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Abstract: The use of antioxidants in Chinese hamster ovary (CHO) cell cultures to improve mon-
oclonal antibody production has been a topic of great interest. Nevertheless, the antioxidants do
not have consistent benefits of production improvement, which might be cell line specific and/or
process specific. In this work, we investigated how treatment with the antioxidant rosmarinic acid
(RA) improved cell growth and titer in CHO cell cultures using transcriptomics. In particular, tran-
scriptomics analysis indicated that RA treatment modified gene expression and strongly affected the
MAPK and PI3K/Akt signaling pathways, which regulate cell survival and cell death. Moreover, it
was observed that these signaling pathways, which had been identified to be up-regulated on day 2
and day 6 by RA, were also up-regulated over time (from initial growth phase day 2 to slow growth
or protein production phase day 6) in both conditions. In summary, this transcriptomics analysis
provides insights into the role of the antioxidant RA in industrial cell culture processes. The current
study also represents an example in the industry of how omics can be applied to gain an in-depth
understanding of CHO cell biology and to identify critical pathways that can contribute to cell culture
process improvement and cell line engineering.

Keywords: transcriptomics; pathway analysis; rosmarinic acid; CHO cell; antioxidants; antibody
titer improvement

1. Introduction

The global annual sales of monoclonal antibodies (mAbs) were above USD 115 billion
in 2018 and are predicted to rise above USD 300 billion in 2025 [1]. Due to the unmet need for
mAbs and vaccines for treatment, the global COVID-19 pandemic may push biologics sales
to even higher values beyond 2021 [2,3]. The majority of mAbs are produced using Chinese
hamster ovary (CHO) cell culture. To reduce manufacturing costs and, in turn, allow wider
patient access, upstream titer improvement is still the primary focus of cell culture process
development. The optimization of chemically defined media is essential for cell culture
titer improvement and control of mAb quality attributes [4,5]. In addition to nutrients that
are commonly optimized in chemically defined media, small molecule medium additives
have shown great promise for titer improvement. Antioxidants represent a particularly
interesting class of additives to mitigate significant detrimental impacts that oxidative stress
and reactive oxygen species (ROS) can have on CHO cell performance [6,7]. However,
the application of small molecule additives as new raw materials should be thoroughly
evaluated to ensure raw material quality control, acceptable costs, and sufficient removal
by downstream purification without affecting final product quality attributes. We have
recently reported that rosmarinic acid (RA) shows particular promise, having doubled
mAb titer during the manufacture of a clinical mAb with acceptable cost and comparable
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mAb quality attributes to the original manufacturing process without RA [8]. Nevertheless,
a systematic study on the detailed mechanism by which RA improves titer has not been
reported in the literature.

The advancement of omics has dramatically increased our ability to comprehensively
interrogate cell physiology of CHO cell lines under various culture conditions [9–15].
Recently, Lakshmanan et al. (2019) employed transcriptomic and proteomic profiling
to systematically link phenotypic differences, including cell growth and glycosylation,
with genotypes across different CHO hosts [16]. Ali et al. (2019 and 2020) conducted
omics studies to explore the impact of cysteine feed level on CHO cell metabolism [17,18].
Additionally, omics approaches have been applied to support scale-up activities. Gao et al.
(2016) identified the cause for productivity difference between 20 L bench-top scale and
5000 L production scale by combined metabolomic and proteomic analysis [19]. Similar
work reported by Vodopivec et al. (2019) compared intracellular metabolomics of different
growth phases among three bioreactors scales (10 L, 100 L, and 1000 L) to observe the
scale-up effect [20]. As well as the studies in fed-batch cultures, Bertrand et al. (2019)
applied transcriptomics and proteomics to investigate the influence of long-term perfusion
cultivation on the physiological state in an industrial CHO cell line [21]. Overall, omics
approaches have contributed to deciphering the complicated CHO cell metabolism better
and have aided in the identification of targets for rational genetic engineering and process
optimization [22].

In the present study, our objective was to apply omics technologies to explore how RA
addition led to cell culture improvement in an industrial CHO cell line. To achieve this,
we analyzed transcriptomics data with a particular focus on metabolic pathway analysis
using differentially expressed genes in response to RA addition. The findings from this
work will improve our knowledge of metabolic pathways that are core to CHO cell culture
and provide insights into ways to improve monoclonal antibody production through
additives treatment.

