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Abstract—Chinese hamster ovary (CHO) cell lines have been widely used to produce recombinant proteins. While
the biosynthesis of recombinant proteins is energy-intensive, CHO cells exhibit inefficient metabolism, characterized by
rapid conversion of glucose to lactate, possibly leading to lower cell growth and productivity of therapeutic proteins.
Therefore, it is important to understand and engineer cellular metabolism to increase recombinant protein production.
In this review, cellular energy metabolism of CHO cells with respect to protein synthesis is overviewed. Then, genetic
and process engineering approaches to enhance metabolic efficiency are described, resulting in the improvement of cell
culture performance. Finally, recent modeling technologies for understanding and predicting cellular metabolic behav-
iors are reviewed. These efforts will aid to further advance the biomanufacturing of therapeutic proteins.
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INTRODUCTION

Chinese hamster ovary (CHO) cells have been popular mamma-
lian host cells for the production of various therapeutic proteins,
such as monoclonal antibodies (mAbs), cytokines, and hormones
[1-3]. CHO cells have several desirable characteristics suitable for
biomanufacturing, including robust cell growth, adaptability to var-
ious culture environments, easy genetic manipulation, human-like
post-translational modification, and being safe from human virus
infection [3-5]. One hurdle to overcome is relatively low produc-
tivity compared to prokaryotic protein expression system [6]. For
the last four decades, there have been many studies to improve pro-
ductivity (ie., protein production) and quality of glycoproteins in
CHO cell culture [7,8]. These efforts include both cell engineering
approaches, such as genetic modification and vector engineering,
and bioprocess engineering approaches, such as culture parameter
optimization and media development [9-12].

The biosynthesis of therapeutic proteins, or any proteins, involves
two elements: materials (ie., building blocks) and energy. Building
blocks, such as amino acids for peptides and sugar nucleotides for
glycans, can be either directly acquired from culture media or syn-
thesized in the cells through anabolic pathways. Cellular energy,
represented by adenosine triphosphate (ATP), is generated by vari-
ous catabolic pathways that will be described later in this review.
While building blocks are better recognized and investigated by
many studies such as mass balance analyses and the development
of chemically defined medium [13-15], the energy metabolism of
CHO cells remains less clear in various aspects.

In this review;, we first describe the current understanding about
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the metabolic pathways of energy production and consumption in
CHO cells. Then, we survey cell and process engineering approaches
to improve energy metabolism. Finally, we update recent modeling
approaches to understand and regulate complex cellular metabolism.

ENERGY METABOLISM OF CHO CELLS

Like other mammalian cells, CHO cells mainly utilize glucose
to produce ATP via either glycolysis in cytosol or the tricarboxylic
acid (TCA) cycle followed by oxidative phosphorylation (OXPHOS)
in mitochondria. And the cellular energy generated from nutrients
is used in various metabolic activities such as proliferation, main-
tenance, protein synthesis, and nucleotide synthesis (Fig. 1). While
the TCA cycle and OXPHOS produce much more ATP than gly-
colysis (36 ATP vs. 2 ATP per one glucose), the metabolic charac-
teristics of CHO cells exhibit high glycolytic flux with high glucose
consumption and lactate production rates [16,17]. This high gly-
colytic flux not only inefficiently produces ATP but also generates
excessive lactate that causes acidification of media, resulting in an
increase in osmolality in bioreactor cultures due to the base addi-
tion as a pH control. Hyperosmolality has negative effects on cul-
ture parameters, such as cell proliferation, productivity, and product
quality [18-20].

