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Abstract: The complex structure of monoclonal antibodies (mAbs) expressed in Chinese hamster
ovary (CHO) cells may result in the accumulation of unfolded proteins, triggering endoplasmic
reticulum (ER) stress and an unfolded protein response (UPR). If the protein folding ability cannot
maintain ER homeostasis, the cell will shut down protein translation and ultimately induce apoptosis.
We co-overexpressed HsQSOX1b and survivin proteins in the antibody-producing cell line CHO-
PAb to obtain a new cell line, CHO-PAb-QS. Compared with CHO-PAb cells, the survival time
of CHO-PAb-QS cells in batch culture was extended by 2 days, and the antibody accumulation
and productivity were increased by 52% and 45%, respectively. The proportion of (HC-LC)2 was
approximately doubled in the CHO-PAb-QS cells, which adapted to the accelerated disulfide bond
folding capacity by upregulating the UPR’s strength and increasing the ER content. The results of
the apoptosis assays indicated that the CHO-PAb-QS cell line exhibited more excellent resistance to
apoptosis induced by ER stress. Finally, CHO-PAb-QS cells exhibited mild oxidative stress but did
not significantly alter the redox status. This study demonstrated that strategies based on HsQSOX1b
and survivin co-overexpression could facilitate protein disulfide bond folding and anti-apoptosis
ability, enhancing antibody production efficiency in CHO cell lines.

Keywords: CHO cells; antibody production efficiency; disulfide bond folding; apoptotic resistance;
unfolded protein response

1. Introduction

Chinese hamster ovary (CHO) cells have been the most prevalent production cell line
for the past 30 years and continue to be the industry’s primary workhorse for therapeutic
protein production [1]. To meet the growing global demand for biopharmaceuticals, espe-
cially therapeutic antibodies, CHO cells are needed to improve their production efficiency
further and reduce production costs [2,3]. The synthesis of secreted proteins by CHO
cells involves a series of processes, including transcription, translation, post-translational
modification, protein folding, and secretion. The endoplasmic reticulum (ER) provides a
distinctive oxidative milieu that is indispensable for the optimal operation of the enzymes
and chaperones that are responsible for catalyzing the reactions that modify, fold, and as-
semble nascent proteins to obtain the functional conformation necessary for transport to the
Golgi apparatus [4]. It has been demonstrated in multiple studies that product yield is not
invariably proportional to gene copy number and mRNA levels [5]. The post-translational
process is the bottleneck for secreted protein production [6]. Oxidative protein folding, char-
acterized by intramolecular disulfide bond formation, is arguably the most complex protein
folding problem and a rate-limiting step in synthesizing secreted proteins [7]. The ER acts
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as the biosynthetic organelle of all secreted proteins and membrane proteins, and excessive
and complex protein production can lead to protein unfolding and misfolding, which
triggers ER stress [8]. At the same time, the cells trigger the unfolded protein response
(UPR) to both maintain and restore homeostasis in the ER by weakening protein translation,
activating folding mechanisms, and degrading the unfolded protein [9]. However, if ER
homeostasis cannot be maintained due to limited protein folding capacity, the cell shuts
down protein translation to minimize the ER load and ultimately induce apoptosis [10,11].
Therefore, it is crucial to fine-tune and control the UPR to improve the performance of
the ER and maintain cell homeostasis to enhance the productivity and robustness of CHO
cells [12]. These are also the current challenges in CHO cell engineering.

Monoclonal antibodies (mAbs) possess a complex structure and function compared to
other recombinant proteins produced in CHO cells [13]. Most therapeutic mAbs belong
to IgG1, a subclass of immunoglobulin G (IgG), which is a heterodimer molecule of about
150 kDa consisting of two heavy chains (HC, 50 kDa) and two light chains (LC, 25 kDa) [14].
For disulfide bond folding, HCs and LCs are translocated to the ER; HCs and LCs co-
translate the translocations to the ER for disulfide bond folding [15]. A complete IgG1
molecule contains 16 disulfide bonds, and the correct folding of disulfide bonds enables
IgG1 molecules to form the correct conformation, maintain the integrity of IgG1 molecules,
and maintain their biological activity [16]. Therefore, the folding ability of disulfide bonds
is essential in antibody-producing cells. In the ER of CHO cells, the oxidation capacity of
molecular oxygen is utilized mainly by protein disulfide isomerase (PDI) and endoplasmic
reticulum oxidoreductase 1 (Ero1) to generate new disulfide bonds in the newly folded
protein [4,17]. PDI has previously been actively studied to study the folding efficiency
of disulfide bonds within CHO cells. For instance, when PDIa4 was knocked down in
CHO cells, it was observed that the amount of antibody secretion was reduced, and the
accumulation of immature antibodies in the cells was observed [18]. At the same time,
the addition of recombinant PDIa4 could refold the antibodies and Fas. Nevertheless, the
overexpression of PDI has yielded disparate outcomes in the production of recombinant
protein products, which is contingent upon the cell line, model protein products, and
cell engineering target genes. A study has demonstrated that the overexpression of PDI
resulted in a notable enhancement in the secretion rate of human antibodies, with an
increase of approximately 27% [19]. Conversely, intracellular retention of TNFR/Fc protein
was observed in other recombinant CHO cells, and PDI overexpression did not impact the
productivity of thrombopoietin-secreting CHO cells [20,21]. Since PDI is dependent on Ero1
for sustained disulfide bond folding, and the rate-limiting step of disulfide bond formation
is the oxidative regeneration of PDI in the reduced state, the researchers have considered
Ero1 expression level to be an essential factor in antibody disulfide bond formation and
have investigated this [22]. Mohan et al. showed the transient overexpression of Ero1 and
co-expression of Ero1 and PDI in antibody-producing rCHO cells, which increased the
specific antibody growth rate by 37% and 55%, respectively [23]. In the process of stable
overexpression of Ero1 and PDI, it was found that antibody expression did not achieve
the expected increase effect, which suggested that the productivity may depend on the
expression level of PDI and the ratio of Ero1 to PDI.

ER-mediated apoptosis is triggered by sustained ER stress via UPR, and apoptotic
cells rapidly enter the death stage, producing contaminated cell debris, shortening culture
time, and reducing production and product quality [24]. Cell engineering methods to
inhibit or delay apoptosis have been developed in CHO cells, focusing on manipulating
pro-apoptotic and anti-apoptotic proteins [25]. Heat shock proteins (HSPs) are produced in
response to low-stress levels in what is known as a “stress response,” with many family
members acting as companions for the unfolded protein and generally acting as stabilizers
for the folded protein [26]. For example, HSP27 can inhibit the caspase-dependent arms of
Fas-activated exogenous pathways and caspase-3 activation. Another member of the HSP
family [27], HSP70, inhibits mitochondria-related apoptosis by inhibiting BAX transport
from the cytosol to the mitochondria [28]. There are also many studies on the anti-apoptotic
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effect of BCL-2 family members through CHO cell engineering. The general research idea
is the overexpression of negative apoptotic regulators (BCL-2, BCL-xL, and MCL-1) and
the knockout of positive apoptotic regulators (BAK and BAX) [29–32]. Most results have
demonstrated extended cell culture times and titer increases in products ranging from
35% to 500% [31,33]. As caspase is a pivotal factor in signaling during caspase-dependent
apoptosis, it is a logical target for anti-apoptotic engineering [25]. Current studies have
targeted caspase-3, -7, -8, and -9 in CHO cells through knockdown action or overexpression
of caspase inhibitors XIAP and CRMA [24,34,35]. Caspase knockdown studies in CHO cells
typically result in a slight increase in viable cell density or survival, of up to 40% [36]. These
anti-apoptotic cell engineering strategies help combat the apoptosis caused by ER stress,
maintain cell homeostasis, and positively affect the productivity of recombinant products.

Quiescin sulfhydryl oxidase 1 (QSOX1) is a unique thiol oxidase that can form disul-
fide bonds and transfer disulfide simultaneously. It is widely distributed in all multicel-
lular organisms and can introduce disulfide bonds to substrate proteins independently
of Ero1 [37,38]. When the tri (2-carboxyethyl) phosphine and dithiothreitol were used as
substrates, the enzyme activity of HsQSOX1b was 100 times higher than that of Ero1 and
Erv family sulfhydryl oxidase [39]. Survivin is the smallest member of the inhibitor of the
apoptosis protein (IAP) family and possesses the baculovirus apoptosis inhibitor protein re-
peat (BIR) structure [40]. Survivin has been demonstrated as inhibiting caspase-3/7 activity,
thereby inhibiting apoptosis directly [41]. Additionally, it has been shown to inhibit apop-
tosis induced by Fas, Bax, and anticancer drugs, indicating a broad range of anti-apoptotic
capabilities [42]. Previous studies conducted by our research group have demonstrated
that the stable overexpression of the HsQSOX1b and survivin genes in CHO-K1 cells can
enhance the folding ability of the disulfide bond of humanized Gaussia luciferase (GLuc),
improve anti-apoptosis ability, and prolong the protein production cycle of cells [43]. In this
study, we will further investigate the effect of overexpression of HsQSOX1b and survivin on
antibody efficacy in antibody production strains and investigate the mechanism in the cell.
Our study suggests that the cellular strategy of HsQSOX1b and survivin co-overexpression
can improve the ER folding ability and anti-apoptosis ability of antibody-producing cell
lines and the production of complex recombinant proteins in CHO cell lines.

