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Abstract: CHO cells are often used to produce monoclonal antibodies in mammalian cell expression
systems. In the process of large-scale cell culture, apoptosis is related to cell survival and product
quality. Over-expressing an anti-apoptotic gene to delay apoptosis and improve cell growth is one of
the strategies for improving productivity of monoclonal antibodies. Autophagy inducer rapamycin
can extend the culture duration of CHO cells and affect the yield of antibodies. A method was
developed for transient co-transfection of anti-apoptotic genes and genes of interest combined with
rapamycin to increase the transient expression of the anti-PD1 antibody. Under the optimal transfection
conditions, the combination of Bcl-xL and rapamycin can significantly delay cell apoptosis, inhibit cell
proliferation, and prolong cell life-time. As a result, anti-PD1 monoclonal antibody expression levels
are increased by more than 2 times.

Keywords: anti-apoptotic gene; Bcl-xL; rapamycin; Chinese Hamster Ovary; transient gene
expression technology

1. Introduction

In recent years, biopharmaceuticals have developed rapidly. CHO cells (Chinese hamster ovary
cells) are the main expression host of recombinant protein drugs and monoclonal antibody drugs,
and have the advantages of a high-density suspension culture, high yield, transfection and safety
of therapeutic applications. It is often widely used in the production and research of recombinant
proteins [1]. In recent years, transient expression technology has become a popular area of research
due to its simplicity, short experimental period, low cost and the product’s conformity to clinical
standards [2,3]. In the transient expression system of CHO cells, the expression level can reach in
the order of g/L. In 2014, the MedImmune team established a CHO high expression system with a
yield of up to 2 g/L [4]. They engineered the CHO-K1 cell line with co-expression of EBNA-1 and GS
(the gene for glutamine synthetase). In 2015, it was reported that a yield of up to 1 g/L was achieved by
optimizing the transient method using PEI (Polyetherimide) as a transfection reagent [5,6]. A CHO
Cell Transient Expression Kit (ExpiCHO) has been developed, which is reported to produce up to
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3 g/L [7]. In 2019, it was shown that transient expression in a Chinese hamster ovary (CHO) host
(ExpiCHO-STM) is capable of achieving a high recombinant antibody expression of 1 g/L [8].

Mammalian cells are very sensitive to the culture environment. Nutrients and growth factor
deficiency, hypoxia, and viral infection can induce apoptosis. Cell apoptosis is a type I programmed
death, accounting for 80% of cell death. It affects the survival state of cells and the quality of
protein products. In apoptosis, the Bcl-2 family [9] plays a key role, including two kinds of genes,
one with anti-apoptotic functions, mainly Bcl-xL, Mcl-1, Bcl-2, Bcl-w, etc. The other genes with
pro-apoptotic functions, mainly including Bax, Bak, Bad and so on, have the function of promoting
death. Overexpression of an anti-apoptotic gene to delay apoptosis and extend the culture duration of
cells is one of the methods used to increase protein expression yield and reduce production cost [10].
It has been reported that simultaneous expression of anti-apoptotic genes and target genes can increase
cell viability and increase protein yield [11,12]. Our previous work has shown that the yield can be
increased by 80% by co-transfecting the anti-apoptotic genes Bcl-xL, Mcl-1 and the target gene [13].
We found that transfecting with 10% Bcl-xL (the optimal dosage) increased the yield by 83%, and 50%
of Mcl-1 (the optimal dosage), increasing the protein yield by 34%. In this study, we choose Bxl-xL as
an anti-apoptotic gene.

Autophagy is a type II programmed cell death, which was proposed after the discovery of the
phenomenon of “self-feeding” in cells in 1962 [14]. It is closely related to cell death, cell survival,
and cell maintenance. The mTOR target has been seen as a sensor for amino acid and other nutrients,
and a switch for autophagy activation, thus playing a vital role [15]. mTOR kinase, linked to
phosphatidylinositol kinase, is thought to be involved in cell growth, cell cycle regulation, and protein
synthesis. Studies have shown that rapamycin is a mTOR target inhibitor and it has been widely
used in vivo and in vitro studies on autophagy [16]. Rapamycin causes cells to arrest in the G1 phase,
slowing cell proliferation [17]. The Balcarcel and Stephanopoulos team demonstrated that rapamycin
caused hybridoma cell death and increased antibody expression by a factor of two in fed-batch
culture [18]. Rapamycin can increase CHO cell viability by 21% and the yield by 30% [16]. Also,
inoculation of cultures in the presence of rapamycin can increase viability and final titer in CHOK1
cells [19]. Therefore, we deduced that the anti-apoptotic gene shared with rapamycin may also have
certain effects on CHO cell culture and protein expression after transient transfection.