1. Rapid Lactate Accumulation During the Exponential Growth
Phase

The glucose metabolism of CHO cells in the early exponential
growth phase is characterized by high glucose uptake rate as well
as high lactate production rate. This feature has also been found in
other fast-growing cells such as cancer cells, mammalian cell lines,
and even yeasts, and is termed as Warburg effect (or aerobic gly-
colysis) [21-23]. To date, several hypotheses have been proposed
to explain this high glycolytic flux. The first hypothesis is that the
primary purpose of aerobic glycolysis in fast-growing cells is just
to support rapid cell proliferation. It was originally suggested that
cells need to utilize aerobic glycolysis to quickly meet the require-
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Fig. 1. A schematic diagram of energy generation metabolic pathways. Green, blue, and red color fonts indicate enzymes, NAD or FAD cofac-
tors, and ATP production/consumption, respectively. ACO; aconitase, ALDA; aldolase A, CS; citrate synthase, ENO; enolase, FS; fuma-
rase, GAPDH; glyceraldehyde 3-phosphate dehydrogenase, GLS; glutaminase, GLUD1; glutamate dehydrogenase 1, GLUT; glucose
transporter, GPDH; glycerol-3-phosphate dehydrogenase, GPI; glucose 6-phosphate isomerase, HK; hexokinase, IDH; isocitrate dehy-
drogenase, LDH; lactate dehydrogenase, MDH; malate dehydrogenase, OGDH; oxoglutarate dehydrogenase, PDH; pyruvate dehydro-

genase, PFK; phosphofructokinase, PGK; phosphoglycerate

kinase, PGM; phosphoglycerate mutase, PK; pyruvate kinase, PYC2;

pyruvate carboxylase 2, SLC1A5; solute carrier family 1 member 5, SDH; succinate dehydrogenase, TPI; triosephosphate isomerase.

ments of building blocks and energy for rapid growth; glycolysis
generates ATP 10-100 times faster than OXPHOS [21]. Indeed, Mar-
tinez et al. reported that approximately 45% of total ATP was gen-
erated by aerobic glycolysis during the exponential phase of CHO
cells, and that 58% of total ATP produced during the glucose con-
sumption phase was utilized in biomass production, such as pro-
tein, fatty acid, nudleotide, and polysaccharide synthesis [15]. How-
ever, several studies reported that an average of 17% of total ATP
is produced via glycolysis in 31 types of cancer cells (or tissues) and
that synthesis of building blocks accounted for only ~7% of glucose
uptake, whereas the remaining 93% of glucose uptake was used
for by-product generation such as lactate and alanine [24-26]. Fur-
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thermore, it was reported that most of the ATP was produced via
OXPHOS in other various cancer cells and primary cells [27], sug-
gesting that the amount of ATP required for cell proliferation may
be much less than that required for cellular maintenance [15,21].
The discrepancy of energy metabolism between these different cell
types has not been elucidated in detail. The second hypothesis is
that aerobic glycolysis restores the nicotinamide adenine dinucleo-
tide (NAD)/NADH redox balance by producing NAD" through
lactate production. NAD is an essential coenzyme that transfers elec-
trons in various metabolic pathways such as cellular redox state
maintenance and energy metabolism [8]. Two molecules of NAD*
are converted to two NADH via glycolysis of one glucose mole-
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cule. Under a normal physiological glucose condition (less than 10
mM blood glucose level), this NAD'/NADH redox state is main-
tained at a consistent level by the malate-aspartate shuttle in mito-
chondria that recycles cytosolic NADH into NAD" [28]. However,
much higher glucose concentration in culture media (typically 30
mM) would lead to higher glucose uptake, glycolytic flux, and
NADH level (from the conversion of glyceraldehyde to 1, 3-bis-
phosphoglycerate mediated by GAPDH), which would exceed the
NAD'/NADH homeostasis capacity of malate-aspartate shuttle [28].
To balance the NAD'/NADH ratio, cells may convert excessive pyru-
vate into lactate using lactate dehydrogenase (LDH) and NADH,
producing NAD" [28].

Lactate accumulation can adversely affect both small- and large-
scale cell cultures. While small-scale cultures are usually conducted
in shake flasks or multi-well plates with minimal means of param-
eter control (temperature, humidity; and shaking speed), large-scale
cultures typically involve the use of bioreactors with much more
controls (temperature, pH, agitation speed, dissolved oxygen, foam,
level, etc.). Assuming a typical amount of lactate accumulation (1 g/
L/day) during the exponential growth phase [15,20], we can esti-
mate the number of protons from lactate dissociation (the pKa of
lactate is 3.86 at 25 °C) as well as the amount of NaOH that should
be added to neutralize it. The calculation suggests that more than
1.26x10”° M protons are added daily in the culture medium, which
would drop the medium pH from 7.2 to 2.7 in three days if no
pH buffering system is considered. In large-scale cultures, medium
pH is controlled with acid (CO, gas) and base (sodium hydroxide
or sodium bicarbonate). When 1g/L/day of lactate is accumu-
lated, 11.1 mM sodium hydroxide should be added to maintain
the medium pH, and the resulting salt (ie., sodium lactate) would
increase the medium osmolality daily by 22.2 mOsm/kg. These
changes in medium pH or osmolality negatively impact cell growth,
productivity, and/or product quality [18-20].

