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1 | INTRODUCTION

Antibody drugs have attracted considerable attention recently owing
to their high specificity for their targets and fewer side effects.[]
Research on the production process of antibody drugs is important
to improve productivity and quality. CHO cells are standard host cells

used for antibody drug production. CHO cells are primarily fed-batch
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Multi-omics analyses was performed to compare the conditions of adding Tyr and
Cystine in CHO cells. The addition of cystine resulted in decreased viability and
productivity owing to endoplasmic reticulum (ER) stress and the promotion of ER-
associated degradation (ERAD) and apoptosis. In contrast, addition of Tyr suppressed
ER stress and apoptosis. This effect could be due to the increase in ubiquinone (Coen-
zyme Q10) biosynthesized from Tyr. To inhibit apoptosis caused by cystine addition,
Tyr was added simultaneously with cystine, which improved growth, viability, and mAb
productivity owing to the activation of GSH metabolism, suppression of ER stress and

oxidative stress, reduction of ERAD, and activation of the tricarboxylic acid cycle.

bioprocessing, CHO, cystine, monoclonal antibody, tyrosine

cultured, which has significantly improved viable cell density (VCD)
and specific productivity (Qp) over the past few decades.[23] Processes
have been designed to prevent the depletion of essential nutrients
and accumulation of lactic acid and ammonia by optimizing the media
and feed strategies to achieve high productivity.[*] Most studies have
focused on one factor at a time, whereas studies on the interactions of
essential components, such as amino acids, are still limited. The supply
of amino acids to culture is a significant challenge for large-scale anti-
body production. Amino acid levels must be controlled to achieve high
productivity. However, controlling Cysteine (Cys) and tyrosine (Tyr) is
difficult because of their cytotoxicity and low solubility.[>¢!

Depletion of intracellular Cys during monoclonal antibody (mAb)
production decreases productivity, cell proliferation, and viability,
which may be related to glutathione (GSH) metabolism. GSH plays a
significant role in detoxifying reactive oxygen species (ROS) produced
in the mitochondria, as well as in modulating disulfide bond formation
inthe endoplasmic reticulum (ER) and forming conjugates with reactive
electrophiles to facilitate their detoxification.l”9!

As Cys is the limiting substrate of GSH synthesis, depletion
of Cys leads to the shortage of GSH. The formation of disulfide
bonds is the rate-limiting step in antibody production because many
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disulfide bonds are present in antibodies. Protein disulfide isomerase
(PDI) and its family of proteins catalyze disulfide bond formation. PDI
catalyzes oxidative folding by transferring electrons to and from the
Cys sulfur atom in the nascent polypeptide chain. The reduced PDI is
re-oxidized by a flavoprotein, ER oxidoreductin 1 (Ero1). When Ero1
oxidizes PDI, Ero1 receives two electrons from PDI. These two elec-
trons pass through FAD to molecular oxygen (O,), and the reduced
oxygen is converted to hydrogen peroxide (H,O5). HyO5 is metab-
olized by glutathione peroxidase (Gpx) using the reducing power of
GSH. Therefore, depletion of GSH induces ER stress due to the oxida-
tive stress caused by H,0,.[>1011] Oxidative stress also activates
the amino acid response and decreases tricarboxylic acid (TCA) cycle
activity, leading to apoptosis.!12]

Cys dissociates relatively easily under physiological conditions (pH
7.4) to give rise to a thiolate anion, which is toxic to the cells. There-
fore, Cys concentration in the medium is usually low. 13! In contrast,
cystine, the oxidized derivative of cysteine, is considered a safe source
of Cys because it does not dissociate thiol. It is transported into cells
by the cystine/glutamate transporter! 14} and then reduced to Cys. Cys-
tine and GSH cooperatively regulate the mTORC1 pathway, integrated
stress response, and ferroptosis.[15] However, the mechanisms of cys-
mediated intracellular stress responses, regulation of cell proliferation,
and its other roles are poorly understood.

Tyr is essential for antibody production in CHO cell cultures to
maintain specific productivity and to avoid Tyr sequence mutations.
Tyr starvation reduces the maximum VCD during the growth phase
and causes rapid cell death and a pH decrease during the productive
phase.[1617] Tyr starvation causes autophagic cell death.

Thus, understanding the cellular response to the depletion of
medium components and the underlying mechanisms is essential for
designing robust bioprocesses and maximizing recombinant protein
expression. However, more research is required to determine how
each component in the medium increases or decreases cellular stress.
An important challenge is to more efficiently protect CHO cells from
nutrient depletion and other stressful culture conditions and to delay
apoptosis.

