve total days in fed-batch cultivation with a glucose feed at day five, the onset of 

stationary growth phase. Medium lactate levels were measured twice daily until the lactate 

profile switched from production to consumption, indicating the onset of stationary growth 

phase. At this point, a bolus of 35 mM 13C glucose tracer was spiked into flasks D and E of each 

cell line such that the 13C glucose would account for approximately 50% of the overall glucose 

concentration in each labeled flask. At the same time, a bolus of 35 mM natural glucose was 

spiked into flasks A, B, and C. The 35 mM 13C glucose media were comprised of a 50:50 

mixture of [1,2-13C2] glucose and [U-13C6] glucose in flasks D and E. 

5.3.2 Analytical techniques 
 

Cell culture samples from flasks A-C were taken every 12 hours starting at culture day 

two and analyzed via a YSI 2300 STAT Plus (YSI Bioanalytical Products) for glucose and 

lactate concentrations. Cell culture samples from flasks A-C of each cell line were collected 

every 12 hours starting at day zero and analyzed for viable cell density (VCD) and percent 

viability via CEDEX, and amino acid concentrations were measured via high performance liquid 

chromatography (HPLC) as previously described [2]. Flasks D and E of each cell line were 

measured for VCD, percent viability, and amino acid concentrations every 24 hours from day 

zero. After the spike of 13C-glucose at day five in flasks D and E, cell culture aliquots were 

collected containing approximately 10 million viable cells at days six, seven, eight, ten, and 

eleven. These aliquots were immediately cold-quenched with 5x volumes of 60/40 (v/v) solution 
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of methanol and ammonium bicarbonate (AMBIC) pre-cooled to -40°C [26]. The samples were 

centrifuged and the supernatant was immediately removed. Following the cold-quench, 

intracellular metabolites were extracted via the Folch method [27]. Once extracted, the 

intracellular metabolites were derivatized via methoxamine (MOX) and tert-butyldimethylsilyl 

chloride (TBDMS) reagents for analysis via gas chromatography-mass spectrometry (GC-MS) 

[2]. Samples taken after the 13C bolus feed on day five were derivatized with di-O-

isopropylidene propionate as previously described [28]. The enrichment of each 13C glucose 

tracer was determined as reported in Table 5-1. The highest total percent enrichment (obtained 

from the combination of the two tracers) of 13C tracer was 48% in C1013K with the lowest being 

43% in C1013H. Genes over expressed in each cell line and 13C tracer fractional enrichment data 

for each cell line used is detailed below. 

Table 5-1 Description of each cell line studied. Genes overexpressed in each cell line and 13C tracer 
fractional enrichment data for each cell line are detailed below. 

Cell line Genes overexpressed [1,2-13C2] glucose [U-13C6] glucose 
C1013A - 0.2239 0.2239 
C1013H Bcl-2Δ 0.2153 0.2153 
C1013K E1B-19K, AVEN, XIAP 0.2424 0.2424 

 

5.3.3  13C Metabolic flux analysis 
 

GC/MS analysis of the aforementioned quenched samples from flasks D and E of each 

cell line provided 13C isotope enrichment data which were analyzed using the MATLAB-based 

software package isotopomer network compartmental analysis (INCA) (publicly available at 

http://mfa.vueinnovations.com) [15]. Mass and isotopomer balances were simulated for CHO 

cell central carbon metabolism using an elementary metabolite unit (EMU) decomposition of the 

metabolic reaction network to model variations in 13C isotope labeling caused by changes in 

metabolic fluxes [29,30]. Cultures were verified to be at metabolic steady state by observing 
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constant rates of change in extracellular metabolite concentrations. Isotopic steady state was 

verified by measuring the equilibration of mass isotopomer distributions (MIDs) over time 

through the calculations of the average percent enrichment (APE) of each 13C labeled metabolite 

[31]. The change in isotopic enrichment over time fell within the range of the measurement's 

uncertainty at isotopic steady state. Extracellular fluxes were calculated using the MATLAB-

based software package extracellular time course analysis (ETA) to regress the changes in 

extracellular metabolite concentrations over the experimental time course [32]. Stationary 13C 

MFA was applied at the day eight time point to calculate intracellular metabolic fluxes. 

Experimentally measured extracellular fluxes and intracellular MIDs were regressed using a 

Levenberg-Marquardt optimization algorithm [9]. One flux map was generated for each of the 

three cell lines studied. Fluxes were calculated using a minimum of 50 unique restarts from 

randomized start values to ensure a global minimum was achieved. A chi-square statistical test 

was applied to assess the goodness-of-fit and 95% confidence intervals were calculated for each 

flux value [33]. A summary of the best-fit solutions, 95% confidence intervals, and goodness-of-

fit metrics can be found in Table A- 5-1. 

5.3.4 Statistical analysis 
 

The regressed fluxes and other experimentally calculated data from the three cell lines 

were compared by one-way ANOVA with a significance level threshold of 5%. Where there was 

no significance found at the 5% confidence threshold, a 10% threshold was used as indicated by 

the graphs that follow. Standard error of the mean (SEM) was calculated from 95% confidence 

intervals by dividing the difference of the upper and lower bounds by 3.92. 
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5.4 Results 
 
5.4.1 CHO cells overexpressing anti-apoptotic genes survive longer with higher VCDs 
 

During exponential phase (days 0-5), all three cell lines experienced comparable VCD 

and fractional viability measurements as shown in Figure 5-2A and B. However, beginning at 

day 8, the C1013A cell line began to die significantly faster than cell lines engineered with the 

anti-apoptotic gene(s) as detailed in Figure 5-2C and D. The C1013H and C1013K lines 

maintained mean viabilities over 70% through the completion of the experiment at day 12, 

whereas the control line plummeted to 52% viability by the conclusion of the experiment. 