2. Metabolic Shift from Lactate Production to Consumption

Metabolic profiles are an important parameter for cell line screen-
ing in the CHO cell line development. Clones suitable for indus-
trial production are selected by comparing various culture parameters
such as growth, viability, and titer. During this process, it is ob-
served that a number of clones show a phenotype that shifts from
lactate production to the lactate consumption with the activation
of the TCA cycle and OXPHOS [20]. This phenotype, called the
lactate metabolic shift, seems to be promoted when glucose or glu-
tamine level is low in the late-exponential or stationary phase [29-
32]. While the mechanism that triggers the lactate metabolic shift
is still unclear, there is a good positive correlation between this
phenotype and high glycoprotein productivity [20,33-35].

Accumulating evidence suggests that lactate consumption is
related to a higher energy metabolic state. Zagari et al. investigated
the carbon metabolism in parental CHO-S cell lines with the lac-
tate metabolic shift phenotype as well as subclones that produce
excessive lactate throughout the cultures [29]. The subclones with
excessive lactate accumulation exhibited a decrease in both mito-
chondrial membrane potential and oxygen consumption rate from
the exponential phase compared to the parental CHO-S cells, sug-
gesting that the lactate accumulation in these subclones is related
to the impaired mitochondrial oxidative capacity. Furthermore,

Jing et al. treated CHO cells with the inhibitors of glycolysis and
OXPHOS, respectively, and observed that ATP in the endoplas-
mic reticulum (ER) came from mitochondria through a cytosolic
Ca**-antagonized ATP transport [36]. Given that protein folding,
post-translational modification, trafficking, and secretion processes
take place in the ER, a substantial amount of energy is required in
the ER for the recombinant protein production. Therefore, the cells
that uptake (ie., consume) lactate from media, that convert lactate
into pyruvate and further into acetyl-CoA, and that use acetyl-CoA
to fuel the TCA cycle would meet higher energy demand in the
ER, thereby becoming higher producers [35-37].

3. Amino Acid and Lipid Metabolism in CHO Cells

CHO cells can also generate energy from other nutrients than
glucose. Via glutaminolysis, cytosolic glutamine is uptaken into mito-
chondria [38,39] and converted to glutamate by glutaminase, then
to o-ketoglutarate (a-KG), a TCA cycle intermediate, by gluta-
mate dehydrogenase. It was reported that 32% of ATP was derived
from glutamine in CHO cells and that there was a correlation be-
tween the lactate metabolic shift (consumption) and glutamine deple-
tion in the culture media [15]. It is hypothesized that &-KG from
glutaminolysis saturates the TCA cycle and reduces the influx of
pyruvate, delaying lactate consumption until glutamine is depleted
[15,30,32].

Fatty acids such as linoleic acid and myristic acid can function
as a long-term energy storage by forming lipid droplets in cells
[40,41]. When the intracellular energy source is limited, CHO cells
can produce acetyl-CoA via the foxidation of fatty acids to fuel
the TCA cycle in mitochondria [42]. While lipid components such
as ethanolamine, choline, and fatty acids are included in serum-free
chemically-defined culture media for this reason [41], lipid metab-
olism has received little attention so far.