2. Materials and Methods
2.1. Cell line, Media, and Upstream Cell Culture Processes

A CHO DG44 cell line was used for the expression of a proprietary IgG4 mAb using
a vector with a dihydrofolate reductase (DHFR)-selectable marker, which was previously
reported [8]. For the control condition, proprietary chemically defined seed, basal, and
feed media were used. For the RA condition, 36 mg/L RA was added into the control basal
media only, while the seed media and feed media were the same as those used in the control
condition. RA (purity ≥ 95.5%) was purchased from Sigma-Aldrich (St. Louis, MO, USA).

CHO seed culture was started from the thaw of a working cell bank vial. All seed cul-
tures were counted and passaged every three days. The same seed culture after 7 passages
was used to inoculate all six 7-L bioreactors (Sartorius, Germany) with a target viable cell
density (VCD) of 0.6 × 106 cells/mL and an initial working volume of 3.5 L. Three 7-L
bioreactors were preloaded with the control basal media, while the other three 7-L bioreac-
tors were preloaded with the basal media containing 36 mg/L RA. All 7-L bioreactors were
run under the same operation conditions as described previously [8]. In brief, the fed-batch
process was initially operated at 37 ◦C and shifted to a lower temperature at 35 ◦C when
VCD reached ≥10 × 106 cells/mL. The bioreactor pH was set at pH 7.1 and controlled by
CO2 gas or 1 M Na2CO3 base to adjust pH as needed. The DO was maintained at 50% of
air saturation by sparging of oxygen. The bioreactors were terminated if cell viability was
lower than 50%.

2.2. Upstream Cell Culture Titer and Other In-Process Parameter Assays

The product concentration, or titer (g/L), was measured using Protein A UPLC. The
protein titer on day 14 in 7-L control bioreactor was set as 100% to normalize titer within
this study. Other in-process cell culture assays were performed as follows [23]. VCD
and cell viability were measured off-line by Cedex automatic cell counter (Innovatis AG,
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Malvern, PA, USA) using trypan blue exclusion. Off-line pH, pCO2, pO2, glucose, glu-
tamine, glutamate, lactate, and ammonia were measured using a BioProfile 400 analyzer
(Nova Biomedical, Waltham, MA, USA). The overall cell specific productivity was calcu-
lated as the mAb concentration measured at the end of culture divided by the integrated
viable cell density.

2.3. RNA Isolation and Microarray Analysis

To discover the underlying molecular pathways improving culture performance in
RA treated CHO cells, the levels of gene expression were determined. Three biological
samples were taken at predefined culture stages during the process, i.e., day 2, which
represents an initial growth phase where cell growth is highest, and day 6, which represents
low growth or production phase where cell growth has slowed or stopped and protein
production is elevated. Ten million cells were taken for each sample. RNA was isolated
using the RNeasy® Mini kit (Qiagen, Valencia, CA, USA) according to the manufacturer’s
instructions. The transcriptional profiling was performed using custom-made Affymetrix®

CHO microarray chips (Affymetrix, Santa Clara, CA, USA) following the manufacturer’s
recommendations. The detailed method has been described in our previous studies [24,25].

2.4. Metabolic Pathway Analysis

A total of 29,700 transcripts were measured. Of these, 18,186 were protein-coding
transcripts and the remaining 11,514 were non-coding transcripts. In this work, this protein-
coding set was annotated by CHO gene symbols and used for the subsequent differentially
expressed genes (DEGs) identification and pathway analysis. For the statistical analysis
of the gene expression, ANOVA (Analysis of variance) method was used to calculate the
p-value between conditions. The resulting p-values were adjusted for multiple testing using
the Benjamini–Hochberg method [26]. A gene was considered to be differentially expressed
across conditions if the calculated p-value was less than 0.05 and their fold change (i.e., the
relative change in gene expression compared to control) was larger than 1.5. It is important
to note that the threshold is user-defined. The fold-changes used in previous studies
varied from 1.2 to 1.5 or higher [27–31]. A web server KOBAS was used to perform the
pathway enrichment analysis using a set of identified DEGs [32]. The resulting p-values in
enrichment analysis were also adjusted for multiple testing using the Benjamini–Hochberg
method [26]. The output of the analysis is a list of significantly enriched pathways according
to a hypergeometric test. The Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
database of Cricetulus griseus (Chinese hamster) was employed during the analysis. In this
study, the pathways with adjusted p-value < 0.05 were considered as significantly enriched.
MATLAB (MathWorks, Natick, MA, USA) was used for the ANOVA analysis. Principal
component analysis (PCA) of all genes was performed by SIMCA (Sartorius Stedim Data
Analytics AB, Umeå, Sweden). The omics data used in this study can be available by
contacting the authors upon reasonable request.