 
Figure 5-2 (A) Viable cell densities and (B) percent viabilities over time. (C) Zoomed in data from boxed 
region in (A). (D) Zoomed in data from boxed region of (B). Means ± SEM plotted, n=5. *indicates 
significance relative to control (C1013A) at α<0.05, ** α<0.01, *** α<0.001, and **** α<0.0001.  
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Figure 5-3 Specific death rate of the studied cell lines during stationary growth phase. Means ± SEM 
plotted, n=5. † indicates significance from the control (C1013A) at α<0.1. 

 
Figure 5-4 (A) Glucose and (B) lactate uptake rates of the three cell lines during stationary phase. Means 
±  SEM plotted, n=5. ** indicates significance at α<0.01, and † α<0.1. (Unless noted by brackets, 
significance relative to control (C1013A). 

 
Figure 5-5 (A) Serine, (B) threonine, (C) isoleucine, and (D) leucine consumption rates. Means ± SEM 
plotted, n=5. * indicates significance from control (C1013A) unless indicated by brackets at α<0.05, ** 
α<0.01, and † α<0.1. 
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Figure 5-6(A) Aspartate, (B) glutamate, (C) asparagine, and (D) glycine extracellular fluxes. Negative 
flux indicates net consumption. Means ± SEM plotted, n=3. *indicates significance at α<0.05, ** α<0.01, 
**** α<0.0001, † α<0.1. 

 
5.4.2 Anti-apoptotic gene overexpression altered extracellular CHO cell fluxes during 

stationary phase 
 

The glucose uptake rates (GURs) trended upward in the anti-apoptotic gene expressing 

CHO cell lines studied (Figure 5-4A). The lactate uptake rate (LUR) was significantly increased 

in the Bcl-2Δ- expressing C1013H line over that of both the control (C1013A) and the triple anti-

apoptotic gene overexpressing cell line, C1013K, as shown in Figure 5-4B. (Glucose and lactate 

profiles are reported in Figure A- 5-1.) This trend of C1013H being statistically different holds 

true with serine, threonine, isoleucine, and leucine extracellular fluxes as well (Figure 5-5). This 

trend flipped to C1013K being the statistically significant clone with aspartate, glutamate, 

asparagine, and glycine extracellular fluxes (Figure 5-6). 
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Figure 5-7 Intracellular fluxes where significant differences were calculated. (A) Lactate dehydrogenase 
(LDH), (B) propionyl-CoA carboxylase (PCC), (C) glycine synthase (Gly syn), (D) methionine 
catabolism (Met cat), (E) phenylalanine hydroxylase (PAH), (F) serine hydroxymethyl transferase 
(SHMT), (G) isoleucine catabolism (Ile cat), (H) leucine catabolism (Leu cat), and (I) valine catabolism 
(Val cat). For reaction details corresponding to each enzyme reported, see the complete flux map in Table 
A- 5-3. Means ± SEM plotted, n=3. * indicates significance α<0.05 and † α<0.1. Significance reported 
relative to control (C1013A) unless otherwise noted by brackets.  

 
5.4.3 Anti-apoptotic gene overexpression led to trends in increased mitochondrial 

metabolism 
 

The intracellular flux rates with statistically different fluxes are detailed in Figure 5-7. 

Comprehensive flux maps detailing central carbon metabolism are shown in Figure 5-8 with 

quantitative fluxes and 95% confidence intervals detailed in Table A- 5-3. The apoptosis-

resistant C1013H and C1013K cell lines demonstrated a definite shift toward a highly oxidative 

metabolic phenotype with increased carbon flux through the mitochondrial TCA cycle.  



 123 

 

Figure 5-8 Metabolic flux maps of the apoptosis resistant clones compared to the parental. Arrow width 
and color corresponds to flux value. 

5.5 Discussion 
 

Anti-apoptotic genes are primarily engineered into industrial host cells to prolong cell life 

by inhibiting programmed cell death through a variety of biochemical mechanisms. Previous 

studies on apoptosis-resistant CHO cells reported sustained VCDs for longer times than parental 

controls and an increased reliance on lactate to fuel an upregulated oxidative mitochondrial 

metabolism [8,9,34]. This heavily oxidative metabolic phenotype consistently appears in high 

producer clones as well as apoptosis-resistant clones [9,34]. While 13C MFA has been previously 

utilized to study Bcl2Δ CHO cells during stationary phase [9], the study presented here applied a 

true fed-batch isotopic labeling study to characterize apoptosis-resistant CHO cell metabolism 

achieved by the expression of anti-apoptotic genes.  

Here, similar peak VCDs were achieved by the apoptosis-resistant clones as the control, 

but the engineered cell lines maintained high VCDs for a longer duration than the parental line 
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(Figure 5-2). Further mirroring previous work, both anti-apoptotic clones had LURs that trended 

higher than the control (Figure 5-4). Heavy reliance on lactate consumption is an advantageous 

phenotype in industrial hosts due to the elimination of the toxic byproduct from the culture. This 

lactate provides a direct fuel source for the increased rates of mitochondrial oxidative 

metabolism observed in the anti-apoptotic engineered cells.  

In this study, C1013H and C1013K do not behave identically—indicating the different 

anti-apoptotic genes act on CHO cell metabolism in unique ways. Through a decreased reliance 

on serine, isoleucine, and leucine consumption (Figure 5-5) to fuel the oxidative TCA cycle, we 

conclude that C1013H preferentially oxidized lactate to fuel mitochondrial metabolism while 

C1013K preferred amino acid oxidation. C1013K cultures consumed increased amounts of 

aspartate, asparagine, and glutamate over C1013H and the control (Figure 5-6). These amino 

acids provide nitrogen and carbon for TCA cycle metabolism. Bcl-2Δ expression has reportedly 

increased flux through isocitrate dehydrogenase (IDH)—a rate-limiting step in the TCA cycle 

[9]—a finding corroborated by our findings of IDH flux trending upward in both apoptosis-

resistant clones (Figure 5-8). Quantitative flux maps with 95% confidence intervals of all three 

studied clones are detailed in Table A- 5-3.  