4. Energy Usage in CHO Cells

To determine if cellular energy is a limiting factor for recombi-
nant protein production, it is necessary to assess how much energy
is used and/or required for protein synthesis. Martinez et al. em-
ployed flux balance analysis (FBA) in the CHO-XL99 cell line to
determine energy generated and used in CHO cells and observed
that 45% and 35% of total cellular ATP was generated from glu-
cose and glutamine, respectively [15]. In addition, a substantial
amount of energy, 39% of the total ATP, was used for protein syn-
thesis with sufficient energy sources, suggesting that energy limita-
tion can be a contributing factor for difficult-to-express (DTE)
protein issues. While causes and bottlenecks of DTE protein pro-
duction remain largely unclear, a novel approach by Gutierrez et
al. suggested cellular energy as a limiting factor for DTE protein
synthesis [43]. In this study, energy requirements for the biosyn-
thesis and secretion of endogenous CHO cell proteins and recom-
binant proteins were estimated using CHO proteomic data and
stoichiometric consideration [43-46]. For example, domains (e.g,
signal peptides), glycosyl phosphatidylinositol anchor attachment,
and the number of N-linked and/or O-linked glycosylation, were
identified, followed by the calculation of energy cost for charging
and polymerizing amino acids into peptides, protein folding, and
vesicular transport [44-47]. Based on these energy calculations of
representative biopharmaceuticals produced in CHO cells, Factor
VIII, a well-known DTE protein, exhibited much higher energy
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requirement (9,488 ATP) compared to other CHO endogenous
proteins (generally under 4,000 ATP) [43]. These results suggest that
increasing the energy supply to protein synthesis pathways can be
an effective strategy to improve the productivity of the DTE or any
proteins.

ENGINEERING APPROACHES TO IMPROVE CHO
CELL METABOLISM

Several strategies employed to improve the energy metabolism
of CHO cells for higher productivity can be grouped into two cat-
egories: cell engineering and process engineering. As cell engineer-
ing approaches involve genetic modification of cell lines, these studies
generally exhibit more stable and clearer effects of modification but
are time-consuming [48,49]. Furthermore, genetic modification of
existing commercial cell lines is not directly applicable due to regu-
latory issues. Process engineering involves the optimization of “envi-
ronmental” factors, such as culture parameters, media components,
additives, and feeding strategies. Process engineering approaches
are responsive, easier to handle, and can be high throughput, but
results may seem less obvious [41,50].

1. Cell Engineering Strategies

LDH activity has been the primary target to reduce lactate accu-
mulation or to induce the lactate metabolic shift. Cytosolic pyru-
vate produced via glycolysis is oxidized by LDH into lactate. Among
the isotypes of LDH, IdhA and IdhB are mainly expressed in CHO
cells [8]. IdhA encodes an LDH-M protein having a higher affin-
ity for pyruvate whereas IdhB encodes an LDH-H protein having
a higher affinity for lactate [8]. Lee et al. tested the effect of sup-
pressing IdhA expression in CHO cells and reported that when
IdhA was inhibited, lactate production reduced and specific pro-
ductivity increased [51]. In addition, they overexpressed bcl-2, an
anti-apoptotic gene, and silenced IdhA using a siRNA in the CHO
cells producing Fc-fusion protein, and observed a decrease in lac-
tate accumulation along with even higher recombinant protein pro-
ductivity compared to when IdhA alone was silenced [52]. The
authors also argued that the flux increase in the TCA cycle and
OXPHOS due to IdhA suppression might lead to apoptosis by in-
creasing ROS levels in these cells [52,53].

Overexpression of pyruvate carboxylase 2 (PYC2) is another strat-
egy to enhance the lactate metabolic shift by rewiring the metabolic
flux from glycolysis to the TCA cycle and OXPHOS. PYC con-
verts pyruvate to oxaloacetate, a TCA cycle intermediate, thereby
fueling the TCA cycle while reducing pyruvate and lactate accu-
mulation. Because endogenous PYC may not sufficiently convert
accumulated pyruvate from the high glycolytic flux, PYC2 derived
from yeasts was overexpressed in several mammalian cell lines [54-
58]. The PYC2-positive clones showed lower glucose consumption
and lactate production than the PYC2-negative clones and parental
cells [56]. Along with the higher peak cell density and comparable
viability, the PYC2-positive clones exhibited a 35% increase in pro-
ductivity compared to the non-engineered cells [56].

2. Process Engineering Strategies
2-1. Media Components and Additives

Alternative sugars, such as fructose, maltose, and sucrose, were

tested as a strategy to reduce excessive glucose uptake and result-
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ing lactate accumulation. For example, Wlaschin and Hu replaced
glucose with fructose and also overexpressed slc2a5, a fructose trans-
porter, leading to a reduction in lactate accumulation while main-
taining a comparable cell growth [59]. In addition, Ng et al. tested
maltose-, sucrose-, lactose- and trehalose-containing media to adapt
three cell lines for 72 days, and found that the maltose-treated cul-
tures exhibited comparable cell density and viability but significantly
slower growth rate (doubling time: 53.7 hour with maltose medium
vs. 22.3 hour with glucose medium) [60,61]. These results suggest
that maltose can be used in a biphasic manner together with glu-
cose; glucose is first consumed at the beginning of the culture (day
0-4) and maltose is consumed thereafter [60]. Supplementing galac-
tose can also reduce lactate accumulation by adjusting glucose
metabolism [62]. Torres et al. fed galactose and lactate in the cul-
ture medium upon glucose depletion and observed that the con-
sumption of both galactose and amino acids decreased, resulting
in more sustained cell growth and protein production [63].