In recent years, omics analysis approaches have been actively used
to analyze the properties of CHO cells in detail under various condi-
tions, as a useful tool for elucidating intracellular mechanisms.[18] |n
particular, the analysis of gene expression profiles is useful for under-
standing intracellular events, and RNA-seq is widely used as a method.
Furthermore, recent developments in proteomics analysis technology
using liquid chromatography mass spectrometry (LC-MS) have made
it possible to obtain protein expression profiles at high depth and
throughput.[19]

In this study, transcriptomic and proteomic analyses identified
factors that inhibit antibody production related to ER stress, oxida-
tive stress, decreased TCA cycle activity (mitochondrial dysfunction),
autophagy, and apoptosis associated with the addition of cystine and

Tyr and the interaction between cystine and Tyr.

2 | EXPERIMENTAL SECTION
2.1 | CHO fed-batch culture for omics study

DG44 cells adapted to serum-free suspension culture were transfected
with the IgG1 expression vector, and antibody-producing clones were
cultured. Fed-batch cultures of CHO cells were conducted in shaker
incubators using 125-mL Erlenmeyer flasks. Cultures were performed
at 37.0°C, 125 rpm (25 mm orbital shake diameter), 5% CO,, using a
proprietary chemically defined basal medium containing sodium bicar-
bonate, galactose, L-glutamine, and insulin in a starting volume of 30
mL. For each cell line (clone 1 and clone 2), 15 production culture inves-
tigated 5 different feeding conditions with three biological replicate
each. The total number of cultures is 30. The viable cell density at the
start was inoculated at 0.5 x 10° cells mL™1. Proprietary chemically
defined feed medium consisting of amino acids, vitamins, trace ele-
ments, and glucose was used as the feed medium. The feed medium was
replenished at regular intervals to avoid nutrient depletion during the
fed-batch culture and to extend the culture period. To investigate the
potential role of Cys and Tyr, stock solutions of cystine and Tyr for each
culture condition were prepared (Table 1) and added to the cell culture
atday 3, 6,9 and 12 as for feed medium. The amounts of cystine and Tyr
added for each culture condition are also listed in Table 1 as a ratio to
the cystine concentration of C:T = 1:0 condition. Feed and stock solu-
tions of cystine and Tyr were added after sampling for measurements

at a defined number of culture days.

2.2 | CHO batch culture with coenzyme Q10

Batch cultures were performed using the same IgG-expressing clones
(clone 1) as described above. Cultures were performed in shaker incu-
bators using 125 mL Erlenmeyer flasks. Twelve production culture
investigated four different conditions with three biological replicate
each. The medium used was CD DG44 medium (Thermo Fisher Scien-
tific) with L-glutamine, insulin, and pluronic as the basal medium in a
starting volume of 25 mL for three cultures under each condition. Batch
cultures were started by adding supplements, as shown in Table 1, and

sampling was performed on day 7.

2.3 | Determination of nutrient and metabolite
concentration, cell count, cell viability, and titer

The methodology is detailed in the Supplementary Material.

2.4 | Amino acid measurement

The methodology is detailed in the Supplementary Material.
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TABLE 1 Fed-batch culture and batch culture condition list.

Fed-Batch culture conditions

Condition name Cystine and Tyrosine stock solution conditions
C:T=0:0 -

CT=1.0 L-Cystine [61.8 mM]inpH 11.73

C.T=0:3 L-Tyrosine [198.9 mM]inpH 11.73

CT=13 L-Cystine [61.8 mM], L-Tyrosine [198.9 mM]in pH 11.73
CT=3:3 L-Cystine [61.8 mM], L-Tyrosine [66.3 mM]in pH 11.73

Batch culture conditions

Amount of Cystine to be Amount of Tyrosine to be
added in one feed added in one feed
Addition amount Addition amount
Ratio [umol] Ratio [umol]
0.0 0.0 0.0 0.0
1.0 3.7 0.0 0.0
0.0 0.0 3.2 11.9
1.0 3.7 3.2 11.9
3.0 111 3.2 11.9

Condition name Solvent type
Control -

Tyr Water
Ethanol Ethanol
Coenzyme Q10 Ethanol

2.5 | Transcriptomic and proteomic profiling of
CHO cells

2.5.1 | Sample preparation

The culture samples were sampled and were analyzed with three tech-
nical replicates from each culture condition. The culture samples was
centrifuged (14000 g x 30 s x 2°C) to remove the supernatant. The
remaining pellet was washed with 2 mL of ice-cold phosphate-buffered
saline (PBS), centrifuged again (14000 g x 30 sec x 2°C) to remove PBS,

and frozen at -80°C until analysis.