Taken together, these results indicate a rewiring of TCA cycle metabolism to run on 

alternative carbon and nitrogen sources as a result of anti-apoptotic engineering. Regardless of 

fuel source, both anti-apoptotic clones experience an upregulated mitochondrial metabolism 

(Figure 5-8), a metabolic phenotype consistent with that of high producing CHO cell clones.  

The fed-batch study presented here improves upon a 13C MFA study previously 

performed in this lab of a Bcl-2Δ expressing CHO cell line. By introducing the stable isotope 

tracer at the onset of stationary growth phase, we successfully eliminated secondary 13C-labeled 
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tracers. In Templeton, et al (2014), 13C substrate was introduced at the onset of the culture 

growth; therefore, the large amount of lactate produced during exponential growth was 

isotopically labeled with 13C glucose as well [9]. When this 13C labeled lactate was consumed by 

the cells in stationary phase, it introduced a secondary source of 13C into cellular metabolism. 

Since the available analytic techniques did not allow for accurate analysis of positional 13C 

labeling of metabolites, assumptions were required about the 13C lactate labeling distribution. 

However, the fed-batch protocol employed by the study presented here introduced 13C substrate 

when lactate was being net consumed. This ensured that the fed 13C glucose was the single 

source of labeled carbon, thus eliminating the need for positional enrichment assumptions for 

accurate MFA. This fed-batch method was successfully implemented by Templeton, et al. (2017) 

in a large-scale bioreactor study of industrial Bcl-2Δ + mAb expressing CHO cell clones [34]. 

This large-scale study further confirmed that the highly oxidative metabolic phenotype found in 

apoptosis resistant CHO cell clones supports increased specific productivities [34].  
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5.6 Appendix 
 

Table A- 5-1 Model goodness-of-fit assessment, where SSR is the sum of squares residual. 

Model Degrees of Freedom SSR expected Range Best-fit SSR 
C1013A 30 16.8-47.0 41.7 
C1013H 27 14.6-43.2 19.2 
C1013K 35 20.6-53.2 44.2 

 
 
 

 
Figure A- 5-1 (A) Glucose and (B) lactate profiles. 
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Table A- 5-2 Precursor requirements for growth. 
Metabolite Coefficient (mmol/10Bcells/day) 
Alanine 0.1974 
Arginine 0.124 
Asparagine 0.0948 
Aspartate 0.1552 
Cysteine 0.0477 
Glutamine 0.1059 
Glutamate 0.127 
Glycine 0.2165 
Histidine 0.047 
Isoleucine 0.1066 
Leucine 0.1856 
Lysine 0.1875 
Methionine 0.0454 
Phenylalanine 0.0721 
Proline 0.103 
Serine 0.1451 
Threonine 0.127 
Tryptophan 0.0145 
Tyrosine 0.0599 
Valine 0.1369 
G6P 0.0949 
R5P 0.0766 
MEETHF 0.0839 
DHAP 0.04 
CO2 0.0766 
AcCoA.c 0.8143 
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Table A- 5-3 Flux maps of each cell line with overall flux value in (mmol/10Bcells/day) with 95% 
confidence intervals reported as a lower bound (LB) and upper bound (UB) for each reported flux value. 
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Table A- 5-4 Metabolite fragments measured by GC-MS for analysis of intracellular metabolite labeling. 

Metabolite Mass Carbon atoms Fragment formula 
Lactate 233 2 3  C10H25O2Si2 
Lactate 261 1 2 3 C11H25O3Si2 
Alanine 232 2 3  C10H26O2NSi2 
Alanine  260 1 2 3 C11H26O2NSi2 
Serine 288 2 3  C12H34ONSi2 
Serine 302 1 2 C12H32O2NSi2 
Serine 362 2 3 C14H40O2NSi3 
Serine 390 1 2 3 C17H40O3NSi3 
Malate 419 1 2 3 4 C18H39O5Si3 
Glycine 218 2 C8H24O2NSi2 
Glycine 246 1 2 C10H24O2NSi2 
Glycerol 3 phosphate 571 1 2 3 C20H56O6Si4P 
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6  13C FLUX ANALYSIS IN DETERMINING OXIDATIVE PENTOSE 
PHOSPHATE PATHWAY ACTIVITY IN INDUSTRIAL CHINESE HAMSTER OVARY 

(CHO) CELL LINES 

6.1 Summary 

 
 Monoclonal antibody (mAb) protein therapeutics are used to treat a variety of diseases 

including cancer. Chinese hamster ovary (CHO) cells are the most commonly utilized host cell 

for mAb biomanufacturing. Light and heavy chains of mAbs are linked by disulfide (DS) bonds. 

The therapeutic efficacy of mAbs is highly dependent upon the maintenance of their three-

dimensional configurations. In this study, 13C metabolic flux analysis (MFA), a rigorous 

quantitative approach for intracellular metabolic flux elucidation, was used to study two CHO 

cell lines producing a mAb product. Cell line A produced mAb product with reduced DS bonds 

while B produced intact mAb product. Previous studies have linked an active thioredoxin (Trx) 

system in cell culture medium with DS reduction. The Trx system is fueled by the reductant 

NADPH produced by the oxidative pentose phosphate pathway (OPPP) and other pathways. Our 

13C study of the metabolic byproduct, lactate, revealed that both cell lines have statistically 

equivalent rates of OPPP flux utilization. Therefore, any DS bond reduction was not fueled by an 

increased intracellular OPPP metabolism. 