3. Results
3.1. RA Enhances Cell Growth and Protein Production in CHO Cells

In this work, a CHO DG44 cell line for the expression of an IgG4 mAb was cultivated
in 7-L bioreactors with feed media supplemented in bolus starting from day 3 for a total
duration of 14 days. Biological triplicate runs were performed under each of two different
basal production media conditions, e.g., a basal media (Ctrl condition) and the basal media
with RA addition (RA condition) (Figure 1). It should be noted that RA was added in the
basal production media for the RA condition only (no RA addition in any seed expansion
step or the feed media). Cell culture performance was assessed by measuring VCD, cell
viability, and titer daily (Figure 1). Similar VCD and viability profiles were observed under
these two conditions until day 6, after which a decline was evident in the controls without
RA. Although all six bioreactors were operated using the same bioreactor conditions, only
one of the controls ran through the entire 14-day duration, while the other two control
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bioreactors were terminated on days 8 and 9 when viability decreased below 50%. The
difference in cell culture performance for the three replicate 7-L control bioreactors indicates
that the control condition was quite variable even under the same operation conditions
(Figure 1). In our previous studies using 5-L bioreactors [8], we did not see large variations
as in this study using 7-L bioreactors. This difference between 5-L and 7-L studies would
most likely be due to the different bioreactor configurations and control systems. We
controlled the same operation parameters (e.g., inoculation cell density, pH, temperature,
seed, basal, feed media, etc.) for all different lab bioreactor runs including both 5-L and
7-L bioreactors. Nonetheless, the control conditions without RA all reached a much lower
viability and titer than the RA conditions regardless of different bioreactors. Thus, the 7-L
bioreactor study results are still meaningful to demonstrate the positive effect of RA on
the cell culture performance. In contrast, all three RA bioreactors ran well for the entire
duration with consistent cell culture performance (Figure 1). Much higher VCD and cell
viability for the RA condition were achieved than the controls. The overall integrated VCD
(IVCD) was increased by 69.4%, and the overall cell specific productivity was increased by
29.5% in RA-treated cell cultures compared to the control (only one control was available
for IVCD and overall specific productivity calculation). Taken together, the addition of RA
to the cell culture basal media increased product titer by 119%. Cell pellets were collected at
various time points across the cell cultures. Next, transcriptomics analyses were conducted
to explore the molecular mechanisms involved in RA treatment.
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cording to fold change (Figure 2). The scatter plots represent DEGs between the untreated 
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Figure 1. Effect of RA on fed-batch cell culture performance in 7-L bioreactors containing the control
basal media (Ctrl condition) or the basal media with RA addition (RA condition) (n = 3): (A) VCD,
(B) cell viability, and (C) titer. The titer on day 14 in 7-L control bioreactor was set as 100% to
normalize titer within this study. Given the lower cell viability at <50%, two control bioreactors were
terminated on days 8 and 9.

3.2. RA Treatment Alters the Transcriptional Profile of CHO Cells

We first analyzed the transcriptome of cells from RA and control cultures by using
DNA microarrays. Samples were taken from the biological triplicate reactors at predefined
cell culture stages during the process, specifically, the initial growth phase (day 2) and the
slow growth or protein production phase (day 6). DEGs were then identified according
to fold change (Figure 2). The scatter plots represent DEGs between the untreated control
and the RA treated cells on day 2 (Figure 2A) and day 6 (Figure 2B). The green and red
dots correspond to up- and down-regulated genes, respectively. With a fold change >1.5, a
total of 162 DEGs were identified on day 2 (1st bars in Figure 2C) and 821 DEGs on day
6 (2nd bars in Figure 2c). Among the day 2 DEGs, 129 (79.6%) DEGs in RA cultures were
up-regulated, and only 33 (20.4%) were down-regulated, compared to the control. On day 6,
250 (30.4%) DEGs in RA cultures were up-regulated, and 571 (69.6%) were down-regulated.
PCA of all genes in Figure 3 also showed that RA treatment has discernible effects, with
day 6 more severely impacted as compared with day 2, consistent with the DEGs analysis
where a much larger portion of genes were affected by the RA on day 6.
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3.3. Gene Expression Analysis Reveals RA Modulates Pathways Associated with Apoptosis
and Survival