2.5.2 | Transcriptomic analysis

Sequencing was performed at Azenta Life Sciences (Chelmsford, MA).
A summary of this is provided below: Total RNA was extracted from the
cell pellets, and mRNA was enriched by polyA selection. mMRNA-based
libraries were prepared and sequenced in the paired-end mode using
Illumina NGS.

RNA-seq data were trimmed using Fastp version 0.21.0(20] and
then aligned to genomic DNA sequences (Cricetulus griseus CHOK1GS,
Ensembl release 104, accession number GCA_900186095.1) using
STAR version 2.7.6a.121] Transcripts were counted using RSEM version
1.3.3[22] pased on alignment results. Differentially expressed genes
were identified using edgeR version 3.38.1123] and the false discovery
rate (FDR) threshold was <0.05.

In the analysis of RNA amounts of heavy and light chains in IgG1, the
same analysis was performed using the DNA sequence of the expres-
sion vector as a reference, and the expression was calculated as a ratio
to the total RNA-seq counts using genomic DNA as a reference.

Additional concentration

0.80 MM
1.0% Ethanol v/v
0.012 nM in 1.0% Ethanol v/v

2.5.3 | Protein digestion

The methodology is detailed in the Supplementary Material.

2.54 | LC-MS analysis

The methodology is detailed in the Supplementary Material. DIA

isolation windows is shown in Table S1.

255 | Proteome data analysis

Data acquired by LC-MS were analyzed using Scaffold DIA version
3.1.0 (Proteome Software, Oregon, United States). Spectral libraries
were created using Scaffold DIA and Prosit(24] based on the amino
acid sequences (C. griseus CHOK1GS, Ensembl release 104) obtained
from Ensembl. The parameters for preparation were set to a charge
range of 2-4 and m/z range of 495-745. Scaffold DIA searches were
performed using the prepared libraries. The set parameters are listed
below: Peptide and fragment mass tolerances up to 10 ppm and one
missed cleavage were allowed. The charge and length of the peptides
were set to 2-4 and 6-127, respectively. The FDR threshold for the
peptide search was set to 0.01.

The protein levels of the heavy and light chains were calculated
using DIA-NN version 1.8.1(25] from the data acquired by LC/MS. First,
the raw files were converted to mzML files using MSconvert version
3.0.20293[26] and then to dia files using DIA-NN. A spectral library was
created from the amino acid sequence of IgG1 and then analyzed. DIA-
NN parameters were set to a charge range of 2-4, peptide length range
of 7-45, precursor ion m/z range of 495-745, fragment ion m/z range
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of 200-1800, and MS1 and MS2 accuracy of 10 ppm.
Pathway analysis was performed using Ingenuity Pathway Analysis
software (IPA, QIAGEN).

2.6 | Oxidative stress level analysis

The methodology is detailed in the Supplementary Material.

3 | RESULTS

We first investigated the effect of Cys addition in fed-batch cul-
ture. To avoid Cys cytotoxicity, cystine was used as the source of
Cys. We conducted comparative experiments with (C:T = 1:0) and
without (C:T = 0:0) cystine addition and examined the intracellular
events by transcriptomic and proteomic analyses. We identified 18024
transcripts and 10506 proteins (Table S2).

The results of the cystine-supplemented cultures are depicted in
Figure 1. Although the viable cell density was partially increased in
the cystine-supplemented condition, the addition of cystine decreased
viability, titer, and pH in the late phase of the culture, in contrast to
previous studies.!>] The decrease in pH in the late phase of the culture
could be related to the increase in lactate shown in Supplemtary 1.

Hspa5 (Bip and GRP-78) and Irela (Ern1) are ER stress markers.[27:28]
The addition of cystine markedly increased mRNA expression of them.
Furthermore, the expression of the activating transcription factor 3
gene (Atf3), induced by the activation of protein kinase R-like ER kinase
(PERK) by ER stress,[29] was also markedly elevated. These results
indicated that adding cystine to the culture causes ER stress.

To examine the details of the adverse effects of cystine addition, we
compared the results of omics analyses (Figure 1). The data on day 14
were omitted because viability could not be maintained until day 14 in
the C:T = 1:0 condition.