2. Materials and Methods

2.1. Cell Lines and Plasmids

CHO cell line was obtained from Invitrogen (Thermo Fisher Scientific, Carsbad, CA, USA).
Bcl-xL/PCDNA3.1(-) plasmid and PD-1 antibody light chain and heavy chain were constructed as
in our previous work [13,20]. All media and supplemental components used in this study were
from Invitrogen (Thermo Fisher Scientific, Carsbad, CA, USA). Rapamycin was from Gene Operation
(Shanghai, China). CHO cells were propagated in a serum-free CD-CHO medium supplemented with
8 mM GlutaMAX. Routine cultures were passaged at a cell concentration of 2 × 105 cells/mL, using a
working volume of 20 mL in 125 mL shake flasks (Corning, New York, NY, USA), and were maintained
in a 37 ◦C incubator (Thermo Fisher Scientific, Shanghai, China) with 5% CO2 and shaken at 125 rpm.
Cell density and cell viability were measured with a trypan blue (1:1, v/v; AMRESCO, Solon, OH, USA)
staining method, which is counted by a cell counter (Ruiyu Biotech, Shanghai, China).

2.2. Cell Culture and Transfection

According to [12], we transfected 1 × 106 cells/mL with a DNA/PEI ratio of 1:2 (w/w) and a DNA
concentration of 3.5 µg/mL. The culture volume was 20–25 mL. Rapamycin’s working concentration
was 100 nM. Rapamycin was dissolved in DMSO to a stock concentration of 200 µM and stored
at −20 ◦C.
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2.3. Analysis of Apoptosis

Cells (1 × 106) were washed twice with pre-cooled PBS (10 mM Na2HPO4, 1.8 mM KH2PO4,
2.7 mM KCl, 137 mM NaCl, pH7.4) (Sinopharm Chemical Reagent Co., Ltd, Shanghai, China) and
resuspended in 100 µL of binding buffer. Then, 5 µL of Annexin V-FITC and 5 µL of PI was added for
staining, and the solution was incubated for 10–15 min at room temperature. After the incubation,
binding buffer was added and flow cytometry was performed.

2.4. Analysis of Cell Cycle

Cells were collected at 2–5 × 106 cells and washed twice with an appropriate amount of PBS
(the same as Section 2.3) with centrifugation at 500× g for 5 min at 4 ◦C each time. Supernatant was
discarded and an appropriate amount of PBS was added, gently pipetting the cells. The cell suspension
was fixed to 1 mL of 75% ethanol (Sinopharm Chemical Reagent Co., Ltd, Shanghai, China), and then
placed in a refrigerator at 4 ◦C overnight. The cells were collected by centrifugation at 1000× g for
5 min at 4 ◦C, and washed with an appropriate amount of 4 ◦C pre-cooled PBS. Cells were resuspended
in 400 µL cold PBS and 0.5 mL of 50 µg/mL PI solution containing RNase A Solution (Takara, Dalian,
Liaoning, China) was added to stain cells for 30 min at room temperature (protected from light). After
filtration, flow cytometry (BD Bioscience, San Jose, CA, USA) was used for detection.