2. Materials and Methods
2.1. Plasmid Construction

The preliminary laboratory constructed the expression box EC#2, which contains
the coding genes for HsQSOX1b and survivin. HsQSOX1b is the abbreviation of human
quiescin sulfhydryl oxidase 1 isoform b, in which the secretion of the precursor peptide
was removed. The N-terminal end of HsQSOX1b was connected to the fluorescent protein
EGFP, and an ER localization sequence, KDEL, was added to the C-terminal end, referred
to as EQK for short. It is linked to survivin by a self-clipped peptide, T2A. PCR amplified
the EC#2 expression box with the restriction sites of Hind III and BamH I added and was
recombined into the mammalian expression vector pcDNA3.1(+) plasmid, as shown in
Supplementary Figure S1, and briefly named pcDNA3.1(+)-QS.

2.2. Cell Line Development

In this study, we engineered the host of CHO-PAb, a cell line that stably expresses
pembrolizumab antibodies. The pembrolizumab antibody gene sequence in CHO-PAb cells
is stably integrated into the active transcription site H11 and has been shown to have stable
expression properties of pembrolizumab antibodies. Further information on CHO-PAb
cell lines is available in a previous publication [44]. The CHO-PAb cells were digested and
spread on 6-well plates one day in advance, with approximately 5 × 105 cells added to each
well, and fresh medium was replaced the next day. The transfer solution was prepared by
combining 100 µL of opti-MEM medium (Gibco Life Technologies, Gaithersburg, MD, USA),
2 µg of pcDNA3.1(+)-QS plasmid, and 4 µL of Lipo8000 transfection reagent (Beyotime,
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Shanghai, China), and gently mixing the components. The transfer solution was then added
dropwise to the 6-well plate, gently rolled to mix well, and cultured in a CO2 incubator.

Following 48 h of transfection, stably integrated cell lines were identified using a
medium containing 2 mg/mL of G418 antibiotic, with the medium being replaced every
2–3 days. Monoclonal cells were then obtained from cell pools through a limited dilution
process. The cells digested with trypsin were diluted in a medium and inoculated at a
density of 0.5 cells per well in 96-well plates. After incubation for approximately two weeks,
cells with robust growth and green fluorescence excitation were selected by fluorescence
inverted microscope (Olympus, Nagano, Japan) and transferred to 6-well plates for further
culture and analysis.

Cell proliferation experiments were performed using the xCELLigence RTCA instru-
ment (Agilent, Santa Clara, CA, USA). A total of 2000 target cells were enumerated via
plate counting, diluted with the same medium of 200 µL, and added to E-Plate 16. The cells
were then operated according to the manufacturer’s instructions of the RTCA instrument,
which automatically records the cell growth trend.

2.3. Cell Culture

Adherent cell culture: The CHO series of adhesion cells were cultured using Ham’s
F-12 medium (Gibco Life Technologies) with 10% fetal bovine serum and 1% penicillin-
streptomycin amphotericin (Solarbio, Beijing, China) in a cell incubator at 37 ◦C in a humid
environment of 5% CO2. Cells with a fusion of 80–90% were digested with 0.25% trypsin
(Solarbio) and cultured in a ratio of 1:4, with the medium changed every two days.

Suspension cell culture: The CHO series cells were acclimated in suspension by
gradually decreasing serum. This involved reducing the serum in Ham’s F-12 medium from
10% to 0.5%, mixing it with CHOGrow® CD serum-free medium (Basalmedia, Shanghai,
China) five times, and then transferring the cells to suspension culture bottles. The culture
was continued with a serum-free medium at 37 ◦C, 5% CO2, and 120 rpm. Cell count
was performed with a cell counting apparatus (Thermo Fisher Scientific, Waltham, MA,
USA), and the cell density reached 2 × 106 cells/mL or more, which was in the logarithmic
growth stage. Cell passage could be performed according to the living cell density of
3 × 105 cells/mL.

2.4. Cell Parameter Detection during Batch Culture

Detection of living cell density and cell viability: A total of 25 mL CHO-PAb and
CHO-PAb-QS suspension cells with a density of 5 × 105 cells/mL were inoculated into a
125 mL suspension culture bottle which was maintained at 37 ◦C, 5% CO2, and 120 rpm.
Three parallel groups were set up daily to detect the live cell density and cell viability by
cell counter.

ELISA to detect the antibody content: A total of 0.2 mL of the cell suspension was
removed and centrifuged at 12,000 rpm for 5 min, and the culture supernatant was collected
daily. ELISA plates were coated with 100 µL of 2 mg/mL PD-1 antigen (DIMA BIOTECH,
Wuhan, China) per well and incubated overnight at 4 ◦C. Subsequently, non-specific
binding was blocked with 1% BSA for 1 h. Samples of the pembrolizumab standard (DIMA
BIOTECH) and diluted culture supernatant were then added to the appropriate pore
for 1 h with a PBST wash plate. Following the addition of HRP-Goat Anti-Human IgG
(H + L) (Proteintech, Wuhan, China) and incubation for 1 h at room temperature, the TMB
substrate solution (Solarbio) was added. The absorbance at 405 nm was then detected by
the microplate reader (Thermo Fisher Scientific).

Calculation of cell line unit productivity: The suspension cell antibody production
rate (qmAb, pg/cell/day) was calculated by the following formula:

qmAb =
mmAb
ICA
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mmAb is the total mass of mAb in the culture supernatant measured by ELISA and
ICA (integral cell area) is the overall cell area. The calculation formula is as follows:

ICA =
(N − N0)× t
loge(N/N0)

where N and N0 are the final and initial number of living cells and t is the number of days
of culture.

2.5. Western Blot

Methods of obtaining exocrine antibodies and cell lysis are described in detail in our
previous publications [44]. The folding state of the antibody was analyzed by denaturing
non-reducing SDS-PAGE electrophoresis and Western blot. The T25 culture flask was
inoculated with 2 mL of 5 × 105 cell suspensions. After 24 h of adherence culture, the culture
medium was replaced with fresh medium or medium containing 20 µg/mL BFA (Beyotime),
and the total protein was collected after 8 h of further incubation for Western blot analysis.
The SDS-PAGE employed was 4–20% Bis-Tris precast page gel (Adamas, Shanghai, China)
with a voltage of 180 V, running to the bottom of the page for approximately 50 min.
Denatured reduction SDS-PAGE electrophoresis was employed to examine ER stress marker
proteins, internal reference proteins, and antibodies in extracellular media. The SDS-PAGE
utilized was 12% Tris-Glycine precast page gel (Adamas). For the Western blot analysis of
antibodies, the primary antibody was not incubated, and the secondary antibody, HRP-Goat
Anti-Human IgG (H + L) (Proteintech), was incubated for 1 h after closure and cleaning
with a dilution ratio of 1:10,000.

For the Western blot analysis of ER stress marker proteins, the primary antibody
was used in conjunction with the following antibodies: PERK (125 kDa, 1:2000, Abmart,
Shanghai, China); BiP (78 kDa, 1:2000, Abmart); CHOP (27 kDa, 1:2000, Abmart); and
β-actin (43 kDa, dilution ratio 1:8000, Abcam, Cambridge, MA, USA). The secondary
antibodies employed were HRP-Goat Anti-Rabbit IgG (H + L) (Proteintech) and HRP-Goat
Anti-Mouse IgG (H + L) (Proteintech), both with a dilution ratio of 1:10,000.

2.6. ER and Golgi Content Detection

Then, 2 × 106 cells were collected and washed with the PBS solution. The cells
were centrifuged at 800 rpm for 5 min to remove the washing solution, leaving the cell
precipitation. The cells were then dispersed with 1 mL of ER-Tracker Red or Golgi-Tracker
Red (Beyotime) diluent and incubated for 30 min. The ER-Tracker Red or Golgi-Tracker
Red staining solution was removed by centrifugation at 300× g for 5 min, and the cells
were washed with PBS solution twice. After that, the cells were analyzed by flow cytometry
(Beckman Coulter, Brea, CA, USA).

2.7. Detection of Cell Apoptosis Rate

Annexin V-PE/7-AAD apoptosis detection kit (Vazyme, Nanjing, China) was used
for the determination. Cells were cultured with 10 µg/mL puromycin or 2.5 µg/mL
tunicamycin for 48 h. The cells were harvested and supplemented with 5 µL Annexin V-PE
and 5 µL 7-AAD staining solution. The cells were gently washed and incubated for 10 min
at room temperature without light. A total of 200 µL of 1× binding buffer was added,
gently and evenly aspirated, and flow cytometry was performed. Tens of thousands of cells
were collected for each sample. The excitation wavelength for flow cytometry was 488 nm.
The fluorescence of PE was detected in the FL2 channel, and the fluorescence of 7-AAD
was detected in the FL3 channel. The apoptosis rate was analyzed using FlowJo software
(FlowJoV10, Becton, Dickinson & Company, New York, NY, USA).

2.8. Detection of Intracellular Caspase-3 Activity

The caspase-3 activity assay kit (Beyotime) was used. Cells were cultured with
10 µg/mL puromycin or 2.5 µg/mL tunicamycin for 48 h, cell precipitates were collected,
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cells were suspended with 150 µL lysate, cells were lysed in an ice bath for 15 min, cen-
trifuged at 4 ◦C at 16,000× g for 15 min, and the lysate supernatant was collected in a
new precooled centrifuge tube. The protein concentration in the cleavage supernatant was
determined using the Bradford method. A total of 100 µL ρNA standard of 0, 10, 20, 50, 100,
and 200 µM was added to the enzyme-labeled plate, and the enzyme-labeled instrument
measured the absorbance of 405 nm, and the standard ρNA curve was plotted. Then, 50 µL
of the cleavage supernatant to be measured was added to 40 µL of detection buffer, and
10 µL of Ac-DEVD-ρNA at a concentration of 2 mM was added. After incubation at 37 ◦C
for 2 h, the absorbance of 405 nm was measured on the microplate reader. The amount
of ρNA catalyzed by the sample was obtained according to the calculation formula of
the standard curve. According to the number of caspase-3 enzyme activity units and the
protein concentration of the cleavage supernatant, the enzyme activity units of caspase-3
contained in the protein per unit weight of each sample could be calculated as µmol/mg or
mmol/g.