Slc7a11 encodes the cystine/glutamate transporter gene, which is
involved in the uptake of cystine into the cell.l4] Slc7a11 mRNA
expression was suppressed in the late phase of the culture with cys-
tine addition (C:T = 1:0), probably due to the sufficiency of cystine.
We examined the mRNA levels of the activating transcription factor 6
gene (Atf6), a component of ER-associated proteolysis (ERAD)[30! and
the UBX domain-containing protein 4 (UBXN4), also known as UBXD2.
UBXN4 is an ER-intrinsic membrane protein that promotes ERAD.[31]
Selll is involved in the ubiquitin-dependent degradation of misfolded
ER proteins in ERAD.I32] Cystine addition significantly induced these
mRNAs in the late phase of the culture, indicating that cystine caused
ERAD.

Glutamine transporter SLC1A5, an indicator of glutaminolysis,[33!
was significantly upregulated on day 12 in the C:T = 1:0 condition.
Accordingly, the glutamine concentration under the C:T = 1:0 condi-
tion is less than the C:T = 0:0 condition. These results are inconsistent
with prior observation that cells with insufficient Cys could not gen-
erate a-ketoglutarate from citric acid and relied on glutaminolysis to

replenish the TCA cycle intermediate, a-ketoglutaric acid.[>11]

ER stress-associated ATF4 upregulates Ppplrl5a, also known
as GADD34, which promotes apoptosis through proteasome
inhibition.134] DNA damage-inducible gene 3 (Ddit3) encodes the
transcription factor CHOP, a member of the CCAAT/enhancer-binding
protein (C/EBP) family of transcription factors. CHOP is induced by ER
stress and mediates apoptosis.[35] The mRNA levels of Ppp1r15a and
Ddit3 were significantly elevated in the C:T = 1:0 condition, indicating
that the addition of cystine promotes apoptosis.

We compared transcriptomic data sampled in the late phases, such
as day 9, 12, and 14. Day 12 had the highest number of differentially
expressed genes (Sup. 2). Ingenuity pathway analysis was performed
for the day 12 data to determine the pathways activated under the
C.T = 1:0 condition (Table S3). Unfolded protein response pathway and
ER stress pathway were activated in the cystine-added condition.

The cystine addition experiment indicated the importance of the
inhibition of intracellular stress and apoptosis. According to Tnag
et al., a sufficient supply of Tyr prevents a decrease in pH during
the late phase of culture and suppresses autophagic cell death.[é] We
investigated the effects of Tyr addition (Figure 2). In the Tyr addi-
tion condition, the cell viability and titer increased slightly, and a pH
decrease did not occur. The mRNA levels of ER stress makers such
as Hspa5, Ern1, and Atf3 did not increase. Ingenuity pathway analy-
sis was performed and the top five pathways with a higher z-score in
the C:T = 0:3 condition than in the C:T = 0:0 condition are shown in
Table S4. The results suggest that activated oxidative phosphorylation
pathway related to cell viability under Tyr-added conditions.

Omics analyses were performed to understand the mechanism of
Tyr-mediated viability maintenance (Figure 2). To verify the effect of
Tyr addition on autophagy suppression, we examined P62/ SQSTM1
gene expression levels. The accumulation and decrease of P62/Sgstm1
indicate the inhibition and enhancement of autophagy.[%] Tyr addition
did not change the mRNA expression level of P62/ Sgstm1.

In contrast, the mRNA expression level of Ppplrl5a decreased
under Tyr-added conditions, suggesting that Tyr addition protected
cells from apoptosis. To examine oxidative stress-related factors, we
investigated the mMRNA expression levels of Gpx1 and glutathione syn-
thetase (GSS). Gpx1 plays a significant role in reducing most reactive
oxygen species in cells using GSH as a reductant.!37) GSS catalyzes
the condensation of y-glutamylcysteine and glycine to form GSH.[38]
Tyr addition did not change the expression levels of Gpx1 and Gss
mRNAs, possibly due to the shortage of Cys. In contrast, the protein
expression levels of ERO1A and ERO1B increased in the Tyr-added
condition, suggesting an increase of H,O,. However, viability and pH
were maintained. Other response system for oxidative stress should be
activated.