In order to further parse the changes in gene expression caused by RA, the identified
DEGs were next interrogated by pathway analysis to identify the specific processes im-
pacted. By projecting the DEGs on day 2 between RA and control cultures to the KEGG
pathway database, we found that several pathways were up-regulated in RA cultures
(Table 1). This included the groups of pathways related to environmental information
processing, such as ErbB signaling pathway, mitogen-activated protein kinase (MAPK)
signaling pathway, and ECM-receptor interaction. Additionally, several immune system-
related pathways, including C-type lectin receptor signaling pathway, and IL-17 signaling
pathways, were enriched in RA cultures. On day 6, several environmental information
processing-related pathways were up-regulated in RA condition with respect to control.
This included the MAPK signaling pathway and phosphatidylinositol 3-kinase (PI3K)/Akt
signaling pathway, suggesting that RA was able to counteract apoptosis and survival-
associated changes in these pathways, a hypothesis that will be discussed in detail later. It
is important to point out the pathway analysis in Table 1 also shows several up-regulated
pathways, which are not relevant to CHO cells, such as hepatitis B, colorectal cancer, axon
guidance. It is mainly because of the overlapping pathways where genes are often not path-
way specific or show bias in the databases used where human diseases are overrepresented.

Table 1. Summary of the main up-regulated pathways on day 2 and day 6 in RA condition compared
to the control.

Pathway Category Adjusted p-Value

RA-D2 vs. Control-D2 ErbB signaling pathway Environmental Information
Processing/Signal transduction 0.0240

Parathyroid hormone synthesis, secretion
and action Organismal Systems/Endocrine system 0.0240

Hepatitis B Human Diseases/Infectious disease: viral 0.0240
Colorectal cancer Human Diseases/Cancer: specific types 0.0240

MAPK signaling pathway Environmental Information
Processing/Signal transduction 0.0240

Axon guidance Organismal Systems/Development
and regeneration 0.0240

C-type lectin receptor signaling pathway Organismal Systems/Immune system 0.0240
Bladder cancer Human Diseases/Cancer: specific types 0.0240
MicroRNAs in cancer Human Diseases/Cancer: overview 0.0299
Estrogen signaling pathway Organismal Systems/Endocrine system 0.0335
Human T-cell leukemia virus 1 infection Human Diseases/Infectious disease: viral 0.0350
Fluid shear stress and atherosclerosis Human Diseases/Cardiovascular disease 0.0374

ECM-receptor interaction
Environmental Information
Processing/Signaling molecules
and interaction

0.0479

IL-17 signaling pathway Organismal Systems/Immune system 0.0479

RA-D6 vs. Control-D6 MAPK signaling pathway Environmental Information
Processing/Signal transduction 0.0012

MicroRNAs in cancer Human Diseases/Cancer: overview 0.0028
Proteoglycans in cancer Human Diseases/Cancer: overview 0.0089

PI3K-Akt signaling pathway Environmental Information
Processing/Signal transduction 0.0153

Pathways in cancer Human Diseases/Cancer: overview 0.0153

CHO cells usually progress through multiple metabolic stages during fed-batch cul-
tures, including an exponential growth phase, a low growth or antibody production phase
when specific antibody production increases, and a decline phase. As seen in Figure 1c,
antibody production is elevated starting on day 6. Therefore, it is interesting to investigate
pathway changes from day 2 (initial growth phase) to day 6 (low growth or production
phase) affected by RA. This was performed by comparing the number of pathways that
increased or decreased from day 2 to day 6 between RA and control cultures. In total,
1755 and 1417 genes were identified as being differentially expressed from day 2 to day 6 in
the untreated control and RA cultures, respectively (Figure S1). Pathway analysis indicated
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that no significant difference was observed in the pathways from day 2 to day 6 between
RA and control cultures. Within the top 15 regulated pathways (p-value < 0.05) on day 6
compared to day 2 (Tables S1 and S2), there were 9 up-regulated and 12 down-regulated
pathways that overlapped in those two conditions. Most of the up-regulated pathways
were associated with environmental information processing, including PI3K/Akt signaling
pathway, ECM-receptor interaction, MAPK signaling pathway, Rap1 signaling pathway,
TNF signaling pathway, Ras signaling pathway, and calcium signaling pathway. In contrast,
most of the down-regulated pathways from day 2 to day 6 were associated with genetic
information processing. This included pathways that related to replication and repair
(including DNA replication, nucleotide excision repair, mismatch repair, Fanconi anemia
pathway, homologous recombination, and base excision repair), translation, transcription,
and folding, sorting, and degradation (Table S2). Other significantly down-regulated
pathways were related to cell growth and death, including cell cycle and p53 signaling
pathway, likely a consequence of the cellular response to the changing culture environments
and accumulation of toxic byproducts. Interestingly, it was observed that the MAPK and
PI3K/Akt signaling pathways, which had been identified to be up-regulated on day 2 and
day 6 by RA (Table 1), were also up-regulated over time in both conditions.