2.9. Detection of Total Antioxidant Capacity of Cells

A ferric reducing ability of plasma (FRAP) kit (Beyotime) was used to detect the total
antioxidant capacity of cells. A total of 1 × 106 cells were collected, frozen, and thawed
repeatedly in liquid nitrogen and a 37 ◦C water bath, centrifuged at 12,000× g at 4 ◦C for
10 min; the supernatant was collected, and the total protein concentration was determined
by the BCA protein concentration detection method. Then, 100 mM FeSO4 solution was
diluted with distilled water to 0.15, 0.3, 0.6, 0.9, 1.2, and 1.5 mM as standard solutions. Each
well of the 96-well plate was filled with 180 µL FRAP working fluid, 5 µL FeSO4 standard
solution of various concentrations was added to the standard curve test well, and 5 µL
distilled water was added to the blank control well. Samples of cell lysis supernatant were
added to the sample test well. After incubation at 37 ◦C for 5 min, the 593 nm absorbance
value of each well was determined by a microplate reader, and the total antioxidant capacity
of the sample was calculated according to the standard curve. The total antioxidant capacity
of the sample is expressed as the concentration of the FeSO4 standard solution. Finally, the
total antioxidant capacity per milligram or gram of protein was calculated in mmol/mg or
mmol/g.

2.10. Measurement of GSH and GSSG

The GSH and GSSG assay kit (Beyotime) measured the GSH and GSSG in cells. GSSG
can be reduced to GSH by glutathione reductase, and GSH can react with the decolorizing
substrate DTNB to produce yellow TNB and GSSG. When these two reactions are combined,
tGSH (GSSG + GSH) acts as a rate-limiting factor for color production, and the amount of
tGSH determines the amount of yellow TNB formed. Fresh cells were harvested, protein
removal reagent M solution was added at 3× cell precipitation volume, frozen and thawed
repeatedly in liquid nitrogen and 37 ◦C water bath, centrifuged at 12,000× g at 4 ◦C for
10 min, supernatant was collected, and total protein concentration was determined by
BCA protein concentration detection method. To each 100 µL GSSG standard solution
and supernatant sample, 20 µL GSH scavenging auxiliary solution and 4.8 µL scavenging
reagent working solution were added, immediately mixed, and reacted at 25 ◦C for 60 min.
To the 96-well plate, 10 µL standard or sample was added sequentially, combined with
150 µL total glutathione detection working solution, and incubated at 25 ◦C or room
temperature for 5 min. After mixing with NADPH solution for 25 min, the microplate
reader used the absorbance of 412 nm. Calculation of the tGSH content in the sample:
the sample can be calculated against the standard curve to tGSH (GSSG concentration
calculated by the standard curve multiplied by 2) or GSSG content; with the amount of
tGSH minus the content of GSSG, you can calculate the content of GSH.



Cells 2024, 13, 1481 7 of 20

2.11. Transcriptome Analysis

RNA sequencing was performed on the CHO-PAb-QS cell line using the CHO-PAb cell
line as a reference. Total RNA was extracted using the TRIzol reagent (Invitrogen, Carlsbad,
CA, USA) according to the manufacturer’s protocol. Then, the libraries were constructed
using VAHTS Universal V6 RNA-seq Library Prep Kit according to the manufacturer’s
instructions. The transcriptome sequencing and analysis were conducted by OE Biotech
Co., Ltd. (Shanghai, China). The DESeq2 software (version 1.34.1) was employed to
perform differential expression gene analysis, with a focus on the protein processing in
the ER (KEGG pathway map04141), the apoptosis pathway in mammals (KEGG pathway
map04215), and the ER-Golgi vesicular transport pathway (KEGG pathway map04130).
The results were presented in a color-coded format, with the log2Foldchange value as the
basis for the color scheme (p-value < 0.05).

2.12. Statistical Analysis

All experimental data were presented as mean ± SD and statistical analysis and
graphing were performed using GraphPad Prism 9 software. Data from each group were
compared by t-test or one-way analysis of variance test; p < 0.05 was a significant difference.

3. Results
3.1. Construction of CHO-PAb-QS Cell Line with HsQSOX1b and Survivin Co-Overexpression

We stably integrated pcDNA3.1(+)-QS plasmid into the genome of stable producer
CHO-PAb cells secreting pembrolizumab antibodies to obtain a CHO-PAb-QS cell pool
that overexpressed both EGFP-HsQSOX1b-KDEL (EQK) and survivin proteins (Figure 1A).
After intracellular expression, EQK and survivin are dissociated, with EQK localized
in the ER and survivin dispersed in the cytoplasm (Figure 1A). We selected two robust
CHO-PAb-QS-a5 and CHO-PAb-QS-b3 monoclonal cell lines and observed them under
the fluorescence microscope. The HsQSOX1b protein, fused with the EGFP protein and
the ER localization sequence KDEL, exhibited green fluorescence and a dark nucleus
(Figure 1B). The expression of QSOX and survival was validated by Western blot analysis
(Figure 1C), which demonstrated the background expression of QSOX1 (67 kDa) and
the overexpression of EQK protein (96.5 kDa), as well as the overexpression of survivin
(16 kDa). The RTCA instrument detected the proliferation curves of two monoclonal cell
lines, shown in Figure 1D. The growth of the CHO-K1 cell line was significantly faster than
the other three cell lines. The CHO-PAb-QS-a5 and CHO-PAb-QS-b3 cell lines loaded more
functional genes than CHO-PAb, resulting in a slightly slower proliferation rate. However,
the growth trends of these three antibody-producing cell lines and the time to reach the
stable stage were similar. Given that the CHO-PAb-QS-b3 cell line exhibited a more
significant overexpression of proteins than the CHO-PAb-QS-a5 cell line and demonstrated
a more stable growth pattern, the CHO-PAb-QS-b3 cell line was selected for subsequent
experiments with CHO-PAb, which was designated as CHO-PAb-QS.
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cell lines. (A) Schematic diagram of CHO-PAb-QS cells overexpressed with EQK and survivin.
(B) Microscope view of two CHO-PAb-QS monoclonal cell lines. CHO-PAb-QS-a5 and CHO-PAb-QS-
b3 were the two positive monoclonal cells screened. In the fluorescence excitation view, HsQSOX1b
protein in EQK protein fused with EGFP protein, which made the ER show green fluorescence.
(C) Overexpression of EQK and survivin using Western blot. (D) The RTCA instrument measured
the proliferation curves of cell lines.
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3.2. Cell Growth and Antibody Expression during Batch Culture

The suspension domestication of CHO-PAb and CHO-PAb-QS cells was performed
to simulate industrial production. CHO-PAb and CHO-PAb-QS suspension cells were
cultured in batches for about two weeks, and viable cell density (VCD), cell viability, and
accumulated antibody production were measured daily. During the initial five days of
the culture period, the cell viability of CHO-PAb and CHO-PAb-QS decreased slowly but
remained above 90% (Figure 2A). As nutrients were consumed and harmful substances
accumulated, cell viability declined significantly from the sixth day onwards. By the tenth
day, the viability of CHO-PAb cells had fallen to 5.8%. In contrast, the decline in CHO-
PAb-QS cell viability was slower. The cell viability rate was 31.9% on the 10th day, and the
experiment was terminated when the cell viability dropped below 10% on the 12th day. On
day 6 of the batch culture, both cell lines reached the maximum viable cell density (VCDmax).
The VCDmax of CHO-PAb-QS cells was 3.4 × 106 cell/mL (Figure 2B), 8 × 105 cell/mL
lower than CHO-PAb cells (4.2 × 106 cell/mL). The VCD of the two cell lines decreased
significantly after the 6th day of culture, the decline in CHO-PAb cells was more rapid,
and the VCD was as low as 2 × 104 cell/mL on the 10th day, resulting in no further
detection. However, the VCD of CHO-PAb-QS cells was 9.1 × 105 cells/mL on day ten
and 1.55 × 105 cells/mL on 12th day. Compared with CHO-PAb cells, co-overexpression
of EQK and survivin decreased the VCDmax of CHO-PAb-QS cells by about 20%, but the
cell viability period was prolonged by two days, indicating a longer stable period and
longevity. This suggests that CHO-PAb-QS cells can maintain a stable culture for a more
extended period, have more robust anti-apoptotic properties, and have a longer lifespan
when cultured in batches.
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Figure 2. Characteristics of CHO-PAb and CHO-PAb-QS antibody production strains cultured in
batches. (A) Viable cell density and cell viability statistics of CHO-PAb and CHO-PAb-QS cells during
batch culture. The solid line represents the active cell density, and the dashed line represents the cell
viability. (B) Antibody accumulation statistics of CHO-PAb and CHO-PAb-QS cells. (C) Calculation
of unit productivity of CHO-PAb and CHO-PAb-QS cells. The unit productivity of CHO-PAb and
CHO-PAb-QS cells was calculated based on the number of live cells and antibody accumulation on
day 6 of the culture. Data were expressed as mean ± SD, n = 3, ** p < 0.01.