6.2 Background and Introduction 

 
The pharmaceutical industry commonly relies on mammalian host cells, predominantly 

Chinese hamster ovary (CHO) cells, to produce biotherapeutic drugs such as monoclonal 

antibodies (mAbs) often used for the treatment of cancer and immunological disorders [1]. 

Maintaining protein conformation is imperative in industrial production as a compromised 

physical protein structure leads to decreased or destroyed efficacy. When the proteins lose their 
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proper three-dimensional conformation in the media, it is costly to perform the required 

downstream processing necessary to gather and produce product with proper efficacy.  

CHO cell central carbon metabolism has previously been shown to impact disulfide (DS) 

bonds, and therefore, mAb quality [2]. Inter-chain DS bonds are mainly responsible for bonding 

together the light and heavy chains of an antibody, forming its functional three-dimensional 

structure [3–6]. These DS bonds are formed in the oxidizing environment of the endoplasmic 

reticulum of the cells and are responsible for structural stability. Cell lysing can release 

intracellular enzymatic systems during downstream mechanical harvesting causing a significant 

DS bond reduction event [4–6]. DS bond reductions cause proteins to dissociate and lose their 

functionality, rendering them therapeutically useless. This reduction process is not specific to 

one particular product protein or class of product proteins and it can occur during both 

manufacturing-scale and laboratory-scale production runs [5,6].  

DS bonds are formed from the oxidation of the thiol side groups of two cysteine residues. 

Re-oxidizing the reduced proteins downstream is difficult to control and may cause unwanted 

oxidation of other amino acid residues in the extracellular media, further compromising protein 

quality [5]. Previous studies have determined that an active thioredoxin (Trx) system is often 

present in reducing cell culture medium [2,6]. An active Trx system consists of Trx, thioredoxin 

reductase (TrxR), and NADPH operating as shown in Error! Reference source not 

found.[4,6,7]. It is thought that the NADPH required for the Trx system to function properly is 

provided through the conversion of NADP+ and glucose-6-phosphate (G6P) via the G6P 

dehydrogenase (G6PD) enzyme to form NADPH and 6-phosphoglucono-lactone. G6PDH is 

located in the oxidative pentose phosphate pathway (OPPP) of intact cells [4].  
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Figure 6-1 The Thioredoxin (Trx) system is responsible for the disulfide (DS) bond reduction 
mechanismthat can occur in the harvested cell medium. The NADPH that initiates the Trx system is 
created from the first steps of glycolysis and the pentose phosphate pathway. Thioredoxin reductase 
(TrxR) reduces Trx using that NADPH. The reduced Trx then reduces the DS bonds of the protein. The 
terminal enzyme has been identified as mammalian thioredoxin 1 (TXN1). 

 

Figure 6-2 Carbon rearrangement of each lactate fragment as analyzed by GC/MS if a [1,2-13C2]Glucose 
molecule is metabolized through glycolysis. Dashed lines indicate intermediate reactions not shown. 
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Figure 6-3 Carbon rearrangement of lactate fragments as analyzed by GC/MS if a [1,2-13C2]Glucose 
molecule was metabolized through the OPPP. Dashed lines indicate intermediate reactions not shown. A 
1 or 2 on an arrow indicates number of molecules shunted down that reaction. 

 
13C MFA allowed us to determine the fraction of [1,2-13C2] glucose metabolized by the 

OPPP. When derivatized and analyzed via gas chromatography-mass spectroscopy (GC-MS) as 

described in the Materials and Methods section, lactate produces two unique ions with masses of 

233 and 261. Lactate 233 only contains two of the three carbons contained in lactate's carbon 

backbone. When lactate is produced from glucose via the OPPP, it undergoes the carbon 

rearrangements shown in Figure 6-3. Since the first carbon of glucose exits the cell as CO2 

during the first enzymatic step of the OPPP, when the labeled carbon is metabolized to become 

lactate, only one labeled carbon from each glucose remains. Therefore, if the lactate was 

produced via OPPP metabolism, the lactate will be singly labeled (M1) in the lactate 233 

fragment ion (Figure 6-3). However, if a lactate molecule is produced from glucose metabolized 
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through glycolysis, it undergoes no carbon loss or rearrangements as shown in Figure 6-2. If the 

lactate was produced through glycolysis, the lactate will have zero (M0) or two labeled carbons 

(M2) since there is no carbon loss or rearrangement in glycolysis that would lead to another 

arrangement of carbon in either lactate fragment (Figure 6-2). These unique labeling patterns 

produced by the two unique mass fragments of lactate generate enough information to determine 

the ratio of OPPP to glycolytic metabolism occurring in CHO cells by analyzing the ratio of 

M1/M2 lactate found in the two cell lines. From this analysis, we determined from our 13C MFA 

study that neither cell line had a significantly higher rate of OPPP metabolism. Therefore, the 

reduction events occurring in the mAb were not due to NADPH produced via intracellular OPPP. 

This study examines two mAb-producing proprietary CHO cell lines, denoted A and B, 

used by Genentech for the production of biotherapeutic mAbs. Cell line A produced a product 

that did not properly maintain DS bond integrity after secretion. Genentech scientists 

hypothesized that cell line A experienced higher production of NADPH via OPPP metabolism. 

We employed 13C metabolic flux analysis (MFA) to quantify the fraction of glucose metabolized 

via glycolysis and OPPP in each cell line. Ultimately, we determined that the cell lines had 

similar levels of OPPP activity, therefore, DS bond reduction was not due to a difference in 

OPPP-generated NADPH. 