4. Discussion

The use of antioxidants in CHO cell cultures to improve monoclonal antibody pro-
duction has been a topic of great interest [8,33–39]. Nevertheless, the precise mechanisms
by which RA impacts CHO cell growth, metabolism, and productivity need further elu-
cidation. In this work, we utilized transcriptomics as a tool to elucidate potential factors
that could have an impact on the cell culture growth and productivity due to RA treatment.
In particular, RA treatment substantially modified gene expression and strongly affected
the signaling pathways, including the MAPK signaling pathway and PI3K/Akt signaling
pathway that regulate cell survival and cell death. In control conditions, though these sig-
naling pathways were also up-regulated from day 2 to day 6 in culture (as seen in Table S1),
the low viability revealed that cell death was predominant. Similar extracellular metabolic
profiles (glutamine, glutamate, lactate) were also observed before day 6 except for glucose
and ammonia, which were mainly due to different viable cell densities (Figure S2). Interest-
ingly, lactate metabolism shift was observed in RA conditions around day 6, which is likely
triggered by cellular redox state [40]. We also investigated if intracellular metabolism was
affected by RA treatment by comparing intracellular amino acids’ metabolism between RA
and control cultures. Significant alterations in amino acid pools were not evident until day 6
(Figure S3). Additionally, the level of almost all the amino acids was continuously increased
starting from day 6 in both control and RA conditions, possibly reflecting generally reduced
metabolism in response to changing cell culture environments as the cells were undergoing
decreased cell growth and overfeeding, especially in the control conditions.

Apoptosis, or programmed cell death, has been reported to account for the majority
of cell death in mammalian cell cultures, affecting cell viability, productivity, and product
quality [41–43]. Both caspase-3 activity and ROS were measured for the 500-L bioreactors
with and without RA at different timeline points in our previous study [8]. The same seed
culture, basal and feed media, and process conditions were used for these satellite 7-L
bioreactors in this study. Thus, both caspase-3 and ROS were not measured for the 7-L
runs. Caspase-3 activity was shown to decrease from day 1 to day 6 in the 500-L CHO cell
cultures with the addition of RA, suggesting that apoptosis is suppressed in the RA cultures
compared to the control [8]. In the present study, using transcriptomics analysis, ErbB and
MAPK signaling pathways were enriched on day 2 compared to the control. Moreover,
MAPK and PI3K-Akt signaling pathways, directly or indirectly activated by ErbBs, were
up-regulated on day 6 in RA-supplemented cultures. Previous studies have demonstrated
that several signaling pathways, including PI3K/Akt and MAPKs, play critical roles in
regulating cell survival and apoptosis [44]. Interestingly, the identified MAPK and PI3K-Akt
signaling pathways are also reported to be functionally mediated by reactive oxygen species
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(ROS) [45–47]. ROS generally participates in cellular physiological functions, including cell
proliferation, and maintains the redox balance, contributing to a beneficial environment
for cell survival [48]. However, there is ample evidence showing excess cellular ROS can
have a devastating effect on cellular components, such as DNA, proteins, and lipids, which
can lead to activation of death processes such as apoptosis [46,49]. ROS increases may be
due to the overproduction from extracellular or intracellular processes, or there may be a
decrease in endogenous antioxidant defense, which can scavenge excessively produced
ROS. Interestingly, our previous scale-up 500-L study using the same process demonstrated
that the RA-supplemented cultures generated less ROS from day 1 to day 6 than the non-RA
condition [8].

By comparing the transcriptome on day 6 to day 2 for each condition, we found that
cell survival-related pathways such as DNA replication, cell cycle, and nucleotide excision
repair were down-regulated on day 6 compared to day 2 in both conditions (as seen in
Table S2), reflecting the general consequence of the cellular response to the progressively
deteriorating culture environments. Collectively, our results indicated that RA treatment
alleviated apoptotic death in CHO cells. According to the pathway analysis above (in the
Results section), an intriguing scenario would be that the RA addition slowed the process
of cellular damage by oxidation, resulting in enhanced cell growth and protein production.
It is important to note that mammalian cells have integrated antioxidant systems to protect
cells from ROS, including enzymatic and non-enzymatic antioxidants. In the present study,
the polyphenol RA was added as a non-enzymatic antioxidant to scavenge ROS. The
primary antioxidant enzymes against ROS include superoxide dismutase (Sod), catalase
(Cat), glutathione peroxidase (Gpx), and glutathione reductase (Grx) [50]. Our results
revealed that most of these genes were not differentially expressed (fold change <1.5)
between RA and control, as shown in Table S3. The genes of Cat and Gpx1 were even down-
regulated on day 6 compared to the control, which indicated decreased ROS might trigger
gene down-regulation to make endogenous antioxidant systems less active. However, how
the RA directly modulates the PI3K/Akt and MAPKs pathways activation will need to be
elucidated with further experiments.