ELISA quantified the accumulation of antibodies by CHO-PAb and CHO-PAb-QS cells,
and the antibody production rate of these two cell lines was calculated based on the VCDmax
and antibody accumulation. From the 5th day of culture, the antibody accumulation
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of CHO-PAb-QS cells exceeded that of CHO-PAb cells, and the accumulated antibody
concentration reached 241 µg/mL after 12 days of culture. However, CHO-PAb cells
were cultured only until the 10th day due to low live cell density and cell viability, and
the antibody accumulation was 159 µg/mL (Figure 2B). The cell production rate was
calculated according to the time of VCDmax, that is, the accumulation of antibodies on
the 6th day (Figure 2C). CHO-PAb cells were 4.7 pg/cell/day, while CHO-PAb-QS cells
reached 6.8 pg/cell/day, about 1.45 times that of CHO-PAb cells. These results showed
that CHO-PAb-QS cells had higher antibody accumulation, antibody production rate, and
production efficiency than CHO-PAb cell lines in batch culture.

3.3. Folding Analysis of Intracellular Antibodies

SDS-PAGE and Western blot experiments were conducted on antibodies derived from
CHO-PAb and CHO-PAb-QS cells under non-reductive denaturation conditions. In this
experiment, Brefeldin A (BFA) impeded the transport of antibodies to the Golgi apparatus
in CHO-PAb and CHO-PAb-QS cells, resulting in the antibodies remaining in the ER.
Western blot analysis revealed that CHO-PAb-QS cells exhibited higher levels of fully
folded antibodies (HC-LC)2 compared to CHO-PAb cells (Figure 3A), accompanied by a
reduction in the number of types and levels of incomplete folded antibodies (including
HC2-LC, HC2, HC-LC, HC, and LC). The intervention of BFA resulted in the retention of
antibodies produced by CHO-PAb and CHO-PAb-QS cells in the ER, with a concomitant
reduction in the antibody content detected in the extracellular medium. The accumulation
of antibody (HC-LC)2 in CHO-PAb-QS cells was more pronounced than in CHO-PAb cells.
The gray values of antibody bands in the graph were calculated using Image J software
(V1.8.0.112, National Institutes of Health, Bethesda, USA) to evaluate the proportion of
fully folded antibodies (HC-LC)2 in all antibodies (Figure 3B). Under normal antibody
secretion conditions, the proportion of CHO-PAb-QS intracellular (HC-LC)2 was 40.82%,
nearly double that of CHO-PAb cells (22.35%). In the experiment with the addition of
BFA, the proportion of (HC-LC)2 in CHO-PAb-QS cells increased to a staggering 73.47%,
while CHO-PAb cells only rose from 22.35% to 49.63%. According to these results, it
can be inferred that CHO-PAb-QS cells have a higher disulfide bond folding speed than
CHO-PAb cells.
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Figure 3. Analysis of the folding state of CHO-PAb and CHO-PAb-QS cell folding antibodies.
(A) Western blot analysis of intracellular antibody status and extracellular secretion. Intracellular
antibody assembly and folding were analyzed using non-reducing but denaturing SDS-PAGE in the
presence of normal antibody secretion by cells and the presence of inhibition of antibody secretion
using BFA. (B) Statistics on the proportion of fully folded antibodies (HC-LC)2 to total antibodies.
Data were expressed as mean ± SD, n = 3, * p < 0.05, ** p < 0.01, *** p < 0.001.

3.4. Expression Analysis of ER Stress Marker Proteins in Cells

ER stress markers PERK, BiP, and CHOP levels were also quantified. The results
showed that the expressions of PERK, BiP, and CHOP proteins in CHO-PAb-QS cells were
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higher than those in CHO-PAb cells (Figure 4A). In the absence of any external stimuli,
the relative expression of PERK in CHO-PAb-QS cells was 1.29 times that of CHO-PAb
cells, the relative expression of BiP was 1.79 times that of CHO-PAb cells, and the relative
expression of CHOP was 1.21 times that of CHO-PAb cells. In this data set, CHO-PAb-QS
cells’ UPR intensity was higher than CHO-PAb cells. The addition of BFA resulted in
a significant increase in the expression of PERK, BiP, and CHOP proteins in CHO-PAb
and CHO-PAb-QS cells (Figure 4B). The expressions of PERK, BiP, and CHOP protein
in CHO-PAb cells increased by 1.29 times, 1.56 times, and 1.32 times, respectively, while
those in CHO-PAb-QS cells increased by 1.15 times, 1.06 times, and 1.43 times, respectively.
Following BFA treatment, the PERK, BiP, and CHOP protein expression levels of CHO-PAb-
QS cells were 1.13, 1.22, and 1.31 times that of CHO-PAb cells. These results indicated that
CHO-PAb-QS cells exhibited a more robust ER load and were better able to maintain ER
homeostasis than CHO-PAb cells. In conjunction with the analysis of antibody folding in
CHO-PAb and CHO-PAb-QS cells, the comparison of relative expression levels of ER stress
proteins revealed that in response to elevated folding speeds and protein productivity
within the ER, CHO-PAb-QS cells augmented the load of the ER by upregulating the UPR
intensity, thereby ensuring cellular vitality and productivity.
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cells. (A) The levels of endoplasmic reticulum stress marker proteins PERK, BiP, and CHOP were
detected by Western Blot. (B) Relative expression analysis of endoplasmic reticulum stress marker
proteins. Data were expressed as mean ± SD, n = 3, * p < 0.05, ** p < 0.01.

RNA-seq transcriptome analysis was performed on the CHO-PAb-QS cell line using
the CHO-PAb cell line as a reference. The results of the KEGG enrichment analysis in-
dicated that the KEGG pathway (map04141) exhibited a relatively complete array of ER
activities, encompassing the correct protein processing, endoplasmic reticulum-associated
degradation (ERAD), and the UPR signaling pathway (Supplementary Figure S2). A no-
table increase in the expression of genes involved in glycosylation was observed in the
correct protein processing, including the GlcI and ERManI genes. It is speculated that due
to the fast disulfide bond folding rate of CHO-PAb-QS cells, the intracellular glycosylation
reaction is correspondingly improved. Among the three signaling pathways of the UPR
response, the expression of many critical factors in the PERK and IRE1 pathways was
elevated despite most of the genes in the ATF6 pathway having a p-value ≥ 0.05 and being
out of the labeling range. The results indicated that the degree of the UPR signal activation
and ER pressure in CHO-PAb cells was higher than that of CHO-PAb cells. In addition
to the fact that the co-overexpression of EQK and survivin in CHO-PAb-QS cells would
impose a specific load on the ER, the enhanced folding capacity of disulfide bonds and
the accelerated synthesis of antibodies in CHO-PAb-QS cells would collectively activate
the endoplasmic reticulum UPR. Concurrently, the expression levels of most chaperone
molecules in the ER of CHO-PAb-QS cells were markedly elevated, including BiP, heat
shock protein Hsp70, and heat shock protein Hsp90, among others. The increased synthesis
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of these ER chaperone molecules was hypothesized to alleviate ER stress and maintain ER
homeostasis. In the ubiquitin-dependent ERAD pathway, the expression of several genes in
the protein degradation system involved in the ubiquitin–proteinase system was decreased,
such as the OS9 gene expressing ER lectin, the p97 gene expressing valosin-containing
protein, and the Nploc4 gene expressing ubiquitin recognition factor. It was hypothesized
that this was due to the rapid folding of disulfide bonds in CHO-PAb-QS cells, resulting in
fewer unfolded and misfolded proteins.

3.5. Analysis of Content of ER and Golgi Apparatus

This experiment used ER-Tracker Red probes and Golgi-Tracker Red probes to stain
the cells’ ER and Golgi apparatus. The cells’ fluorescence intensity and average fluores-
cence intensity were analyzed by flow cytometry to determine the contents of the ER and
Golgi apparatus. To ascertain whether antibody expression would increase ER and Golgi
apparatus content, in addition to CHO-PAb and CHO-PAb-QS cells, CHO-K1 and CHO-QS
cells were employed as controls for simultaneous experiments. Among them, the CHO-QS
cell line was established based on the CHO-K1 cell line, which stably co-expressed EQK
and survivin protein. The experimental results demonstrated no significant change in
the volume size of the four cell lines (Figure 5A). However, according to the fluorescence
intensity analysis diagram (Figure 5B,C) and the average fluorescence intensity of cells
(Figure 5D,E) of flow cytometry analysis, the ER and Golgi apparatus contents of CHO-
QS and CHO-PAb cells were significantly higher than those of CHO-K1 and CHO-PAb
cells. The statistical results in the figure indicate that the average fluorescence intensity
of CHO-PAb and CHO-PAb-QS cells increased by 7.9% and 5.3%, respectively, compared
to CHO-K1 and CHO-QS cells. However, the average fluorescence intensity of CHO-QS
and CHO-PAb-QS cells was 97.9% and 92.9% higher, respectively, than that of CHO-K1
and CHO-PAb cells. The Golgi apparatus changes are similar to those in the ER. The mean
fluorescence intensity of CHO-PAb and CHO-PAb-QS cells was 13.4% and 1.2% higher than
that of CHO-K1 and CHO-QS, respectively. The average fluorescence intensity of CHO-QS
and CHO-PAb-QS cells was 69.5% and 50.5% higher than that of CHO-K1 and CHO-PAb
cells, respectively.