6.3   Materials and Methods 

6.3.1 Cell Culture 

 
Two mAb-producing CHO cell lines (A and B) were cultivated in duplicate 25 mL shake 

flasks at 37°C by Genentech scientists on site. Each cell line was grown in duplicate for 12 days 

and fed at days zero and three. 100% [1,2-13C2] glucose was added to glucose-free media for 

seeding on day zero and feeding on day three of fed-batch cultivation of both cell lines. 
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6.3.2 Analytical techniques 

 
Cell culture samples (1 mL) were collected on days 0, 3 (before feed), 3.5 (after feed), 7, 

9, 11, and 12 for viable cell density (VCD), percent viability, pH, glucose, glutamate, and lactate 

concentrations to monitor culture health and extracellular metabolism. Supernatant aliquots were 

collected on days 1, 2, 3, 3.5, 4, 6, 8, 10, and 12 for 13C labeling analysis of lactate. The 

supernatant samples were immediately frozen at -80°C and shipped on dry ice to Vanderbilt 

University for testing at the conclusion of the experiment. Upon receipt of the samples at 

Vanderbilt University, the extracellular media samples were deproteinated using acetone as 

previously described [8]. Once the 13C-labeled extracellular metabolites were deproteinated, they 

were dried overnight and derivatized via methoxamine (MOX) and tert-butyldimethylsilyl 

(TBDMS) reagents for analysis via gas chromatography-mass spectrometry (GC/MS) [9]. Spent 

media from comparable cells grown in the absence of 13C tracer were harvested from a previous 

experiment to use as unlabeled controls for the MFA analysis. 

6.3.3 13C Metabolic flux analysis 

 
13C MFA was performed at each time point where 13C labeled supernatant samples were 

collected throughout the experiment in order to track the distribution of glucose carbons entering 

or bypassing the OPPP over the course of the experiment. The 13C isotope labeling data 

generated by GC/MS analysis were analyzed using the MATLAB-based software package 

isotopomer network compartmental analysis (INCA) (publicly available at 

http://mfa.vueinnovations.com) [10]. Isotopomer balances were simulated for CHO cell 

glycolytic and OPPP metabolism using an elementary metabolite unit (EMU) decomposition of 

the reaction network to simulate perturbations in isotope labeling induced by changes in 
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metabolic fluxes [11,12]. Table 6-1 details the network used here. All intracellular fluxes were 

calculated as a percentage of glucose uptake rate which was set to 100. Experimentally measured 

mass isotopomer distributions (MIDs) were regressed using a Levenberg-Marquardt optimization 

algorithm [13]. Fluxes were calculated from at least 50 unique restarts from random initial values 

to ensure a global minimum was obtained. Flux results were subjected to a chi-square statistical 

test to assess the goodness-of-fit, and 95% confidence intervals were calculated for each 

estimated flux [14]. 

Table 6-1 Metabolic model used for 13C MFA with carbon rearrangements shown as lowercase letters. 
H6P represents six-carbon molecules G6P and F6P. T3P represents three-carbon molecules DHAP and 
GAP. P5P represents five-carbon Ru5P, R5P, and X5P. Lac.u is unlabeled lactate. 

Reaction ID Reactant(s)  Product(s) 
R1 Glc (abcdef) à H6P (abcdef) 
R2 H6P (abcdef) à T3P (cba) + T3P (def) 
R3 H6P (abcdef) à CO2 (a) + P5P (bcdef) 
R4 P5P (abcde) + P5P (fghij) à T3P (hij) + S7P (fgabcde) 
R5 S7P (abcdefg) + T3P (hij) à E4P (defg) + H6P (abchij) 
R6 P5P (abcde) + E4P (fghi) ßà T3P (cde) + H6P (abfghi) 
R7 T3P (abc) à Lac (abc) 
R8 Lac.u (abc) à Lac (abc) 

 

6.3.4 Statistical analysis 

 
The regressed fluxes from cell lines A and B were compared using Student's t-tests with a 

significance threshold of 5%. Where there was no significance found at the 5% confidence 

threshold, a 10% threshold was used. 

6.4   Results 

 
The raw lactate MIDs (Figure A- 6-1) were imported into a simplified metabolic model 

shown in Table 6-1 encompassing glycolytic and the OPPP metabolism. 13C MFA revealed that 
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both cell lines A and B utilized the OPPP approximately equally throughout the experiment as 

shown in Figure 6-6. Cell line B trended toward a higher utilization of the OPPP than did cell 

line A; however, this trend was not statistically significant. The ratio of M1/M2 lactate labeling 

is constant between the two cell lines at each time point as shown in Figure 6-5. Reaction three 

(R3) (Table 6-1) flux indicated that the percentage of total glucose metabolized by the OPPP 

over time does not differ between the cell lines as shown by Figure 6-6.  

 

 

Figure 6-4 Predicted labeling of (A) Lac 261 and (B) Lac 233 fragments if [1,2-13C2] glucose is 
metabolized through glycolysis or OPPP to generate lactate. 

  

 
Figure 6-5 The ratio of M1 lactate over M2 lactate for both lactate fragments. There were no statistically 
significant differences between the two cell lines at any time. 
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6.5   Discussion and Future Directions 

 
When glucose is consumed by CHO cells, it is primarily metabolized through glycolysis 

or the OPPP. CHO cell metabolism is inefficient, resulting in large quantities of lactate excreted 

as a metabolic waste product [15]. When CHO cells are fed a [1,2-13C2] glucose tracer, lactate 

produced by the cells will exhibit unique labeling patterns depending on which metabolic 

pathway metabolized the parent glucose molecule. If a glucose molecule is metabolized via 

glycolysis, no carbon atoms are lost resulting in lactate that mirrors the two halves of the 

consumed glucose—unlabeled (M0) if it originated from the last three carbons of glucose, or 

doubly labeled (M2) if it originated from the first three carbons of glucose (Figure 6-2). 