Media additives that regulate the expression and activity of
enzymes involved in metabolic pathways have also been tested to
modulate the efficiency of energy metabolism [64-66]. For exam-
ple, pyruvate dehydrogenase complex is a key enzyme complex that
converts pyruvate to acetyl-CoA, and its activity can be inhibited
by the phosphorylation of Ser232, Ser293, and Ser300 mediated by
pyruvate dehydrogenase kinase (PDK) [64,65]. Buchsteiner et al.
tested dichloroacetate, a PDK inhibitor, on multiple batch and fed
batch cultures of antibody-expressing cells and observed a 35% and
40% decrease in glucose uptake and lactate production, respectively
[64]. Another example is the treatment of resveratrol, an activator
of Sirtuin 1, to CHO cell cultures [66]. Sirtuin 1, an NAD-depen-
dent deacetylase, regulates the activity of several enzymes involved
in cellular metabolism, and enhances mitochondrial OXPHOS [67].
The resveratrol-treated CHO cultures exhibited an increase in spe-
cific productivity in a dose-dependent manner [66].

2-2. Culture Process Parameters

pH seems a critical culture process parameter to control the lac-
tate metabolic shift during cell culture processes [8,68-71]. Ivarsson
et al. investigated the relationship between pH and lactate metabo-
lism in a murine hybridoma cell line by varying the culture pH at
the early exponential phase [10]. In the low pH culture (pH 6.8),
both glucose uptake and lactate production decreased compared
to the other conditions (pH 7.2 and pH 7.8), suggesting that lactate
uptake mediated by monocarboxylate transporter is more active at
lower pH, thereby increasing the lactate influx as well as OXPHOS
[8]. Partial carbon dioxide pressure or pCO,, a culture parameter
involved in the pH buffering system, can also affect lactate metab-
olism in a pH-independent manner. Brunner et al. tested various
levels of pCO, and observed that high pCO, inhibited the lactate
metabolic shift regardless of the culture pH [71].

The relationship between the lactate metabolic shift and media
PH can suggest a novel culture process control strategy [72,73]. (1)
At the beginning of a fed-batch culture, lactate gets accumulated
via glycolysis, lowering pH. (2) When glucose level is low; the lac-
tate metabolic shift occurs (lactate consumption), leading to higher
pH. (3) At a certain pH setpoint (high-end), when the both glu-
cose and lactate levels are low; a small amount of glucose is fed to
the culture and lactate accumulation reoccurs [72]. This high-end
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pH delivery of glucose (HIPDOG) strategy, which considers the
culture pH as a sensor of the metabolic state in the cells, has sev-
eral advantages; it reduces the accumulation of glucose and lac-
tate, and the medium osmolality does not substantially change as
no base is added. The application of HIPDOG technology in CHO
fed-batch cultures achieved a dramatically higher cell density and
thereby increased the recombinant protein production over 4.1-
fold than the control culture [73].

APPLICATION OF METABOLIC MODEL FOR THE
PRODUCTION OF THERAPEUTIC PROTEINS

Although high-yield processes have been achieved through many
cell line and process development studies, these efforts are usually
empirical and may involve cost- and time-consuming steps [74].
For more effective engineering of CHO cell cultures, it is desirable
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to understand and regulate the behavior of CHO cells. With the
development of omics technologies, such as genomics, transcrip-
tomics, proteomics, and metabolomics, mathematical models that
predict CHO cellular metabolism are becoming more accurate
and sophisticated [75,76]. Many models used in CHO cell metab-
olism studies can be categorized into stoichiometric models and
kinetic models, and their characteristics, development processes,
and applications are summarized in Table 1, Table 2, and Fig. 2 (for
a more detailed review of these mathematical models, please refer
to [74-83]. Stoichiometric models, such as metabolic flux analysis
(MFA), FBA, and genome-scale metabolic models (GEMs), are
applied to estimate intracellular fluxes [79]. While even larger net-
work models (i.e., GEMs) can be constructed with the limited infor-
mation on individual reactions, calculating metabolite concentrations
and simulating with time changes can be inaccurate. These stoi-
chiometric models can be substantially improved with relevant