Coenzyme Q10, also known as ubiquinone, is known to inhibit oxida-
tive stress and to suppress the generation of intracellular ROS.[39!]
We hypothesized that coenzyme Q10 synthesized from Tyr might
reduce oxidative stress and inhibit apoptosis because coenzyme Q10 is
biosynthesized from Tyr in mammalian cells.[4°! To test this hypothesis,
we investigated the effects of coenzyme Q10 addition in batch cul-
tures (Figure 2). The addition of coenzyme Q10 significantly improved

the viability and antibody production compared with the addition of
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FIGURE 1 The effect of Cys addition in fed-batch culture. (A) VCD profile, (B) Viability profile, (C) Titer profile, (D) pH profile, (E) - (G)
time-course plots of cysteine, tyrosine and glutamine, (H) - (Q) time-course plots of the associated RNA transcripts (CPM) and proteins
(abundance). Each value represents the mean value (N = 3), and error bars represent the standard deviation. Gray (circle dots) and green (triangle
dots) indicate C:T = 0:0 and C:T = 1:0 conditions, respectively. All data are from clone 1.

ethanol, the solvent for coenzyme Q10. The effect of Tyr was rela-
tively small at this condition. Tyr concentration in the supernatant of
each batch culture condition is shown in Supplementary 3 (A). Tyr con-
centration was high in the Tyr addition condition. Tyr consumption
was marginal in all conditions probably due to the low antibody pro-
ductivity in batch culture. Supplementary 3 (B) shows the results of

oxidative stress level measurements. The oxidative stress level was

partially reduced in the Tyr-added condition. Since ethanol, the solvent
for coenzyme Q10, affects the measurement, we could not measure the
oxidative stress level in the presence of coenzyme Q10. These results
partly support the hypothesis that Tyr protect cells from oxidative
stress by the production of coenzyme Q10.

To suppress the effect of the decreased reducing power caused by

the addition of cystine, Tyr was simultaneously added with cystine
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FIGURE 2 The effect of Tyr addition in fed-batch culture. (A) VCD profile, (B) Viability profile, (C) Titer profile, (D) pH profile, (E) - (F)
time-course plots of cystine and tyrosine and (G) - (O) time-course plots of the associated RNA transcripts (CPM) and proteins (abundance). Each
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C:T =0:0 condition and C:T = 0:3 conditions, respectively. (P) and (Q) Viability and productivity data with coenzyme Q10 addition. Each value
represents the mean value (N = 3), and error bars represent the standard deviation (*P-value < 0.0274, ****P-value < 0.0001). (P) Viability rate at
day 7, (Q) productivity at day 7 (Ratio of average productivity under control condition to 1.0). All data are from clone 1.
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(Figure 3). The addition of sufficient Tyr increased the proliferative
capacity, maintained viability, and improved productivity. The final pro-
ductivity was about twice that in the C:T = 1:3 condition as C:T = 0:3
condition and nearly three times higher in the C:T = 3:3 condition. The
C:T = 3:3 condition also significantly improved proliferation compared
with the C:T = 1:3 condition. In the late phase of the culture, Tyr was
barely consumed in the C:T = 0:3 condition. In contrast, most Tyr was
consumed in the C:T = 3:3 condition. In the C:T = 1:3 condition, most
cystine was consumed and Tyr was partially reduced. These results sug-
gest that Tyr is required for cystine consumption. Without Tyr, cystine
would not be adequately consumed.

The expression levels of ER stress markers, Hspa5, Ern1, and Atf3,
were lower in the late phase of the culture under the C:T = 1:3 and
C:T = 3:3 conditions compared to the C:T = 0:3 condition. Thus, the
addition of sufficient amounts of cystine and Tyr suppressed ER stress.
Other data on cultural trends with clone 2 are also presented in Sup-
plementary 4. Almost similar culture trends were observed for a clone
expressing another IgG1. The effects of cystine and Tyr on CHO cells
should be general for antibody producing CHO cells.

Transcriptomic and proteomic analyses were performed to deter-
mine the synergistic effects of cystine and Tyr (Figure 3). The expres-
sion levels of PDIs and P4hb, a molecular chaperone associated with
PDI, increased in the presence of sufficient cystine and Tyr. The intra-
cellular protein levels of HC and LC were significantly increased in
the C:T = 3:3 condition compared with C:T = 0:3 (Supplementary
5). Contrary to the enhanced disulfide bond formation, the expres-
sion of endoplasmic reticulum oxidase 1s (ERO1s), Erola, and Erolb
decreased under these conditions. And the expression of ER stress
markers was suppressed. Thus, PDIs and related chaperones should
function adequately to fold mAbs and prevent the accumulation of
misfolded proteins.

Superoxide dismutase 1 and 2 (SOD1 and SOD2) protect cells from
oxidative stress by converting superoxide anion radicals to less harmful
hydrogen peroxide in the cytosol and mitochondria, respectively.4142]
The addition of cystine increased the protein expression levels of
SOD1 and SOD2 under the C:T = 1:3 and C:T = 3:3 conditions.
The enhanced antibody production should result in the increase of
superoxide. Hydrogen peroxide produced by SODs was treated with
glutathione peroxidase, using GSH as a reductant. The addition of cys-
tine suppressed oxidative stress caused by antibody production by
supplying GSH.