Apoptosis caused by cellular stress can limit productivity in CHO cultures. Manip-
ulating apoptotic associated pathways has been applied to improve recombinant protein
titers. Overexpressing anti-apoptotic genes, such as Bcl-2 or Bcl-xL [51–54], and down-
regulating pro-apoptotic genes such as caspase-3 [55], have been applied to inhibit or delay
the progression of apoptosis and found to be effective at extending culture longevity and
enhancing the production. In this study, only the gene Bcl2l12 among the genes involved
in apoptosis (Bcl-2, Bax, Caspase-3 and -7), as shown in Table S3, had a slightly higher
expression on day 6, although not significant (fold change 1.44 < 1.5) in RA conditions,
which indicates that apoptosis decreased in RA conditions. Furthermore, the combinatorial
approach of engineering anti-apoptosis and pro-autophagy pathways was attempted and
achieved a higher VCD and longer culture duration than the single anti-apoptosis engi-
neering approach [56]. It has been suggested that PI3K/Akt and MAPKs play important
roles in the regulation of cell cycle progression and apoptosis through altering the level
of pro-apoptotic and anti-apoptotic proteins [57–61]. Most interestingly, the Akt pathway
has been involved in several previous CHO cell studies and was found to play a crucial
role in cell survival and growth. Hwang and Lee (2009) investigated the role of Akt on
cell survival during nutrient-limiting batch culture and showed overexpression of Akt in
CHO cells could inhibit apoptosis as well as autophagy [62]. Xu (2010) demonstrated that
overexpression of Prospero-related homeobox1 (Prox1) promotes CHO cell proliferation
via activation of the Akt signaling pathway [63]. Coleman et al. (2019) identified a number
of differentially up-regulated proteins involved in the Akt pathway, which may drive
increased cell growth and productivity in miR-7-depleted CHO cells [64]. Therefore, the
Akt and MAPKs related genes could be used as potential targets for CHO cell engineering
along with the anti-apoptotic and antioxidant genes to enhance protein production.
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Taken together, convincing evidence from both this 7-L bioreactor and previously
published scale-up 500-L bioreactor studies suggests that RA can be used as a new additive
to enhance VCD and cell viability and markedly improve titer in CHO cells. Metabolic
pathway analysis of the transcriptome revealed that both the control and RA-supplemented
conditions underwent down-regulation of proliferation genes over time in culture, but
more survival activity was observed in RA-supplemented cultures than the control. In
summary, transcriptomics analysis indicated that RA treatment modified gene expression
and strongly affected the MAPK and Akt signaling pathways, which regulate cell survival
and cell death. Future experiments should also quantify the corresponding protein levels
by using methods such as Western blot, which can provide further supporting evidence.
This omics analysis has important implications for the role of the antioxidant RA in the
industrial cell culture process. The current study also represents another successful attempt
to apply omics to gain an in-depth understanding of CHO cell biology and identify critical
pathways that can be leveraged for cell culture process improvements and as cell line
engineering targets.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/pr10030533/s1, Figure S1: Analysis of gene expression between day 2 and day 6 for control and
RA conditions in the 7-L bioreactors. Figure S2: Time-series extracellular metabolite concentrations,
including glucose, glutamine, glutamate, lactate, and ammonium. Figure S3: Time-series amino acids
in cell pellets (n = 3, except n = 2 in the control for day 8). The concentration of each metabolite at day 1
in control was set as 100% to normalize data from different time points. Intracellular metabolite
profiling was determined in cell pellets by a method combining NMR and LC/MS at Bristol-Myers
Squibb. The detailed sample preparation and analytical procedures are described in previous studies
published by our group. Table S1: Summary of the up-regulated pathways from day 2 to day 6,
Table S2: Summary of the down-regulated pathways from day 2 to day 6, Table S3: Fold change of
the key genes in enzymatic antioxidant system.
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