Although the enhanced average fluorescence intensity could not fully reflect the
change in ER and Golgi content, it did provide a clear indication of the increasing trend
in ER and Golgi content observed in CHO-QS and CHO-PAb-QS cells. The fluorescence
intensity of the ER and Golgi apparatus in cells expressing antibodies (CHO-PAb and
CHO-PAb-QS) was slightly higher than that of cells not expressing antibodies (CHO-K1
and CHO-QS), indicating that the overexpression of antibodies would have a minimal
effect on the ER and Golgi apparatus. Cells overexpressing the EQK protein (CHO-QS
and CHO-PAb-QS) exhibited a significantly elevated ER and Golgi apparatus content.
Overexpressed EQK is located in the ER, which not only enhances the folding capacity
of the ER but also causes stress to the ER. To cope with the increased protein processing
and the UPR, the ER increases its load capacity by increasing its capacity. Transcriptomic
analysis of the ER-Golgi vesicular transport pathway (KEGG pathway map04130) revealed
the upregulation of multiple transporters between the ER and Golgi (Figure 5F), such as
Stx17, Bet1, Sec22, and Bos1. This result indicated that due to the ER’s enhanced folding
and processing capacity in CHO-PAb-QS cells and the increased protein synthesis rate,
there was an increased demand for vesicle transporters to transport mature proteins from
the ER to the Golgi apparatus. Consequently, the expansion of the Golgi apparatus capacity
and enhancement of protein secretion flux were achieved, ultimately leading to improved
antibody production efficiency.
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Figure 5. Analysis of the ER and Golgi apparatus content by flow cytometry. (A) Forward scattered
light FSC was used to measure cell size. (B) The fluorescence intensity of cells labeled with ER-tracker
Red was detected. (C) The average fluorescence intensity of the cells was calculated according to the
flow cytometry results in Figure (B). (D) The fluorescence intensity of cells labeled with Golgi-tracker
Red was detected. (E) The average fluorescence intensity of cells according to the flow cytometry
analysis results in Figure (D). Gray represents unstained CHO-K1 cells, black represents stained CHO-
K1 cells, blue represents stained CHO-PAb cells, green represents stained CHO-QS cells, and red
represents stained CHO-PAb-QS cells. The genes are color-coded according to their log2Foldchange
values (p-value < 0.05), where white-marked genes are p-value ≥ 0.05 or genes that have not been
sequenced. (F) KEGG pathway of CHO-PAb-QS ER-Golgi vesicle transport pathway (map04130). The
genes are color-coded according to their log2Foldchange values (p-value < 0.05), where white-marked
genes are p-value ≥ 0.05 or genes that have not been sequenced. Data were expressed as mean ± SD,
n = 3, *** p < 0.001, **** p < 0.0001, n.s. means not significant.

3.6. Comparison of Anti-Apoptosis Ability of Cells

In this experiment, puromycin and tunicamycin were employed to induce cell apop-
tosis, and the apoptosis rate was quantified by flow cytometry. After administering
puromycin and tunicamycin to cells for 48 h, the CHO-PAb and CHO-PAb-QS cells ex-
hibited varying degrees of apoptosis (Figure 6A). The apoptosis rate of CHO-PAb and
CHO-PAb-QS cells under puromycin treatment was 32.6% and 17.7%, respectively, and
the apoptosis rate of CHO-PAb-QS cells was 45.7% lower than that of CHO-PAb cells.
Following the administration of tunicamycin, the apoptosis rate of CHO-PAb and CHO-
PAb-QS cells was 24.7% and 12.9%, respectively, and the apoptosis rate of CHO-PAb-QS
cells was 47.8% lower than that of CHO-PAb cells (Figure 6B). Caspase-3 is a crucial end-
cut enzyme in the apoptotic process, and survivin can directly inhibit the activation of
caspase-3, preventing apoptosis. Therefore, the inhibitory effect of survivin on apoptosis
can be evaluated by detecting intracellular caspase-3 activity. The results demonstrated
that puromycin and tunicamycin significantly increased the intracellular caspase-3 activity
of the two cell lines. In the presence of puromycin, the caspase-3 activity of CHO-PAb and
CHO-PAb-QS cells was 15.86 µmol/mg and 11.32 µmol/mg, respectively, and the caspase-3
activity of CHO-PAb-QS cells was 28.6% lower than that of CHO-PAb cells. Under the
treatment of tunicamycin, the caspase-3 activity of CHO-PAb and CHO-PAb-QS cells was
13.31 µmol/mg and 7.88 µmol/mg, respectively, and the caspase-3 activity of CHO-PAb-QS
cells was 40.8% lower than that of CHO-PAb cells (Figure 6C).
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Figure 6. Analysis of apoptosis of CHO-PAb and CHO-PAb-QS cells. (A) Flow cytometry detected the
apoptosis rate of CHO-PAb and CHO-PAb-QS cells after treatment with puromycin and tunicamycin
for 48 h. (B) Statistical results of apoptosis rate. (C) Caspase-3 activity of CHO-PAb and CHO-PAb-QS
cells treated with puromycin and tunicamycin for 48 h. (D) KEGG pathway of CHO-PAb-QS cells
apoptosis pathway (map04215). The genes are color-coded according to their log2Foldchange values
(p-value < 0.05), where white-marked genes are p-value ≥ 0.05 or genes that have not been sequenced.
Data were expressed as mean ± SD, n = 3, * p < 0.05, ** p < 0.01, *** p < 0.001, n.s. means not significant.

Furthermore, analysis of the KEGG pathway of the mammalian apoptosis pathway
(map04215) revealed that the Fas-associated with death domain protein (FADD) and
caspase-related pathways were downregulated (Figure 6D). These findings indicate that
CHO-PAb-QS cell lines overexpressing survivin exhibit enhanced anti-apoptotic capabilities
compared to CHO-PAb cells under the apoptotic induction of puromycin and tunicamycin.

3.7. Assessment of Intracellular Redox Status

Total antioxidant capacity was measured to reflect the ability of cells to fight free
radicals and oxidative stress. The results showed that the total antioxidant capacity of
CHO-K1, CHO-PAb, and CHO-PAb-QS cells was 0.954 nmol/mg, 0.662 nmol/mg, and
0.598 nmol/mg, respectively (Figure 7A). Compared with CHO-K1 cells, the total antioxi-
dant capacity of CHO-PAb cells and CHO-PAb-QS cells decreased significantly to 30.6%
and 37.3%, respectively, which was caused by the consumption of intracellular antioxidants
during the synthesis of large amounts of antibodies by these two antibody-producing
strains. The enhancement of the disulfide bond folding capacity in CHO-PAb-QS cells must
consume more energy material in the cell and produce more ROS, so it is not surprising that
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the total antioxidant capacity of CHO-PAb-QS cells is 6.7% lower than that of CHO-PAb
cells. Since the antioxidant capacity of CHO-PAb-QS was weakened and the oxidation level
was increased, the redox status of CHO-PAb-QS should be further investigated.
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Reduced glutathione (GSH) is involved in various redox reactions through its sulfhydryl
group (-SH), which can remove free radicals and other oxidants, thereby protecting the cell
from oxidative damage. Two GSH molecules are dehydrogenated by sulfhydryl groups
to form an oxidized glutathione (GSSG) molecule, thereby maintaining the intracellular
redox balance through reversible redox reactions between GSH and GSSG. Therefore, the
redox status of CHO-PAb cells and CHO-PAb-QS cells can be investigated by measuring
the cells’ total glutathione (tGSH) and depending on the ratio of GSH to GSSG. The results
demonstrated that the tGSH concentrations of CHO-K1 cells, CHO-PAb cells, and CHO-
PAb-QS cells were 409.2 nmol/g, 464.7 mol/g, and 485.3 nmol/g, respectively (Figure 7B).
A comparison of the tGSH concentration of CHO-PAb and CHO-PAb-QS cells with that
of wild-type CHO-K1 cells revealed an increase of 13.6% and 18.6%, respectively. This
indicates that to clear the reactive oxygen species produced during antibody synthesis,
CHO-PAb and CHO-PAb-QS cells upregulate tGSH, thus maintaining redox capacity.

The cellular redox balance is maintained primarily through the reversible redox re-
action between GSH and GSSG. The reduced glutathione content (GSH/tGSH) of CHO-
K1 cells, CHO-PAb cells, and CHO-PAb-QS cells was 94.3%, 88.8%, and 85.9%, and the
GSH/GSSG ratio was 16.7, 7.9 and 6.1, respectively (Figure 7C). Compared to CHO-K1
cells, the GSH percentage and GSH/GSSG ratio of CHO-PAb and CHO-PAb-QS cells
slightly declined. This suggests that in CHO-PAb and CHO-PAb-QS cells, the folding
requirement of the antibody increased the consumption of reduced GSH, an increase in
the ratio of GSSG, and a significant increase in the intracellular oxidation level, which
caused an alteration in the redox state. The higher protein folding and antibody production
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efficiency of CHO-PAb-QS cells inevitably results in an increased load on intracellular
energy metabolism, producing more reactive oxygen species. CHO-PAb-QS cells consume
more reduced GSH to maintain redox homeostasis, and therefore, the GSH percentage and
GSH/GSSG ratio are observed to be lower in CHO-PAb-QS cells than in CHO-PAb cells.

4. Discussion

In this study, we constructed the antibody cell line CHO-PAb-QS co-overexpressing
HsQSOX1b and survivin based on the CHO-PAb cell line stably expressing the pem-
brolizumab antibody, with the starting point of improving the folding efficiency of the
protein disulfide bond and the cellular anti-apoptotic ability. The results of the batch
suspension culture demonstrated that the CHO-PAb-QS cell line exhibited superior char-
acteristics, including a longer culture life, higher antibody accumulation, and enhanced
unit productivity. In CHO-PAb and CHO-PAb-QS cells, antibody folding efficiency, ER
stress markers, ER and Golgi apparatus contents, anti-death ability, and redox status were
measured and evaluated to reveal the mechanism of HsQSOX1b and survivin co-expression
affecting the production efficiency of CHO cells.