Next, we examined the factors related to GSH metabolism and
ERAD. The extramembrane enzymes y-glutamyltransferase (GGT) and
glutathione S-transferase (GST) are associated with GSH metabolism.
GGT catalyzes the first step in the degradation of extracellular
GSH, the hydrolysis of the y-glutamyl bond between glutamate and
cysteine.[43] GSTM is a GST classified in the u family that catalyzes
the binding of GSH to electrophilic molecules.[*4! The results for Ggt1
in Figure 4 show that under the C:T = 0:3 condition, the Cys supply
is insufficient. Ggt1 mRNA expression was increased to degrade GSH
and supply Cys. As the amounts of intracellular Cys in the C:T = 1:3
and C:T = 3:3 conditions were sufficient, Ggt1 expression was sup-

pressed, and GSH degradation did not proceed. Because the Gstm

mRNA level was higher in the C:T = 1:3 and C:T = 3:3 conditions
than in the C:T = 0:3 condition, intracellular detoxification in the cell
was activated. These results suggest that under the C:T = 1:3 and
C:T = 3:3 conditions, the GSH concentration was kept high enough
for H,O, reduction and cell detoxification. The mRNA levels of ERAD-
related genes, Atfé6 . Ubxn4, and Sel1l, and the protein expression level
of SLC1AD5, a glutaminolysis indicator, were significantly higher under
the C:T = 0:3 condition, and they decreased with an increase in cys-
tine. The higher expression of SLC1A5 under C:T = 0:3 condition is
related to the decreased of glutamine (Figure 3). These results indicate
that sufficient cystine and Tyr can reduce ERAD and glutaminolysis.
Thus, by supplying sufficient amounts of cystine and Tyr, cells can
respond appropriately to ER and oxidative stress and suppress ERAD.
The expression level of Sic7a11 was significantly increased only in the
C:T = 1:3 condition on day 12. This suggests that the C:T = 1:3 con-
dition falls short of cystine, especially in the late phase of the culture,
such as day 12 and beyond.

The effects of cystine and Tyr on the TCA cycle and apoptosis-
related factors were also investigated (Figure 4). Oxaloacetate, a key
intermediate of the TCA cycle, is synthesized from pyruvate carboxy-
lase (PC). Phosphoenolpyruvate carboxykinase 2 (PEPCK2) converts
oxaloacetate into phosphoenolpyruvate. As Pck2 is under the con-
trol of the transcription factor, Atf3, AAR and ER stress upregulate
Pck2 expression.[43] In the C:T = 3:3 condition, the expression of the
PEPCK2 gene, Pck2, was suppressed. In contrast, the expression of the
PC gene, Pc, was enhanced under the C:T = 1:3 and C:T = 3:3 condi-
tions. An increase in PEPCK2 under low-cystine conditions causes a
decrease in oxaloacetic acid, resulting in decreased TCA cycle activ-
ity. In contrast, Pc expression increased in the late phase of the culture
under the C:T = 1:3 and C:T = 3:3 conditions. Production of oxaloac-
etate was enhanced, particularly in the C:T = 3:3 condition, indicating
activation of the TCA cycle. The key enzymes involved in TCA cycle acti-
vation are succinate dehydrogenase (SDH) and aconitase (ACO). SDH,
which comprises SDHA and SDHB, oxidizes succinate to fumarate.[46!]
ACO converts citrate to isocitrate. In particular, aconitase 2 (ACO2)
is expressed in the mitochondria and plays an essential role in the
TCA cycle. Aconitase has been widely used as a biomarker of oxida-
tive stress and has been suggested to function as an intramitochondrial
sensor of redox status, thereby acting as an oxidation-sensitive TCA
cycle regulatory enzyme.[47! The protein expression levels of SDHA,
SDHB, and ACO2 were higher in the late phase of the culture under the
C.T = 1:3 and C:T = 3:3 conditions compared to C:T = 0:3 conditions.
Thus, the addition of cystine and Tyr is important for maintaining TCA
cycle activity.

The mRNA levels of Ppplrl5a and Ddit3 decreased under the
C:T = 1:3 condition and C:T = 3:3 conditions compared to the
C.T = 0:3 condition, indicating that apoptosis was suppressed under
the C:T = 1:3 and C:T = 3:3 conditions.