Table 1. Characteristics of stoichiometric models and kinetic models [79,96,97]

Stoichiometric model

Kinetic model

Model size Large, genome-scale models
Model parameters Not required
Constraints Mass balance
Energy balance
Thermodynamics
Enzyme capacity
Description Quantitative flux calculation
Static description
Types of models MFA, FBA, GEM

Small models

Requires kinetic parameters
Stability of steady state
Duration of transition process

Dynamic cell metabolism

Detailed quantitative description

Prediction of quantitative flux or concentration
Monod kinetics, mass action kinetics,
Michaelis-Menten kinetics

FBA; flux balance analysis, MFA; metabolic flux analysis, GEM; genome-scale metabolic mode

Table 2. Applications of in silico metabolic models in mammalian cell cultures processes

Study Cell line Approach fﬁiﬁ?;;jtal %idt;ciogata Summary Reference
Altamirano CHO Stoichiometric ~ Specific consumption/ Intracellular fluxes  Analysis of the metabolic dynam- (84]
etal model production rates for of the reactions ics of CHO cells with the per-
major metabolism, spe- spective of glucose and galactose,
cific cell growth rate, and lactate metabolism through
average cell composition metabolic flux analysis
Sheikholeslami  CHO Metabolic Simplified reactors forthe ~ Key intracellular ~ Evaluation of the effects of gluta- (85]
etal network synthesis of biomass and  flux distributions ~ mine feeding on cell metabolism
model antibody correlated with and recombinant protein produc-
either cell growth  tion and establishment of gluta-
or productivity mine feeding strategy through
C-metabolic flux analysis
Ben Yahiaetal. CHO Monod- The maximum concen-  The specific Prediction of the impact of cyste- [87]
inhibition tration of cysteine and growth rate, mAb  ine and tryptophan on cell
type kinetics  tryptophan onday 3,and titer, metabolites  growth, metabolism and mAb
model the specific productivity =~ concentration production and optimization of
on day 3 feeding conditions in fed-batch

culture

GEM,; Genome-scale metabolic model, PSIM; Protein-specific information matrix, VCD; Viable cell density

Korean J. Chem. Eng.(Vol. 39, No. 5)
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Study Cell line Approach i}r(g;rtlr;l;ztal f(r)ildt;():ttlltocrllata Summary Reference
Selvarasu etal.  Murine Multivariate Specific rates of con- Cell growth, anti-  Evaluation of the optimal concen- [88]
hybridoma statistical sumption/production body production  trations of key amino acids in
data analysis ~ (specific growth rate, spe- feed medium, increase in cell via-
cific substrate consump- bility and productivity, and
tion rate, specific decrease in toxic waste produc-
production rate) tion through multivariate statisti-
cal analysis
Calmelsetal. ~ CHO GEM Daily experimental Cell growth, Improvement of the model by [74]
uptake/production rates ~ metabolite secre-  adding reaction related to high-
of 24 metabolites tion and produc-  yielding production cell metabo-
tion rates, amino  lism and simplification of the
acid utilization existing model, application of it to
industrial fed-batch production
Huang et al. CHO GEM The uptake and secre- Cell growth rates,  Development of a modeling- [92]
tion rates of metabolites  specific IgG pro-  based approach for media optimi-
(amino acids, glucose, ductivity zation to increase IgG productiv-
lactate, ammonium) ity based on transcriptomics data
Calmelsetal. ~CHO GEM Flux rates calculated from  Specific cell Characterization of high and low [93]
daily experimental growth rate, producers and identification of
uptake/production rates  nutrient con- bottlenecks in a number of meta-
of 24 metabolites in sumption rates, bolic pathways
medium by-product pro-
duction rates, and
enzymatic activity
Huang et al. CHO GEM Time-series gene expres-  Specific cell Evaluation of time-series tran- [94]
sion profiles (RNA-Seq, growth rate scriptomic data on the robust-
day 3 to day 6), and ness of genome-scale models
extracellular metabolom-
ics
Gutierrezetal. CHO GEM PSIM Specific produc-  Reconstruction of GEM contain- [43]
tivity of IgG ing the secretory pathway of
mammalian cells and calculation
of the energy required for the
protein production and improve-
ment of specific productivity by
regulating the gene expression
level required lots of energy but
not related to the production of
recombinant proteins
Schmittetal. =~ CHO Machine Concentration of metab-  Lactate profileat ~ Construction of model predictive [90]
learning olites and process data the late stage controller by using cell culture