However, if a [1,2-13C2] glucose molecule is metabolized by the OPPP, the first carbon is lost as 

CO2 in the first reaction of the OPPP. Only one 13C atom per glucose molecule that enters the 

OPPP remained to produce lactate in later steps. Through the metabolic rearrangements depicted 

in Figure 6-3, lactate produced by this pathway may still contain two 13C atoms; however, the 

fraction is lower (Figure 6-4). These distinctions in the lactate labeling yield a predictable 

labeling pattern of excreted lactate as shown in Figure 6-4. Therefore, 13C MFA using the MID 

data of each cell line, the percentage of glucose metabolized through the OPPP was determined 

for each CHO cell line studied here (Figure 6-6). It is possible that both cell lines had excess 

capacity for NADPH+ production, but that cell line A had increased Trx activity. 
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Figure 6-6 Utilization of oxidative pentose phosphate pathway (OPPP) metabolism as a percentage of 
overall glucose metabolism. Means +/- SEM plotted, n=2. SEM calculated by dividing reaction 3 (Table 
6-1) flux’s 95% confidence interval upper and lower bounds by 3.92. 

 
Further study with either a combination of [1,2-13C2] glucose and [U-13C6] glucose, or if 

the cell lines are not using a glutamine synthetase (GS) expression system, parallel experiments 

with [1,2-13C2] glucose and [U-13C5] glutamine would yield a clearer metabolic model depicting 

the cell lines' central carbon metabolism. These tracer combinations, along with ample 

extracellular measurements would allow for comprehensive flux maps of central carbon 

metabolism. Furthermore, high ammonia production is a common metabolic inefficiency of 

CHO cell metabolism and high ammonia concentrations in the extracellular environment have 

also been linked to decreased quality metrics in protein products in mammalian cell culture 

[2,16]. The glutamate extracellular flux is significantly different between the two cell lines 

throughout the experiment. Glutamate excretion has been associated with high glutaminolysis 

and ammonia production [17]. This is corroborated by the trend in pH being lower in Cell Line A 

which has consistently higher glutamate excretion. This points to further metabolic discrepancies 

between the two cell lines, particularly in the TCA cycle. 
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Incomplete DS bond formation in the endoplasmic reticulum as a result of inefficient 

assembly of heavy and light chains could result in these reduced mAb species discovered in the 

cell culture medium of Cell Line A instead of degradation in the medium due to cellular 

components [5]. 

Furthermore, the pH differences in the two cell lines could contribute to product 

disruption. A more thorough analysis of extracellular fluxes would aid in building a more 

complete picture of cellular metabolism as well. Of the extracellular metabolites we have 

measurements for, they are not uniform between the two cell lines, indicating potential for 

greater metabolic variations between cell line A and cell line B than elucidated by our limited 

analysis.  
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6.6 Appendix 

Table A- 6-1Model goodness-of-fit assessment metrics as determined by INCA software and the best fit 
model at each time point. *indicates lack of fit in the model. 

 
 
Table A- 6-2 Flux values at Day 0. Fluxes are reported as a percent of glucose uptake rate. 

Reaction 
ID 

Cell Line A Cell Line B 
Flux LB UB Flux LB UB 

R1 100 100 100 100 100 100 
R2 0.903 1E-07 100 8.24 1.34 91.63 
R3 297.29 3E-07 300 275.27 25.11 295.98 
R4 99.10 1E-07 100 91.76 8.37 98.66 
R5 99.10 1E-07 100 91.76 8.37 98.66 
R6 99.10 1E-07 100 91.76 8.37 98.66 
R7 1E-07 0 65535 176.91 0 6346.22 
R8 1E-07 0 65535 235.01 0 65535 
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Table A- 6-3 Flux values at Day 1. Fluxes are reported as a percent of glucose uptake rate. 

Reaction 
ID 

Cell Line A Cell Line B 
Flux LB UB Flux LB UB 

R1 100 100 100 100 100 100 
R2 92.42 88.10 95.83 93.06 90.74 95.19 
R3 22.74 12.50 35.69 20.83 14.43 27.79 
R4 7.58 4.17 11.90 6.94 4.81 9.26 
R5 7.58 4.17 11.90 6.94 4.81 9.26 
R6 7.58 4.17 11.90 6.94 4.81 9.26 
R7 323.21 286.76 363.62 160.37 144.65 177.04 
R8 11.46 0 76.15 24.45 7.40 80.77 

 

Table A- 6-4 Flux values at Day 2. Fluxes are reported as a percent of glucose uptake rate. 

Reaction 
ID 

Cell Line A Cell Line B 
Flux LB UB Flux LB UB 

R1 100 100 100 100 100 100 
R2 90.36 86.32 93.92 90.36 88.03 92.53 
R3 28.92 18.23 41.03 28.91 22.42 35.90 
R4 9.64 6.08 13.68 9.64 7.48 11.97 
R5 9.64 6.08 13.68 9.64 7.48 11.97 
R6 9.64 6.08 13.68 9.64 7.48 11.97 
R7 177.37 153.91 202.72 116.92 104.22 130.35 
R8 24.21 4.97 74.87 20.57 6.18 45.77 

 
Table A- 6-5 Flux values at Day 3. Fluxes are reported as a percent of glucose uptake rate. 

Reaction 
ID 

Cell Line A Cell Line B 
Flux LB UB Flux LB UB 

R1 100 100 100 100 100 100 
R2 89.78 87.29 92.10 90.18 88.01 92.21 
R3 30.64 23.71 38.14 29.47 23.36 35.98 
R4 10.22 7.90 12.71 9.82 7.79 11.99 
R5 10.22 7.90 12.71 9.82 7.79 11.99 
R6 10.22 7.90 12.71 9.82 7.79 11.99 
R7 132.18 117.88 147.29 93.02 82.02 104.71 
R8 26.85 10.14 57.97 38.26 16.88 90.65 
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Table A- 6-6 Flux values at Day 3.5. Fluxes are reported as a percent of glucose uptake rate. 