Compared to the C:T = 0:3 condition, the C:T = 1:3 and C:T = 3:3
conditions were found to inhibit apoptosis to the same extent
from the reduction of cellular stress; however, there was a sig-
nificant difference in proliferation and productivity between the

conditions.
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85UB01 SUOWILLOD BAITER1D) 8]qel (dde 8y} Ag peusenob aJe Ss(oile O ‘8sn Jo Se|ni o} Akeid]8uljuO /8|1 UO (SUONIPUD-PUE-SWLB) W00 A8 | Ale.d1|puluoy/:SAny) SUORIPUOD pue swie | 8y} 8es *[£202/20/Gz] uo Ariqiauliuo Ae|im ‘ueder sueyooD Aq 889002202 1010/200T OT/I0p/W0D" A8 1M Ake.d1puluoy/:sdny woiy pepeojumod */ ‘€202 ‘vTEL098T



SHIBAFUJI ET AL.

Biotechnology

GGT1

0 LA AL R B R R |
Culture day

SLC7A11
(D) s00-

400

300

CPM

200

1003

0 5 10

0 L R A B L L |
Culture day

SEL1L
(G) so0-

400

CPM

200

0 5 10

0 L LR |
Culture day

(J) 200+ PC

0 5 10

Culture day

ACO2 PROTEIN

2x10°

Intensity

1x10°

0 5 10

Culture day

90of 12
JournaIJ—

GSTM2 GSTM7
(B) 10- (C) 501
8 40
s 6- s 30
o o
O 4 © 20-
24 10
0 LA L R B R 1 0 LA S L A |
0 5 10 15 0 5 10 15
Culture day Culture day
ATF6 UBXN4
(E) 150- (F) 200-
150
100+
E o. 100
o
50
50
0 L L 1 0 LA B L L LA R A |
0 5 10 15 0 5 10 15
Culture day Culture day
SLC1A5 PROTEIN PCK2
(H) sx10°+ (1) 250+
4x%108- 200§
£ 3100y s 150
c
] o
E 2108 O 4004
8
1x10 50-
0 LA B L R B L S L R LR | n
0 5 10 15 "o 1
Culture day s 10 15
Culture day
(K) 2x102- SDHA PROTEIN (L) 1 seroo- SDHB PROTEIN
1.5%10°
2 > 1x10°7
g 1x10° g
< E
= = 5x1054
5x108
0 T T 1 0 T T T 1
0 5 10 15 0 5 10 15
Culture day Culture day
(N) 150 PPP1R15A (0)150_ DDIT3
100 100
= =
o o
o o
50 50
0 —r T ™1 05— —r rr 11
0 5 10 15 0 5 10 15
Culture day Culture day

FIGURE 4 The effects of cystine and Tyr on the TCA cycle and apoptosis-related factors. (A) - (O) Time-course plots of the associated RNA
transcripts (CPM) and proteins (abundance). Each value represents the mean value (N = 3), and error bars represent the standard deviation. Blue
(square dots), orange (inverted triangular dots), and red (diamond dots) indicate the C:T = 0:3, C:T = 1:3 and C:T = 3:3 conditions, respectively. All

data are fromclone 1.

8518017 SUOWILIOD 3AIERID 3|l idde aus Aq paueA0b 818 S YO 88N JO S3|NJ o ARIG 1T BUIIUO /8|1 UO (SUOIPUOD-PUR-SWLIBYWI0D" A 1M AReq1 Bl U0/ SA1Y) SUORIPUOD pue SWB | 34} 88S *[£202/20/G2] U0 AreiqiTauljuo A8|im ‘ueder aLreiL000 AQ 89002202 1010/200T OT/I0p/L00™A8 | M AR 1 [euuo//Sdiy WwoJ papeojumod ‘. ‘€202 ‘YTEL098T



100i12 | _ Biotechnology

SHIBAFUJIET AL.

Journal

Ingenuity pathway analysis for the day 12 data shows the pathways
activated under the C:T = 3:3 condition. The top five pathways with a
higher z-score in the C:T = 3:3 condition than in the C:T = 1:3 condition
include oxidative phosphorylation pathway, kinetochore metaphase
signaling pathway, and pathways related to DNA repair and replication
(Table S5).

4 | DISCUSSION

In this study, multi-omics analysis revealed the effect of cystine
and Tyr addition on intracellular stress in fed-batch culture for
mAb production. The addition of cystine alone causes ER stress,
resulting in a decrease in pH, viability rate, and productivity in the
late phase of the culture. The negative effect of cystine was likely
caused by the consumption of reducing power for the conversion of
cystine to Cys.