2.5. Analysis of Protein Expression in Apoptosis and Autophagy

During cell culture, the same volume of cell suspension was taken, centrifuged and lysed with
RIPA lysis buffer (137 mM NaCl, 20 mM Tris, 1 mM MgCl2, 1 mM CaCl2, 1% NP-40, 0.5% dexycholate,
0.1% SDS, pH7.4) (Beyotime, Shanghai, China) supplemented with protease inhibitors. The enhanced
BCA protein assay kit (Beyotime, Shanghai, China) was used to determine concentration of total
protein in clarified lysates. Western blotting was used to measure the protein expression levels of
LC3-I, LC3-II, Pho-mTOR, and Bcl-xL in cells. Tubulin (55 kDa) was used as an internal reference
protein. The total number of cells lysed during loading remained essentially the same. Samples were
loaded on a 10-well SDS–PAGE (10% or 12%) gel. Then, proteins were transferred to PVDF membrane
(Millipore, Darmstadt, Germany). The primary antibodies that we used were Anti-Bcl-xL antibody
(Cell signaling Technology, Danvers, MA, USA), Anti-Phos-m TOR antibody (Cell signaling Technology,
Danvers, MA, USA), Anti-LC3-I, LC3-II antibody (Cell signaling Technology, Danvers, MA, USA),
and a HRP-anti-rabbit IgG antibody (Cell Signaling Technology, Danvers, MA, USA).

2.6. Production of Anti-PD1 Monoclonal Antibody

The transient expression of anti-PD1 antibody was detected by ELISA. After the cell viability was
less than 50%, the cells were centrifuged at 1000 rpm for 5 min at low speed to remove most of the cells,
followed by high-speed centrifugation at 12,000 rpm for 10 min to further remove the remaining cells or
debris. The supernatant after final centrifugation was taken for ELISA. A 96-well plate was coated with
monoclonal anti-human κ chain antibody (Merck Millipore, Shanghai, China) as a capture antibody.
Then, samples harvested from cell culture supernatants were added. A monoclonal HRP-anti-human
IgG antibody (FC specific; Jackson Immu-noResearch, West Grove, PA, USA) was used for detecting
enzymatic oxidation reaction with TMB substrate (BD Bioscience, San Jose, CA, USA). The signal was
assessed by a spectrophotometer at 450 and 630 nm. The data was calculated according to the found
standard curve.

3. Results

3.1. Analysis of Cell Viability and Density

After transfection, samples were taken daily. Cell density and cell viability were measured, and a
curve was drawn as shown in Figure 1. In the Control group, only the anti-PD1 monoclonal antibody
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plasmid was transfected; in the rapamycin group, 100 nM rapamycin was added after transfecting the
same amount of anti-PD1 monoclonal antibody plasmid as in the control group for 24 h; in the Bcl-xL

group, 10% Bcl-xL plasmid was co-transfected with 90% anti-PD1 monoclonal antibody plasmid; in the
Bcl-xL & rapamycin group, 10% Bcl-xL plasmid was co-transfected with 90% anti-PD1 monoclonal
antibody plasmid with 100 nM rapamycin added after 24 h of the transfection. The total amount of
transfected DNA in all groups was consistent.
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Figure 1. Assessment of cell density and viability with control group, rapamycin group, Bcl-xL group
and Bcl-xL & rapamycin group throughout the 12-day cell culture. (a) Cell density; and (b) cell viability.
The control group was transfected with anti-PD1 plasmids only. Error bars represent mean ± SEM for
3–4 independent experiments.

As shown in Figure 1a, in the rapamycin group and Bcl-xL & rapamycin group, the maximum
cell density was significantly lower than that of the Bcl-xL group and the control group. Meanwhile,
compared with the control group (with 9 days of survival), the rapamycin group prolonged the cell
survival by two days (11 days in total), and the Bcl-xL & rapamycin group prolonged survival by three
days (12 days in total). There was no significant difference in cell density between the control group
and the Bcl-xL group.

As shown in Figure 1b, after a plateau, cell viability gradually decreased until it was below 50%.
Results showed that the cell viability of the Bcl-xL group was generally higher than that of the control
group. Both of the viabilities in these two groups decreased more quickly (at about day 5) than the
other two groups (at about day 9 or 10). Compared with the control group, the rapamycin group
caused a short-term decrease in cell viability after the second day of dosing, gradually began to increase
on the fourth day, and then maintained a high survival rate until the 11th day. The Bcl-xL & rapamycin
group did not show a short-term decrease in cell viability at the initial stage, and maintained high cell
viability throughout the culture until the 12th day. Moreover, it had the longest cell culture duration.