QSOX1 is a chimeric enzyme possessing disulfide bond formation and disulfide
transfer capacity [45]. In vitro experiments have demonstrated that QSOX1 can catalyze
the direct oxidation of various unfolded proteins at 500–2000 disulfides per minute [39].
Although QSOX1 is detected in the mammalian ER, it lacks an ER retention sequence,
accumulates mainly on the Golgi apparatus, and is secreted out of the cell [46]. Hence, the
contribution of QSOX1 to the folding of the ER disulfide bond remains unclear. Previous
studies have demonstrated that the overexpression and localization of HsQSOX1b in the
ER could significantly enhance the production of the Gaussia luciferase (GLuc) model
protein [43]. Consequently, this study applied this approach to CHO antibody-producing
cell lines to improve the efficiency of antibody folding. In this study, we observed that the
proportion of fully folded antibodies (HC-LC)2 in CHO-PAb-QS cells was approximately
twice that of CHO-PAb cells. When BFA was employed to impede the transfer and secretion
of antibodies from the ER, the (HC-LC)2 in CHO-PAb-QS cells increased from 40.8% to
73.5%, representing a 32.65% increase, which was considerably higher than that observed in
CHO-PAb cells. These results indicate that the overexpression of CHO-PAb-QS containing
HsQSOX1b has a higher disulfide bond folding efficiency, promoting protein synthesis
efficiency and secretion. In addition, the suspension batch culture experiment results
demonstrated that the antibody accumulation and productivity of CHO-PAb-QS cells were
increased by 52% and 45% compared to CHO-PAb cells.

The ER and the Golgi apparatus are two closely related organelles within the cell,
which are involved in synthesizing, processing, and transporting secreted proteins. A
significant number of studies have indicated that an increase in the content of the ER and
Golgi apparatus frequently accompanies an increase in cell production. For instance, the
overexpression of stearoyl CoA desaturase 1 (SCD1) and sterol regulatory element binding
factor 1 (SREBF1) has been shown to regulate the lipid abundance required for ER expan-
sion, which in turn increases cell secretion production [47]. Similarly, the overexpression of
B lymphocyte-induced maturation protein-1 (BLIMP1) and X-box binding protein 1 (XBP1)
has been demonstrated to induce ER and Golgi apparatus expansion, thereby improving
overall productivity [48]. Therefore, we conducted a study to investigate changes in ER
and Golgi content of cells. We discounted the hypothesis that increased ER content in
CHO cells was responsible for the overexpression of mAbs, given that the observed rise
in ER content in CHO-PAb was relatively small. The markedly enlarged ER of CHO-QS
cells that did not express antibodies led us to believe that HsQSOX1b localized to the ER
caused ER expansion, given that survivin had little relationship with the ER. No direct
evidence of ER expansion or lipid regulation by QSOX has been reported. We are more
inclined to speculate that HsQSOX1b overexpression and residence in the ER will cause
an unfolded reaction, resulting in ER expansion. The increased capacity of the ER can
accommodate more new proteins for processing in the ER, further improving the cell’s
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overall protein translation speed and productivity. More mature proteins are transported
to the Golgi apparatus, which promotes the expansion of the Golgi apparatus capacity
and the improvement of the transport capacity, ultimately enhancing the efficiency of
antibody production.

Survivin is a small, multifunctional, and structurally unique member of the apoptosis
protein inhibitor family. It is crucial in inhibiting the Bax- and Fas-induced apoptosis
pathways and protects cells against caspase-dependent and non-caspase-dependent apop-
tosis [49,50]. In the course of cell batch culture, it was observed that the cell viability of
CHO-PAb-QS cells was higher than that of CHO-PAb cells, and the cell viability period
was extended by two days, showing higher anti-apoptosis. At the same time, we treated
CHO-PAb cells and CHO-PAb-QS cells with puromycin and tunicamycin. The binding of
puromycin to ribosomes prevents the peptide bond elongation, while tunicamycin inhibits
the normal glycosylation of proteins, both resulting in ER stress. The results demonstrated
that the apoptosis rate of CHO-PAb-QS cells was reduced by 45.7% and 47.8%, and the
intracellular caspase-3 activity was decreased by 28.6% and 40.8%. These findings indicate
that the CHO-PAb-QS cell line exhibits robust resistance to apoptosis induced by ER stress.

The total antioxidant capacity and GSH-related data of CHO-K1, CHO-PAb, and CHO-
PAb-QS cells were examined. Due to the high demand for intracellular redox reactions
in CHO-PAb and CHO-PAb-QS cells for antibody synthesis, the results demonstrated
that the total antioxidant capacity of these two cells was significantly lower than that of
CHO-K1 cells. Furthermore, it is not unexpected that CHO-PAb-QS cells exhibited a 6.7%
reduction in total antioxidant capacity relative to CHO-PAb cells, given their requirement
for the overexpression of functional proteins and enhanced protein folding. The ratio of
GSH/GSSG can be used as an indicator to evaluate the redox status of cells. When the
ratio of GSH/GSSG is elevated, the concentration of GSH in cells is relatively high, and the
concentration of GSSG is relatively low, which usually indicates that cells are in a relatively
reduced state and have good antioxidant capacity. On the contrary, it may indicate that the
cells have been damaged by oxidative stress and require additional antioxidants to protect
them from further damage. The results demonstrated that the total tGSH in CHO-PAb
cells and CHO-PAb-QS cells was higher than that in CHO-K1 cells, indicating that these
two antibody-producing cells have a higher redox demand, resulting in upregulated total
glutathione expression. The GSH/GSSG ratio represents the redox state of the cells. The test
results demonstrated that the GSH/GSSG ratio of CHO-PAb-QS cells was 6.1, representing
a 22.8% reduction compared to CHO-PAb cells. In normal circumstances, GSH accounts
for 90–95% of the tGSH, with less than 70% resulting in significant oxidative stress-related
damage. The GSH/tGSH ratios of CHO-PAb cells and CHO-PAb-QS cells were 88.8% and
85.9%, respectively. It can be speculated that the two antibody-producing cells generated
minor oxidative stress but did not cause significant changes in cell redox status. We contend
that the judicious addition of supplementary antioxidants to the medium can effectively
address the issue of mild oxidative stress. The addition of antioxidants to cell media
to reduce oxidative stress is an accessible and effective method supported by numerous
studies [51]. Lipoic acid, for instance, reduces lipid peroxidation, removes ROS, and
chelates iron and copper, thereby reducing cell death [52]; pyruvate has also been shown to
remove H2O2 in cell media [53]; vitamin E is known for its ROS-clearing properties and
ability to resist lipid peroxidation [54]; baicalein has been shown to reduce ROS levels and
inhibit the activity of transcription factors involved in ER stress responses by interacting
with BiP and CHOP [55]. Other laboratory members are researching how to prevent
oxidative stress in CHO-PAb-QS cells through taurine to enhance further CHO-PAb-QS
cells’ productivity (results not yet published).

5. Conclusions

In conclusion, the co-overexpression of HsQSOX1b and survivin improved the protein
synthesis in CHO-PAb-QS cells. This was achieved by enlarging the ER load, upregu-
lating UPR activation intensity, inhibiting caspase-3 activation, and thus resisting cell
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apoptosis. CHO-PAb-QS cell lines demonstrated longer cell viability in batch culture and
exhibited higher antibody accumulation and productivity. Consequently, the strategy of co-
overexpression of HsQSOX1b and survivin can enhance the disulfide bond folding ability
and anti-apoptosis ability of CHO cells, optimize the antibody production process of CHO
cells, and elevate the antibody production efficiency of CHO cells, thereby establishing it as
a superior production platform for biopharmaceutical manufacturing.
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Author Contributions: Conceptualization, C.Z., F.C., W.Z. and X.M.; methodology, C.Z., Y.F., F.C.
and X.M.; validation, C.Z., W.Z. and X.M.; formal analysis, C.Z.; investigation, C.Z., W.Z. and
X.M.; resources, C.Z., W.Z. and X.M.; data curation, C.Z., Y.S., J.N. and Y.W.; writing—original
draft preparation, C.Z.; writing—review and editing, C.Z., Y.F., Y.S. and J.N.; supervision, X.M.;
project administration, W.Z. and X.M. All authors have read and agreed to the published version of
the manuscript.

Funding: This study was supported by the National Key Research and Development Project of China
(2018YFA0902804). And the National Natural Science Foundation (32471003 and 31870861).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in the study are included in the
article/Supplementary Material, further inquiries can be directed to the corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Dahodwala, H.; Lee, K.H. The fickle CHO: A review of the causes, implications, and potential alleviation of the CHO cell line

instability problem. Curr. Opin. Biotech. 2019, 60, 128–137. [CrossRef] [PubMed]
2. Tihanyi, B.; Nyitray, L. Recent advances in CHO cell line development for recombinant protein production. Drug Discov. Today

Technol. 2020, 38, 25–34. [CrossRef] [PubMed]
3. Hamdi, A.; Széliová, D.; Ruckerbauer, D.E.; Rocha, I.; Borth, N.; Zanghellini, J. Key Challenges in Designing CHO Chassis

Platforms. Processes 2020, 8, 643. [CrossRef]
4. Zheng, M.; Zhen, L.; Xiao, Y.; Tian, Y. Factors affecting the expression of recombinant protein and improvement strategies in

Chinese hamster ovary cells. Front. Bioeng. Biotech. 2022, 10, 880156. [CrossRef]
5. Schröder, M.; Körner, C.; Friedl, P. Quantitative analysis of transcription and translation in gene amplified Chinese hamster ovary

cells on the basis of a kinetic model. Cytotechnology 1999, 29, 93–102. [CrossRef]
6. Kaneyoshi, K.; Uchiyama, K.; Onitsuka, M.; Yamano, N. Analysis of intracellular IgG secretion in Chinese hamster ovary cells to

improve IgG production. J. Biosci. Bioeng. 2019, 127, 107–113. [CrossRef] [PubMed]
7. Prashad, K.; Mehra, S. Dynamics of unfolded protein response in recombinant CHO cells. Cytotechnology 2015, 67, 237–254.