process data and machine learn-
ing techniques and improvement
of specific productivity via the
suppression of the lactate accu-
mulation in bioreactor

parameters or constraints, such as reaction directionalities and
lower or upper boundaries [79,81]. Kinetic models are presented
in a series of ordinary differential equations and have been used to
explain dynamic changes, such as metabolite concentration, cell
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density, and recombinant protein production during the culture
processes [79]. While these kinetic models provide more quantita-
tive and accurate predictions with time changes, they require more
experimental data for calibrations and also are prone to be heavily
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Table 2. Continued

Study Cell line Approach iiiirtl?;ztal 5)Cr)eudti)c1t11tocrllata Summary Reference
OBrienetal. ~ CHO Hybrid Experimental time course ~ Glucose, lactate, ~ Description of the different meta- [86]
model data for glucose, lactate, VCD, and osmo-  bolic phase in CHO cell culture
and osmolarity; starting larity and the variability in manufactur-
concentrations of glucose ing runs by integrating a mecha-
and lactate nistic metabolic model with
subcomponent models for cell
growth, signaling regulation, and
the bioreactor environment
Schinn et al. CHO Hybrid Metabolomics measure-  Earlyaminoacids  Explanation of time-course [91]
model ments - (1) VCD and consumption dependent production of amino
titer measurements (2) rates acid concentration by integrating
Bioreactor concentra- machine learning with the CHO
tions of glucose, lactate, metabolic models
glutamate, and gluta-
mine)
Robert J. CHO Hybrid Asparagine, glutamate, mAb titer, VCD,  Development of a combined [95]
Lovelett et al. model and copper level in total cell densit, ~ model to efficiently simulate the
media and metabolite change of metabolism and glyco-

concentrations sylation during cell culture

8 /nsilico data B Experimental data | Methods |

| Metabolic network } o Stoichiometric models
‘ ’7)% P 20 = Static/Constraint based
0000 O
e %"a , d p * FBA, MFA
° 1) &
° o | e
e °7
A\rtr mRNA Protein Metabolite
:: ( R ﬂ'\l % ‘ Transcriptomics Proteomics Metabolomics
. Constraints .
Database resource Metabolic model Dacnes
| = NCBI * MetaCyc Outputs W
| = KEGG = BioModels W - = Targetgenes, enzymes Kinetic models
| = BiGG « BRENDA l(© = Cell growth = Dynamic/Mechanism based
| = = Specific productivity = Mass balances, ordinary
[ ‘ = Metabolites differential equation, boolean
. - logic, enzymatic kinetics
B Applications v
|  tom o ¢e¢ %
: teee D {
ol b ,—:: i
@ &
If p Qo "c ]
== Q\,\ & T Tme.s
— - Machine learning
Understanding Optimization of process Metabolic = Classification, regression,
cellular mechanism parameter & media components engineering PCA, SVM, Random forest

Fig. 2. Development process and applications of in silico metabolic model. To construct the genome-scale metabolic models (GEMs), genome
annotation and metabolic databases are obtained from database resources such as NCBI and KEGG. Experimental information in-
cluding transcriptomics, proteomics, and metabolomics could be helpful to develop more sophisticated models. Depending on the
size of the networks and constraints, metabolic models can be classified into stoichiometric models and kinetic models; more recently,
a machine learning technique has been applied to construct the GEMs. The developed models are used to understand intracellular
metabolism, to optimize processes and cell culture media, and to perform metabolic engineering. FBA; flux balance analysis, MFA;

metabolic flux analysis [76].
parameterized [79,81]. fer and single substrate-limited processes, mechanistic models are
Two principles have been proposed for the construction of rele- preferred for interactive enzymes or multiple rate-limiting reactions.
vant models: (1) While empirical models are suitable for mass trans- (2) Empirical models containing fewer kinetic parameters are
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applicable for a fast-screening step of operation condition and a
quick view of culture process properties. On the other hand, mech-
anistic models with more kinetic parameters are recommended
for the optimization of cell culture parameters, providing specific
metabolic mechanisms [78].
1. Understanding CHO Cell Metabolism and Cell Culture Pro-
cesses