3.2. Analysis of Apoptosis

After transfection, samples were taken at the same time every day to monitor the apoptosis of the
cells. As shown in Figure 2a, in the Bcl-xL group, the proportion of apoptotic cells decreased at 72 h
after transfection, much lower than the control group. Compared with the control group, the apoptosis
of the rapamycin group was basically the same at 24–48 h. Overall, the total average apoptosis of the
rapamycin group was higher than that of the control group, which showed at 72 h. The apoptosis
of the Bcl-xL & rapamycin group was consistent with the control group. Meanwhile, its mean value
was better than that of the rapamycin group and lower than that of the Bcl-xL group. As shown in
Figure 2b, the status of late apoptosis was consistent with total apoptosis (Figure 2a), and there was no
a higher proportion of late apoptosis at 72 h in the rapamycin group.
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3.3. Analysis of Cell Cycle

Samples were taken at the same time on the second, third and fourth day after transfection and
the cell cycle was monitored. As shown in Table 1, the rapamycin group had a higher ratio of cells in
the G1 phase than that of the control group. Similarly, the Bcl-xL & rapamycin group had a higher ratio
of cells in the G1 phase than that of the Bcl-xL group.

Table 1. Comparison of cell cycle with rapamycin, Bcl-xL or combination of Bcl-xL and rapamycin from
the second to forth days after transfection (mean ± SD).

Day Cell Cycle Control Rapamycin Bcl-xL Bcl-xL & Rapamycin

D2
G1 53.2 ± 1.0 61.5 ± 1.4 49.7 ± 0.8 59.6 ± 1.9
S 25.9 ± 3.1 17.8 ± 1.9 26.1 ± 2.6 25.3 ± 1.5

G2/M 15.8 ± 0.8 16.8 ± 1.2 19.6 ± 1.5 14.5 ± 1.9

D3
G1 46.6 ± 2.6 56.7 ± 1.0 46.9 ± 1.9 56.9 ± 2.7
S 31.3 ± 3.4 26.0 ± 2.6 28.6 ± 2.3 21.0 ± 3.0

G2/M 18.2 ± 1.0 14.5 ± 3.0 22.2 ± 1.1 17.7 ± 1.7

D4
G1 42.9 ± 1.5 56.4 ± 2.5 46.5 ± 1.2 53.6 ± 2.6
S 32.3 ± 2.2 23.0 ± 4.2 35.0 ± 2.9 27.1 ± 1.3

G2/M 24.2 ± 1.0 16.2 ± 2.0 17.9 ± 2.0 17.3 ± 1.8

3.4. Analysis of Protein Expression in Apoptosis and Autophagy

When autophagy occurs, it is accompanied by a transition from LC3-I to LC3-II. Therefore,
the decrease of LC3-I and increase of LC3-II indicates a regulation of autophagy [21]. Study shows
that [22] rapamycin is an mTOR inhibitor, and it may reduce mTOR protein expression. The expression
levels of LC3-I (16 kDa), LC3-II (14 kDa), phosphate-mTOR (289 kDa) and Bcl-xL (35 kDa) were detected
by Western blotting on the fifth day. As shown in Figure 3, both rapamycin groups (rapamycin group
and the Bcl-xL & rapamycin group) reduced LC3-I expression and increased LC3-II expression, while
the expression of phosphate-mTOR was significantly lower than that of the control group and the
Bcl-xL group. Bcl-xL gene was still overexpressed until the fifth day in both Bcl-xL groups (Bcl-xL

group and the Bcl-xL & rapamycin group). According to the results, we deduced that rapamycin could
promote autophagy.
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Figure 3. Western blotting of LC3-I, LC3-II, phosphate-mTOR and Bcl-xL on day 5 in the rapamycin,
Bcl-xL and the Bcl-xL & rapamycin group.