[CrossRef] [PubMed]
8. Kyeong, M.; Lee, J. Endogenous BiP reporter system for simultaneous identification of ER stress and antibody production in

Chinese hamster ovary cells. Metab. Eng. 2022, 72, 35–45. [CrossRef]
9. Brewer, J.; Hendershot, L. Building an antibody factory: A job for the unfolded protein response. Nat. Immunol. 2005, 6, 23–29.

[CrossRef]
10. Cudna, R.; Dickson, A. Engineering responsiveness to cell culture stresses: Growth arrest and DNA damage gene 153 (GADD153)

and the unfolded protein response (UPR) in NS0 myeloma cells. Biotechnol. Bioeng. 2006, 94, 514–521. [CrossRef]
11. Underhill, M.; Birch, J.; Smales, C.; Naylor, L. eIF2α phosphorylation, stress perception, and the shutdown of global protein

synthesis in cultured CHO cells. Biotechnol. Bioeng. 2005, 89, 805–814. [CrossRef] [PubMed]
12. Pieper, L.; Strotbek, M.; Wenger, T.; Olayioye, M.; Hausser, A. ATF6β-based fine-tuning of the unfolded protein response enhances

therapeutic antibody productivity of Chinese hamster ovary cells. Biotechnol. Bioeng. 2017, 114, 1310–1318. [CrossRef] [PubMed]
13. Chartrain, M.; Chu, L. Development and production of commercial therapeutic monoclonal antibodies in Mammalian cell

expression systems: An overview of the current upstream technologies. Curr. Pharm. Biotechnol. 2008, 9, 447–467. [CrossRef]
[PubMed]

14. Bork, P.; Holm, L.; Sander, C. The immunoglobulin fold. Structural classification, sequence patterns and common core. J. Mol.
Biol. 1994, 242, 309–320. [CrossRef]

https://www.mdpi.com/article/10.3390/cells13171481/s1
https://www.mdpi.com/article/10.3390/cells13171481/s1
https://doi.org/10.1016/j.copbio.2019.01.011
https://www.ncbi.nlm.nih.gov/pubmed/30826670
https://doi.org/10.1016/j.ddtec.2021.02.003
https://www.ncbi.nlm.nih.gov/pubmed/34895638
https://doi.org/10.3390/pr8060643
https://doi.org/10.3389/fbioe.2022.880155
https://doi.org/10.1023/A:1008077603328
https://doi.org/10.1016/j.jbiosc.2018.06.018
https://www.ncbi.nlm.nih.gov/pubmed/30017708
https://doi.org/10.1007/s10616-013-9678-8
https://www.ncbi.nlm.nih.gov/pubmed/24504562
https://doi.org/10.1016/j.ymben.2022.02.002
https://doi.org/10.1038/ni1149
https://doi.org/10.1002/bit.20861
https://doi.org/10.1002/bit.20403
https://www.ncbi.nlm.nih.gov/pubmed/15688359
https://doi.org/10.1002/bit.26263
https://www.ncbi.nlm.nih.gov/pubmed/28165157
https://doi.org/10.2174/138920108786786367
https://www.ncbi.nlm.nih.gov/pubmed/19075685
https://doi.org/10.1016/S0022-2836(84)71582-8


Cells 2024, 13, 1481 19 of 20

15. Wang, T. IgG Fc glycosylation in human immunity. Curr. Top. Microbiol. Immunol. 2019, 423, 63–75. [CrossRef]
16. Liu, H.; May, K. Disulfide bond structures of IgG molecules: Structural variations, chemical modifications and possible impacts to

stability and biological function. mAbs 2012, 4, 17–23. [CrossRef] [PubMed]
17. Benham, A.; Lith, M.; Sitia, R.; Braakman, I. Ero1-PDI interactions, the response to redox flux and the implications for disulfide

bond formation in the mammalian endoplasmic reticulum. Philos. Trans. R. Soc. London. Ser. B Biol. Sci. 2013, 368, 20110403.
[CrossRef]

18. Komatsu, K.; Kumon, K.; Arita, M.; Onitsuka, M.; Omasa, T.; Yohda, M. Effect of the disulfide isomerase PDIa4 on the antibody
production of Chinese hamster ovary cells. J. Biosci. Bioeng. 2020, 130, 637–643. [CrossRef]

19. Borth, N.; Mattanovich, D.; Kunert, R.; Katinger, H. Effect of increased expression of protein disulfide isomerase and heavy chain
binding protein on antibody secretion in a recombinant CHO cell line. Biotechnol. Progr. 2005, 21, 106–111. [CrossRef]

20. Davis, R.; Schooley, K.; Rasmussen, B.; Thomas, J.; Reddy, P. Effect of PDI overexpression on recombinant protein secretion in
CHO cells. Biotechnol. Progr. 2000, 16, 736–743. [CrossRef]

21. Mohan, C.; Park, S.H.; Chung, J.Y.; Lee, G.M. Effect of doxycycline-regulated protein disulfide isomerase expression on the
specific productivity of recombinant CHO cells: Thrombopoietin and antibody. Biotechnol. Bioeng. 2007, 98, 611–615. [CrossRef]
[PubMed]

22. Frand, A.; Kaiser, C. The ERO1 gene of yeast is required for oxidation of protein dithiols in the endoplasmic reticulum. Mol. Cell
1998, 1, 161–170. [CrossRef]

23. Mohan, C.; Lee, G. Effect of inducible co-overexpression of protein disulfide isomerase and endoplasmic reticulum oxidoreductase
on the specific antibody productivity of recombinant Chinese hamster ovary cells. Biotechnol. Bioeng. 2010, 107, 337–346. [CrossRef]
[PubMed]

24. Cao, S.; Kaufman, R. Endoplasmic reticulum stress and oxidative stress in cell fate decision and human disease. Antioxid. Redox
Signal. 2014, 21, 396–413. [CrossRef]

25. Henry, M.N.; MacDonald, M.A.; Orellana, C.A.; Gray, P.P.; Gillard, M.; Baker, K.; Nielsen, L.K.; Marcellin, E.; Mahler, S.; Martínez,
V.S. Attenuating apoptosis in Chinese hamster ovary cells for improved biopharmaceutical production. Biotechnol. Bioeng. 2020,
117, 1187–1203. [CrossRef] [PubMed]

26. Charette, S.J.; Lavoie, J.N.; Lambert, H.; Landry, J. Inhibition of Daxx-mediated apoptosis by heat shock protein 27. Mol. Cell Biol.
2000, 20, 7602–7612. [CrossRef]

27. Concannon, C.G.; Orrenius, S.; Samali, A. Hsp27 inhibits cytochrome c-mediated caspase activation by sequestering both
pro-caspase-3 and cytochrome c. Gene Expr. 2001, 9, 195–201. [CrossRef]

28. Tan, J.; Lee, Y.; Wang, T.; Yap, M.G.S.; Tan, T.W.; Ng, S.K. Heat shock protein 27 overexpression in CHO cells modulates apoptosis
pathways and delays activation of caspases to improve recombinant monoclonal antibody titre in fed-batch bioreactors. Biotechnol.
J. 2015, 10, 790–800. [CrossRef]

29. Gupta, S.K.; Shukla, P. Gene editing for cell engineering: Trends and applications. Crit. Rev. Biotechnol. 2017, 37, 672–684.
[CrossRef]

30. Miao, Z.; Li, Q.; Zhao, J.; Wang, P.; Wang, L.; He, H.; Wang, N.; Zhou, H.; Zhang, T.; Luo, X. Stable expression of infliximab in
CRISPR/Cas9-mediated BAK1-deficient CHO cells. Biotechnol. Lett. 2018, 40, 1209–1218. [CrossRef]

31. Cost, G.J.; Freyvert, Y.; Vafiadis, A.; Santiago, Y.; Rebar, E.; Miller, J.C.; Collingwood, T.N.; Snowden, A.; Gregory, P.D. BAK and
BAX deletion using zinc-finger nucleases yields apoptosis-resistant CHO cells. Biotechnol. Bioeng. 2010, 105, 330–340. [CrossRef]

32. Majors, B.S.; Betenbaugh, M.J.; Pederson, N.E.; Chiang, G.G. Mcl-1 overexpression leads to higher viabilities and increased
production of humanized monoclonal antibody in Chinese hamster ovary cells. Biotechnol Prog 2009, 25, 1161–1168. [CrossRef]
[PubMed]

33. Lim, S.F.; Chuan, K.H.; Liu, S.; Loh, S.O.; Chung, B.Y.; Ong, C.C.; Song, Z. RNAi suppression of Bax and Bak enhances viability in
fed-batch cultures of CHO cells. Metab. Eng. 2006, 8, 509–522. [CrossRef] [PubMed]

34. Gorman, A.; Healy, S.; Jäger, R.; Samali, A. Stress management at the ER: Regulators of ER stress-induced apoptosis. Pharmacol.
Ther. 2012, 134, 306–316. [CrossRef] [PubMed]

35. Orellana, C.A.; Martínez, V.S.; MacDonald, M.A.; Henry, M.N.; Gillard, M.; Gray, P.P.; Nielsen, L.K.; Mahler, S.; Marcellin, E.
Omics driven discoveries of gene targets for apoptosis attenuation in CHO cells. Biotechnol. Bioeng. 2021, 118, 481–490. [CrossRef]
[PubMed]