In silico metabolic models can help researchers to understand
complex cellular metabolism and to obtain foundational knowl-
edge for further bioprocess engineering. Altamirano et al. investi-
gated the metabolic behavior of CHO cells using MFA and provided
insights into lactate metabolism [84]. BC-MFA showed a substan-
tial increase in the glycolytic flux as well as the amount of pyruvate
(66% of total pyruvate) that entered the TCA cycle in the culture
with a low glutamine feed, suggesting an effective feeding strategy
for higher productivity [85]. In addition, as described in the Sec-
tion 2.4, Gutierrez et al. integrated GEMs with the secretory path-
way to calculate the energy cost of CHO endogenous proteins as
well as recombinant proteins. Using this information, the CHO
endogenous proteins with high energy cost were downregulated to
improve the overall energy metabolism [43].
2. Process Parameter Optimization via Modeling

Modeling technologies can provide rationales to optimize cul-
ture process parameters that can achieve a high yield process and
maintain the desired product quality [86]. Yahia et al. validated that
the concentration of cysteine and tryptophan affected the cell growth
and protein production. Then, they applied a Monod type equa-
tion (kinetic model) to the in silico prediction for optimal operat-
ing conditions [87]. In addition, Selvarasu et al. identified key amino
acids in feed medium that can improve cell growth and mAb pro-
duction using multivariate statistical analysis [88]. For example,
glycine, tyrosine, phenylalanine, methionine, histidine, lysine, valine,
isoleucine, and leucine were positively correlated with the higher
mAb production showing improved membrane stability during the
later growth phase. On the other hand, aspartate, glutamate, and
alanine addition suppressed the cell growth and mAb production
[88]. Serine and asparagine have a positive effect on cell growth,
but a negative effect on protein production, suggesting that the
concentration of these amino acids needs to be carefully deter-
mined in the media or feed [88].
3. Metabolic Models Combined with Machine-learning Ap-
proaches

Although computational modeling approaches are widely applied
to analyze biomanufacturing processes, accurate simulation or pre-
diction still remains a challenge due to the complexity of living cells.
In this regard, applying machine learning (ML), which can auto-
matically learn from the complex patterns and make intelligent deci-
sions based on data, to the conventional metabolic models could
provide an alternative approach for modeling complex biomanu-
facturing processes with incomplete understanding of CHO cell
metabolism and biology [75,89]. Schmitt et al. predicted the lac-
tate metabolic state at the late stage of cell culture by using a ML
approach with the process data of early culture days [90]. Based on
this model-predictive control that automatically manipulates pH
setpoint as well as feed volume, a robust cell culture process with
the improved lactate consuming state was successfully developed
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[90]. In addition, Schinn et al. integrated ML technology into a
GEM to predict amino acid consumption rates during early cul-
ture days. Major limitations of conventional GEMs are that they
are easily overfitted and that they may not be valid when the steady
state assumptions are not applicable (e.g,, changes in metabolic
states) [91]. The ML-powered GEM mitigated these limitations and
resulted in more accurate and time-course dependent prediction
of amino acid concentration in the medium. However, obtaining
and processing a large number of process datasets is a major obstacle
of ML strategies.

CONCLUSION

To meet a continuously increasing demand for biopharmaceuti-
cal production, better understanding of cellular metabolic activi-
ties regarding recombinant protein synthesis pathway would provide
effective bioprocessing strategies. In this regard and given that pro-
tein biosynthesis requires a large amount of cellular energy, repre-
sented by ATP, understanding and regulating energy-producing
pathways in CHO cells may improve cellular metabolism, thereby
increasing recombinant protein productivity. In this review; we dis-
cussed the current understanding of CHO energy metabolism and
related engineering efforts to predict, control, and innovate cul-
ture processes. As our knowledge about CHO energy metabolism
and its regulation is improving, we expect that there will be great
progress towards effective and efficient biomanufacturing in the
near future.
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