Reaction 
ID 

Cell Line A Cell Line B 
Flux LB UB Flux LB UB 

R1 100 100 100 100 100 100 
R2 91.06 88.15 93.41 89.04 86.75 91.17 
R3 26.82 19.77 34.48 32.89 26.50 39.74 
R4 8.94 6.59 11.50 10.96 8.83 13.25 
R5 8.94 6.59 11.50 10.96 8.83 13.25 
R6 8.94 6.59 11.50 10.96 8.83 13.25 
R7 149.68 133.34 167.12 94.17 83.08 105.83 
R8 26.11 7.74 70.78 23.41 8.95 46.45 

 
 
Table A- 6-7 Flux values at Day 4. Fluxes are reported as a percent of glucose uptake rate. 

Reaction 
ID 

Cell Line A Cell Line B 
Flux LB UB Flux LB UB 

R1 100 100 100 100 100 100 
R2 92.02 89.52 94.30 90.57 88.47 92.54 
R3 23.94 17.09 31.45 28.29 22.38 34.59 
R4 7.98 5.70 10.48 9.43 7.46 11.53 
R5 7.98 5.70 10.48 9.43 7.46 11.53 
R6 7.98 5.70 10.48 9.43 7.46 11.53 
R7 120.57 107.06 134.94 83.79 73.43 94.77 
R8 36.42 14.44 121.39 25.46 9.67 56.51 

 
 
Table A- 6-8 Flux values at Day 6. Fluxes are reported as a percent of glucose uptake rate. 

Reaction 
ID 

Cell Line A Cell Line B 
Flux LB UB Flux LB UB 

R1 100 100 100 100 100 100 
R2 91.95 89.84 93.93 91.09 89.24 92.85 
R3 24.24 18.21 30.48 26.72 21.46 32.29 
R4 8.05 6.07 10.16 8.91 7.15 10.76 
R5 8.05 6.07 10.16 8.91 7.15 10.76 
R6 8.05 6.07 10.16 8.91 7.15 10.76 
R7 90.13 79.46 101.34 67.45 59.22 76.06 
R8 46.86 22.28 134.75 25.55 11.74 50.26 
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Table A- 6-9 Flux values at Day 8. Fluxes are reported as a percent of glucose uptake rate. 

Reaction 
ID 

Cell Line A Cell Line B 
Flux LB UB Flux LB UB 

R1 100 100 100 100 100 100 
R2 93.01 91.24 94.68 91.73 89.85 93.48 
R3 20.97 15.97 26.27 24.82 19.56 30.44 
R4 6.99 5.32 8.76 8.27 6.52 10.15 
R5 6.99 5.32 8.76 8.27 6.52 10.15 
R6 6.99 5.32 8.76 8.27 6.52 10.15 
R7 76.24 67.59 85.31 61.67 53.37 70.49 
R8 37.30 16.66 112.23 54.22 25.22 182.79 

 

Table A- 6-10 Flux values at Day 10. Fluxes are reported as a percent of glucose uptake rate. 

Reaction 
ID 

Cell Line A Cell Line B 
Flux LB UB Flux LB UB 

R1 100 100 100 100 100 100 
R2 92.74 91.02 94.37 90.80 88.88 92.59 
R3 21.78 16.89 26.95 27.61 22.22 33.35 
R4 7.26 5.63 8.98 9.20 7.41 11.12 
R5 7.26 5.63 8.98 9.20 7.41 11.12 
R6 7.26 5.63 8.98 9.20 7.41 11.12 
R7 57.55 49.62 65.96 58.53 50.27 67.28 
R8 41.08 17.18 159.37 56.54 27.60 156.29 

 
Table A- 6-11 Flux values at Day 12. Fluxes are reported as a percent of glucose uptake rate. 

Reaction 
ID 

Cell Line A Cell Line B 
Flux LB UB Flux LB UB 

R1 100 100 100 100 100 100 
R2 92.72 86.10 96.79 91.13 89.24 92.90 
R3 21.84 9.62 41.70 26.61 21.31 32.28 
R4 7.28 3.21 13.90 8.87 7.10 10.76 
R5 7.28 3.21 13.90 8.87 7.10 10.76 
R6 7.28 3.21 13.90 8.87 7.10 10.76 
R7 106.54 62.63 170.13 59.31 51.34 67.62 
R8 36.16 9.18 65535 57.36 29.38 148.37 
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Figure A- 6-1Lactate MIDs of both lactate fragments for each cell line. Labeling shown is corrected for 
natural 13C abundances. 

 

 
Figure A- 6-2 (A) Growth, (B) percent viability, (C) culture pH, (D) glucose profile, (E) lactate profile, 
and (F) glutamate profile over time. *Indicates significance at α<0.05; ** α<0.01; † α<0.1. 
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7    CONCLUSIONS 

This dissertation provides several examples of the broad applicability of 13C metabolic flux 

analysis (MFA) as a tool for biomanufacturing research. The literature has previously established 

that peak productivity in Chinese hamster ovary (CHO) cells occurs during stationary growth 

phase and involves up-regulation of oxidative mitochondrial metabolism [1,2]. This dissertation 

expands on these discoveries by utilizing 13C MFA to quantify central carbon metabolism of 

industrial CHO cells under various experimental conditions related to oxidative metabolism. 