3.5. Analysis of Anti-PD1 Monoclonal Antibody Expression Quantity

After transfection, when the cell viability declined to 50%, the cell supernatant was taken and the
expression level was measured by ELISA, as shown in Figure 4. Compared with the control group,
the expression was higher in the rapamycin group. Co-transfection of 10% Bcl-xL significantly increased
the expression of anti-PD1 monoclonal antibody compared with the control group (13.3 µg/mL vs.
7.1 µg/mL), which was 87.3% higher. The combination of Bcl-xL and rapamycin further increased the
expression level to 19.3 µg/mL, which was statistically different from the control group and the Bcl-xL

group. (T test, p = 0.023).
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the Bcl-xL & rapamycin group. Error bars represent mean ± SEM for 3–4 independent experiments.
(*, **, *** indicate p < 0.05, p < 0.01, p < 0.001, respectively).

4. Discussion

In this study, we studied the effect of rapamycin and the anti-apoptotic gene Bcl-xL on the
expression of anti-PD1 monoclonal antibody in shake flask culture within four groups. It has been
reported that stimulation of autophagy (or the presence of autophagosomes) often accompanies cell
death [23]. This is consistent with the results of our study. The results for cell density and cell viability
show that rapamycin may inhibit cell proliferation and slow down the growth rate, thus extending cell
culture duration although it does damage cells to some extent. As shown in Figure 1a, the rapamycin
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group and the Bcl-xL & rapamycin group showed significantly inhibited cell proliferation and slower
growth rates (the maximum cell density was significantly lower than that of the Bcl-xL group and the
control group) throughout the 12-day cell culture. In Figure 1b, the cell viability of all groups decreased
slightly after transfection, and then increased slightly. This was most likely caused by cell damage
due to transfection [23]. The experimental results showed that the cell viability of the Bcl-xL group
was generally higher than that of the control group. The cell viability of the rapamycin group and
the Bcl-xL & rapamycin group was much higher than that of the control group. We speculated that
rapamycin might indeed extend cell survival when added alone but might also damage the cells at
the initial addition, while co-transfection of Bcl-xL gene could improve rapamycin’s negative effect on
apoptosis. It has been reported that anti-apoptotic proteins like Bcl-xL and Bcl-2 inhibit both apoptosis
and autophagy. They prevent the formation of autophagic vacuole through binding the BH3 site on
Beclin-1 [24–26].

The transfection of the anti-apoptotic gene Bcl-xL reduced cell apoptosis; this might be due to
the influence of cell transfection on cell status. In the Bcl-xL group, the proportion of apoptotic cells
decreased at 72 h after transfection, and was much lower than the control group. It was speculated
that the anti-apoptotic gene might improve the apoptotic state [25] and resist transfection damage [11].
It is hypothesized that in the early stage of the addition of rapamycin, it will cause apoptosis in certain
CHO cells. Rapamycin significantly prolonged cell survival. In the cell cycle, rapamycin kept cells in
the G1 phase, delayed cell division and reduced cell proliferation. In addition, rapamycin can induce
autophagy, which was shown by reducing the expression of phosphorylated mTOR and promoting
LC3-I transformation to LC3-II. The average expression of anti-PD1 monoclonal antibody for the
rapamycin group was slightly higher than the control group. In a previous report, rapamycin was
found to increase antibody yield by 30%, and it played a role in causing apoptosis [16], however,
rapamycin did not show a significant apoptosis-inducing effect in this study. In the Bcl-xL & rapamycin
group, the apoptosis was lower than that of the rapamycin group and higher than that of the Bcl-xL

group. The reason was that the presence of anti-apoptotic genes might ameliorate the negative effects
of external pressures such as transfection and the addition of other drugs inducing apoptosis [23].

5. Conclusions

This study aimed to develop a method of increasing the transient expression of anti-PD1
antibodies in a CHO cell expression system by co-transfection of anti-apoptotic gene Bcl-xL combined
with rapamycin. The results showed that this method could significantly delay cell apoptosis, inhibit
cell proliferation, and prolong cell survival, and anti-PD1 monoclonal antibody expression levels could
be increased by more than 2 times. In addition, we attempted to simultaneously regulate apoptosis
and autophagy in the CHO cell expression system, and to improve cell growth status through the
combination of rapamycin and anti-apoptotic genes, thereby realizing higher expression levels. This
work provides a cost-effective and time-saving method for improving cell survival and increasing the
yields of biopharmaceuticals.
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