36. Yun, C.Y.; Liu, S.; Lim, S.F.; Wang, T.; Chung, B.Y.; Teo, J.J.; Chuan, K.H.; Soon, A.S.; Goh, K.S.; Song, Z. Specific inhibition of
caspase-8 and -9 in CHO cells enhances cell viability in batch and fed-batch cultures. Metab. Eng. 2007, 9, 406–418. [CrossRef]

37. Kodali, V.; Thorpe, C. Oxidative protein folding and the quiescin-sulfhydryl oxidase family of flavoproteins. Antioxid. Redox
Signal. 2010, 13, 1217–1230. [CrossRef]

38. Okuda, A.; Matsusaki, M.; Higashino, Y.; Masuda, T.; Urade, R. Disulfide bond formation activity of soybean quiescin sulfhydryl
oxidase. FEBS J. 2014, 281, 5341–5355. [CrossRef]

39. Zheng, W.; Zhang, W.; Hu, W.; Zhang, C.; Yang, Y. Exploring the Smallest Active Fragment of HsQSOX1b and Finding a Highly
Efficient Oxidative Engine. PLoS ONE 2012, 7, e40935. [CrossRef]

40. Rosilin, K.V.; Sverre, H.T. Survivin and gliomas: A literature review. Oncol. Lett. 2016, 12, 1679–1686. [CrossRef]
41. Cui, Q.; Huang, C.; Liu, J.Y.; Zhang, J.T. Small molecule inhibitors targeting the “undruggable" survivin: The Past, Present, and

future from a medicinal chemist’s perspective. J. Med. Chem. 2023, 66, 16515–16545. [CrossRef] [PubMed]

https://doi.org/10.1007/82_2019_152
https://doi.org/10.4161/mabs.4.1.18347
https://www.ncbi.nlm.nih.gov/pubmed/22327427
https://doi.org/10.1098/rstb.2011.0403
https://doi.org/10.1016/j.jbiosc.2020.08.001
https://doi.org/10.1021/bp0498241
https://doi.org/10.1021/bp000107q
https://doi.org/10.1002/bit.21453
https://www.ncbi.nlm.nih.gov/pubmed/17421043
https://doi.org/10.1016/S1097-2765(00)80017-9
https://doi.org/10.1002/bit.22781
https://www.ncbi.nlm.nih.gov/pubmed/20506311
https://doi.org/10.1089/ars.2014.5851
https://doi.org/10.1002/bit.27269
https://www.ncbi.nlm.nih.gov/pubmed/31930480
https://doi.org/10.1128/MCB.20.20.7602-7612.2000
https://doi.org/10.3727/000000001783992605
https://doi.org/10.1002/biot.201400764
https://doi.org/10.1080/07388551.2016.1214557
https://doi.org/10.1007/s10529-018-2578-4
https://doi.org/10.1002/bit.22541
https://doi.org/10.1002/btpr.192
https://www.ncbi.nlm.nih.gov/pubmed/19551877
https://doi.org/10.1016/j.ymben.2006.05.005
https://www.ncbi.nlm.nih.gov/pubmed/16860584
https://doi.org/10.1016/j.pharmthera.2012.02.003
https://www.ncbi.nlm.nih.gov/pubmed/22387231
https://doi.org/10.1002/bit.27548
https://www.ncbi.nlm.nih.gov/pubmed/32865815
https://doi.org/10.1016/j.ymben.2007.06.001
https://doi.org/10.1089/ars.2010.3098
https://doi.org/10.1111/febs.13079
https://doi.org/10.1371/journal.pone.0040935
https://doi.org/10.3892/ol.2016.4867
https://doi.org/10.1021/acs.jmedchem.3c01130
https://www.ncbi.nlm.nih.gov/pubmed/38092421


Cells 2024, 13, 1481 20 of 20

42. Hussein, M.R.; Haemel, A.K.; Wood, G.S. Apoptosis and melanoma: Molecular mechanisms. J. Pathol. 2003, 199, 275–288.
[CrossRef]

43. Wang, W.; Zheng, W.; Hu, F.; He, X.; Wu, D.; Zhang, W.; Liu, H.; Ma, X. Enhanced biosynthesis performance of heterologous
proteins in CHO-K1 cells using CRISPR-Cas9. ACS Synth. Biol. 2018, 7, 1259–1268. [CrossRef]

44. Zhang, C.; Chang, F.; Miao, H.; Fu, Y.; Tong, X.; Feng, Y.; Zheng, W.; Ma, X. Construction and application of a multifunctional CHO
cell platform utilizing Cre/ and Dre/ site-specific recombination systems. Front. Bioeng. Biotech. 2023, 11, 1320841. [CrossRef]
[PubMed]

45. Hoober, K.; Thorpe, C. Egg white sulfhydryl oxidase: Kinetic mechanism of the catalysis of disulfide bond formation. Biochemistry
1999, 38, 3211–3217. [CrossRef] [PubMed]

46. Sevier, C.; Cuozzo, J.; Vala, A.; Aslund, F.; Kaiser, C. A flavoprotein oxidase defines a new endoplasmic reticulum pathway for
biosynthetic disulphide bond formation. Nat. Cell Biol. 2001, 3, 874–882. [CrossRef] [PubMed]

47. Budge, J.D.; Knight, T.J.; Povey, J.; Roobol, J.; Brown, I.R.; Singh, G.; Dean, A.; Turner, S.; Jaques, C.M.; Young, R.J.; et al.
Engineering of Chinese hamster ovary cell lipid metabolism results in an expanded ER and enhanced recombinant biotherapeutic
protein production. Metab. Eng. 2020, 57, 203–216. [CrossRef]

48. Torresa, M.; Dickson, A.J. Reprogramming of Chinese hamster ovary cells towards enhanced protein secretion. Metab. Eng. 2022,
69, 249–261. [CrossRef]

49. Jaiswal, P.K.; Goel, A.; Mittal, R.D. Survivin: A molecular biomarker in cancer. Indian J. Med. Res. 2015, 141, 389–397. [CrossRef]
50. Xun, C.; Ning, D.; Caiguo, Z.; Wentao, Z. Survivin and Tumorigenesis: Molecular Mechanisms and Therapeutic Strategies.

J. Cancer 2016, 7, 314–323. [CrossRef]
51. Chevallier, V.; Andersen, M.R.; Malphettes, L. Oxidative stress-alleviating strategies to improve recombinant protein production

in CHO cells. Biotechnol. Bioeng. 2020, 117, 1172–1186. [CrossRef] [PubMed]
52. Sunita, M.; Yasuyoshi, S.; Jun, H. Screening of dietary antioxidants against mitochondria-mediated oxidative stress by visualization

of intracellular redox state. Biosci. Biotechnol. Biochem. 2016, 80, 1–9. [CrossRef]
53. Mccoy, R.E.; Costa, N.A.; Morris, A.E. Factors that determine stability of highly concentrated chemically defined production

media. Biotechnol. Prog. 2015, 31, 493–502. [CrossRef] [PubMed]
54. Barry, H. Cell culture, oxidative stress, and antioxidants: Avoiding pitfalls. Biomed. J. 2014, 37, 99–105. [CrossRef]
55. Ha, T.K.; Hansen, A.H.; Kol, S.; Kildegaard, H.F.; Lee, G.M. Baicalein Reduces Oxidative Stress in CHO Cell Cultures and

Improves Recombinant Antibody Productivity. Biotechnol. J. 2017, 13, e1700425. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1002/path.1300
https://doi.org/10.1021/acssynbio.7b00375
https://doi.org/10.3389/fbioe.2023.1320841
https://www.ncbi.nlm.nih.gov/pubmed/38173869
https://doi.org/10.1021/bi9820816
https://www.ncbi.nlm.nih.gov/pubmed/10074377
https://doi.org/10.1038/ncb1001-874
https://www.ncbi.nlm.nih.gov/pubmed/11584268
https://doi.org/10.1016/j.ymben.2019.11.007
https://doi.org/10.1016/j.ymben.2021.12.004
https://doi.org/10.4103/0971-5916.159250
https://doi.org/10.7150/jca.13332
https://doi.org/10.1002/bit.27247
https://www.ncbi.nlm.nih.gov/pubmed/31814104
https://doi.org/10.1080/09168451.2015.1123607
https://doi.org/10.1002/btpr.2047
https://www.ncbi.nlm.nih.gov/pubmed/25641710
https://doi.org/10.4103/2319-4170.128725
https://doi.org/10.1002/biot.201700425
https://www.ncbi.nlm.nih.gov/pubmed/29125225

	Introduction 
	Materials and Methods 
	Plasmid Construction 
	Cell Line Development 
	Cell Culture 
	Cell Parameter Detection during Batch Culture 
	Western Blot 
	ER and Golgi Content Detection 
	Detection of Cell Apoptosis Rate 
	Detection of Intracellular Caspase-3 Activity 
	Detection of Total Antioxidant Capacity of Cells 
	Measurement of GSH and GSSG 
	Transcriptome Analysis 
	Statistical Analysis 

	Results 
	Construction of CHO-PAb-QS Cell Line with HsQSOX1b and Survivin Co-Overexpression 
	Cell Growth and Antibody Expression during Batch Culture 
	Folding Analysis of Intracellular Antibodies 
	Expression Analysis of ER Stress Marker Proteins in Cells 
	Analysis of Content of ER and Golgi Apparatus 
	Comparison of Anti-Apoptosis Ability of Cells 
	Assessment of Intracellular Redox Status 

	Discussion 
	Conclusions 
	References