First, we engineered CHO cells to up-regulate oxidative metabolism to probe the link between 

high specific productivity (qP) and highly oxidative metabolic phenotype. We discovered that 

overexpressing a global regulator of mitochondrial biogenesis successfully increased the 

oxidative citric acid cycle (CAC) metabolic fluxes by roughly three-fold and increased qP by 

2.6- to 5.2-fold over control cultures. Next, apoptosis-resistant CHO cells were discovered to 

shift their metabolism toward favorable lactate consumption, altered amino acid metabolism, and 

increased utilization of mitochondrial metabolism. Thirdly, CHO cells grown in a novel medium 

designed to significantly reduce the accumulation of the toxic byproduct ammonia, were studied 

and determined that the altered amino acid profile of the feed did not significantly alter central 

carbon metabolic phenotype while successfully decreasing ammonia accumulation by 40%. 

Lastly, CHO cells that were catalyzing product degradation in the extracellular culture medium 

were studied and determined that an increase in reducing power did not result from an increased 

utilization of oxidative pentose phosphate pathway (OPPP) metabolism. All of the studies 

described in this dissertation examine industrial CHO cell line metabolism as it relates to qP or 

product quality—both of central concern to the biomanufacturing industry. 



 155 

7.1 Future Directions 

 
 CHO cells experience a fundamental shift in metabolic phenotype from exponential to 

stationary growth. This shift in metabolism signifies a switch in energy utilization from biomass 

production to mAb/product protein production. One hallmark of this phenotypic switch is an up-

regulation of mitochondrial metabolism, specifically CAC flux. This dissertation details a study 

in which oxidative metabolism is constitutively up-regulated by the over-expression of the global 

regulator, PGC-1α. Constitutive overexpression of the mAb production phenotype seemingly 

inhibits culture VCD and overall volumetric productivity since the high productivity cultures are 

did not grow to equivalent high culture concentrations as that of the control. Therefore, efforts to 

induce the expression of the mAb production phenotype at the onset of stationary phase could 

benefit the culture both during exponential and stationary growth phases. Since the culture 

achieves maximum VCD during exponential phase, allowing the cultures to grow as normal 

without the burden of constitutive expression of an additional gene during the initial rapid 

growth phase would benefit overall possible volumetric titer potential. Therefore, an expression 

system that allows for induction of expression of the metabolic regulating protein would be ideal 

for turning on the desired peak production phenotype upon the switch to stationary phase—the 

phase naturally better equipped for peak production. One such inducible expression system is the 

cumate-gene switch which is activated by adding in cumate to the culture to activate the 

expression of the recombinant gene [3,4]. Alternatively, the self-regulated promoter Txnip has 

been used in CHO cells to express genes as culture growth slows [5]. It is currently unknown 

what exactly regulates Txnip promotion, but one study shows increased gene expression under 

the Txnip system increased over time, with certain clones activating at the onset of stationary 

phase [5].  This leads to the hypothesis that Txnip is regulated by some mechanism innately 
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programmed in CHO cells with a connection to the onset of stationary phase. More studies 

would be required to fully understand the mechanism of Txnip but it could potentially negate the 

requirement for small molecule addition for induction of regulatory gene expression in CHO cell 

cultures. 

 Furthermore, previous work shows that CHO cell metabolism directly affects the 

glycosylation profile of the mAbs they produce [6–9]. Glycosylation is an important post-

translational modification required for proper folding, immunogenicity, protease sensitivity, 

efficacy, in vivo half-life, solubility, and thermal stability of recombinant therapeutic mAbs 

[6,10,11]. Current regulatory practices do permit product heterogeneity in glycan products, 

however demonstration of specific and reproducible glycosylation is required in order for 

approval to take a drug to market [12]. Due to the aforementioned importance of central carbon 

metabolism in mAb glycosylation profile and consistency, 13C MFA can be used to characterize 

metabolic effects on glycosylation profile induced by expression of PGC-1α as described in 

Chapter 3 of this dissertation and any future studies of its inducible expression as proposed here. 

mAbs produced from the CHO cell clones studied can be purified via protein A affinity 

chromatography via HPLC  and the purified mAb glycans can be labeled with 2-

aminobenzamide (2-AB) for analysis on normal phase HPLC [8,13]. The structures can then be 

digested with specific enzymes and assigned to specific glycan structures found in the 

GlycoBase structure database. From this analysis, the glycan profiles of the mAbs produced via 

engineered CHO cell lines can be compared with those produced by control, non-engineered 

CHO cell lines. If differences in the resulting glycosylation profiles are detected as a direct result 

of recombinant PGC-1α expression, pool sizes of nucleotide precursors can be measured to 

determine if the PGC-1α over expression is responsible for altering the distribution of 
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nucleotides. If the pool sizes alter significantly due to recombinant PGC-1α expression, 13C MFA 

can be utilized to determine how the labeling incorporation in the nucleotide-sugar precursors is 

altered and how it changes over time. This knowledge can provide rational engineering targets 

for further studies to regulate the glycosylation profiles of mAbs produced by CHO cell hosts. 

7.2 Contribution 

 
 All studies presented within this dissertation demonstrate the usefulness of 13C MFA in 

industrial CHO cells. The characterization of CHO cell metabolism under the influence of PGC-

1α is perhaps this work’s most valuable contribution to the field. This study provides evidence 

that researchers can induce a highly productive metabolic phenotype in producer CHO cell 

cultures to increase qP, and therefore, lower the cost of biotherapeutic drug production. 

Additionally, we performed the first 13C MFA studies, to our knowledge, of media optimization 

and product degradation pathways in industrial CHO cells. Furthermore, this dissertation 

provides a unique example of how industrial-academic collaborations can investigate 

fundamental research questions while providing meaningful student training. All studies 

presented here were performed on industrial host CHO cell lines provided by an industrial 

partner for the purpose of studying a specific industrially relevant research question. Increasing 

CHO cell specific productivity is of utmost importance to the biopharmaceutical industry, and 

this work provides clear evidence for the usefulness of 13C MFA in this endeavor.  
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