In contrast, the addition of Tyr alone partially suppressed ER stress
and inhibited apoptosis. Although a previous study showed that the
addition of Tyr has an inhibitory effect on autophagic cell death,®!
our results showed that the addition of Tyr did not change the mRNA
expression level of an autophagy marker, P62/ Sqstm1. The protein
expression levels of ERO increased in the Tyr-added condition, which
would produce more H,O, upon the oxidation of PDI. In contrast, the
expression level of Gss did not increase in the Tyr-supplemented con-
dition, indicating that the amount of GSH was sufficient to treat H,O,
produced by EROs. These results suggest the existence of another
system for coping with oxidative stress. Ubiquinone (coenzyme Q), an
antioxidant in the cell, is biosynthesized from Tyr in mammalian cells.
As the addition of ubiquinone was as effective as that of Tyr, Tyr might
exhibit antioxidant ability through ubiquinone. Although ubiquinone
is mainly active in the mitochondria,l48] there are a couple of reports
on the occurrence of ubiquinone in the Golgi and ER membranes.[4?]
UBIAD1 is reported to be a nonmitochondrial ubiquinone forming
enzyme.[50]

To suppress the ER stress caused by cystine while satisfying the cel-
lular requirements of Cys, Tyr was added with cystine. The addition
of sufficient cystine and Tyr could improve the proliferative capacity,
maintain viability, and increase productivity. Significant suppression
of ER stress, activation of GSH metabolism, appropriate response to
oxidative stress by SOD1 and SOD2, reduction of ERAD, and activation
of the TCA cycle were observed. Activation of the TCA cycle can sig-
nificantly improve cell proliferation and productivity by improving ATP
production and energy utilization. The addition of sufficient amounts
of cystine and Tyr increased PDI expression. In particular, a marked
increase in PDIA3 and PDIA4 expression was observed. Previous stud-
ies have shown that PDIA3 and PDIA4 are involved in disulfide bond
formation of antibodies in CHO cells.!>1]

These omics results on the stress response to cystine addition are
generally consistent with the results of Ali et al.[>12] Ali et al. con-
firmed an increase in SOD2 with Cys addition, but not an increase in
SOD1.[5121SOD1 is the predominant SOD in most cells, accounting for
70%-80% of total cellular SOD activity, and is found to be expressed in

the cytoplasm.[42] SOD1 expression level was more upregulated in the
C.T = 1:3 condition than in the C:T = 3:3 condition, possibly because of
the amount of cystine added. This could also be the difference between
Cys and cystine additions. However, further studies are required to
elucidate the mechanisms of expression regulation.

To investigate the difference in proliferation and productivity
between the C:T = 1:3 and C:T = 3:3 conditions, ingenuity pathway
analysis was performed for the day 12 data to determine the path-
ways activated in the C:T = 3:3 condition. Interestingly, three of the top
five pathways were found related to DNA repair and replication. The
base excision repair (BER) pathway is associated with the repair of DNA
damage and strand breaks caused by endogenous and exogenous muta-
gens. Nucleotide excision repair (NER) enhanced pathway is involved in
recognizing and removing local single-stranded DNA damage. The cell
cycle control of chromosomal replication is a DNA replication pathway
during cell division. In addition, the kinetochore metaphase signaling
pathway, which is related to interactions between kinetochores and
microtubules, and segregating chromosomes during cell division, was
also activated. Thus, under the C:T = 3:3 condition, the cells actively
proliferated until day 12.

Corresponding to active proliferation, the most activated path-
way was the oxidative phosphorylation pathway. Ubiquinone is
required for the transfer of electrons from NADH- or FAD-dependent
enzymes to the respiratory Complex Il within the inner mitochondrial
membrane.[4?! There may be a relationship between the effectiveness
of the addition of coenzyme Q10, as shown in Figure 2, and the activa-
tion of oxidative phosphorylation (Table S3); however, further research
is needed to verify this hypothesis.

The relationship between cellular stress and apoptosis caused by
the addition of cystine and Tyr can be clarified by omics analysis.
Appropriate levels of cystine and Tyr for antibody production in CHO
cells were observed. Each factor presented in this study is a poten-
tial marker for monitoring stress during bioprocesses. Multi-omics
analysis provides a detailed understanding of the biological changes
associated with changes in nutrient availability and identifies possible
process improvements. This also allowed us to identify additive factors
that could replace Tyr in reducing oxidative stress. This multi-omics
approach may be applicable to various culture modes such as perfusion
cultures. Understanding cellular responses to fluctuations in biopro-
cess conditions can lead to improved productivity and robust control

of bioprocesses.
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