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Abbreviations: ATF6, activating transcription factor 6; B4galt, β-1,4-
galactosyltransferase; BiP, binding immunoglobulin protein; BIX, BiP inducer X; 
CHO, Chinese hamster ovary; CHOP, C/EBP homologous protein; DMSO, dimethyl 
sulfoxide; eIF2, eukaryotic initiation factor 2; ER, endoplasmic reticulum; Gla, 
galactosidase α; Glb1, galactosidase β1; GRP94, heat shock protein 90 beta family 
member 1; GS, glutamine synthetase; IVCC, time integral of viable cell 
concentration; mAb, monoclonal antibody; MMC, maximum mAb concentration; 
MSX, methionine sulfoximine; MVCC, maximum viable cell concentration; NaBu, 
sodium butyrate; qmAb, specific mAb productivity; TUDCA, tauroursodeoxycholic 
acid; µ, specific growth rate; UPR, unfolded protein response; Xbp1, X-box binding 
protein 

Abstract 

Prolonged endoplasmic reticulum (ER) stress reduces protein synthesis and induces 

apoptosis in mammalian cells. When dimethyl sulfoxide (DMSO), a specific 

monoclonal antibody productivity (qmAb)-enhancing reagent, was added to 

recombinant Chinese hamster ovary (rCHO) cell cultures (GSR cell line), it induced 

ER stress and apoptosis in a dose-dependent manner. To determine an effective ER 

stress inhibitor, three ER stress inhibitors (BiP inducer X (BIX), tauroursodeoxycholic 

acid, and carbazole) were examined, and BIX showed the best production 

performance. Co-addition of BIX (50 µM) with DMSO extended the culture longevity 

and enhanced qmAb. As a result, the maximum mAb concentration was significantly 

increased with improved galactosylation. Co-addition of BIX significantly increased 

the expression level of BiP followed by increased expression of chaperones (calnexin 

and GRP94) and galactosyltransferase. Furthermore, the expression levels of CHOP, a 

well-known ER stress marker, and cleaved caspase-3 were significantly reduced, 

suggesting that BIX addition reduced ER stress-induced cell death by relieving ER 

stress. The beneficial effect of BIX on mAb production was also demonstrated with 

another qmAb-enhancing reagent (sodium butyrate) and a different rCHO cell line 
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(CS13-1.00). Taken together, BIX is an effective ER stress inhibitor that can be used 

to increase mAb production in rCHO cells. 

Graphical Abstract 

Endoplasmic reticulum (ER) stress is induced in CHO cell culture, especially with the 

addition of productivity–enhancing chemicals. BIX is an effective ER stress inhibitor 

for use in recombinant CHO cell cultures for improved mAb production. 

 

1. Introduction 

Chinese hamster ovary (CHO) cells are commonly used for industrial production of 

monoclonal antibodies (mAbs). Over the last two decades, increased demand for 

mAbs has led to the need to increase the expression level of high quality mAbs in 

recombinant CHO (rCHO) cells. 

There have been several reports on the post-translational bottlenecks in the 

biosynthetic pathway of therapeutic proteins in rCHO cells [1,2], which suggest that 

the expression level of mAbs can be increased by improving the secretory pathway 

machinery in rCHO cells. Endoplasmic reticulum (ER), a central organelle of the 
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secretory pathways, plays a role in regulating protein translocation, protein synthesis, 

and early post-translational modifications, including folding and glycosylation [3,4]. 

In mammalian cells, highly increased expression of target proteins activates ER stress 

[5,6]. Chemical additives such as dimethyl sulfoxide (DMSO) and sodium butyrate 

(NaBu), which have been used for enhancing mAb production in rCHO cell cultures 

[7-10], may also activate ER stress. DMSO has been observed to induce ER stress in 

mouse embryonic cells [11]. When cells are exposed to ER stress, an unfolded protein 

response (UPR) is activated to restore stress or to adapt to stress conditions in order to 

maintain homeostasis and cellular function [12,13]. However, prolonged ER stress 

reduces protein synthesis to minimize ER load and ultimately induces mitochondrial 

dysfuntion/depolarization leading to apoptotic cell death [4,13]. 

To cope with ER stress and cell death induced by ER stress, genetic manipulations-

related to proteins that affect ER capacity and function, such as spliced X-box binding 

protein (Xbp1s), signaling receptor proteins, and molecular chaperones, have been 

attempted in CHO cells, resulting in enhanced production of therapeutic proteins 

including mAbs [14-19]. Alternatively, chemical ER stress inhibitors may also be 

used in rCHO cell cultures. A chemical approach for reducing ER stress is easy to 

implement in industrial processes due to its simplicity. ER stress inhibitors such as 

BiP inducer X (BIX), tauroursodeoxycholic acid (TUDCA), and carbazole have been 

used in various cell lines including neuroblastoma, hepatoblastoma, and 

pheochromocytoma lines [20-23]. These ER stress inhibitors protected cells from ER 

stress and improved cell viability through regulation of ER stress-related genes and 

proteins. However, despite the potential of such ER stress inhibitors, they have never 

been used as a means of enhancing the expression level of mAbs in rCHO cell 

cultures.  
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In this study, to find an effective ER stress inhibitor for rCHO cell cultures, three 

different ER stress inhibitors, including BIX, were evaluated as chemical supplements 

for rCHO cells producing mAb. Of these, BIX showed the best effect on culture 

performance, and was added to rCHO cell cultures under ER stress induced by DMSO 

addition. The ER stress level and UPR levels were measured to understand the effect 

of BIX on mAb production and quality. Finally, BIX was evaluated as a chemical 

additive in fed-batch cultures under ER stress induced by DMSO addition. 

2. Experimental Section 

2.1 Cell Line and Cell Maintenance 

The rCHO cell lines producing Rituximab (GSR) and a chimeric antibody (CS13-

1.00) were used in this study. The GSR cell line was established through transfection 

of light and heavy chain vector encoding glutamine synthetase (GS) into GS knockout 

CHO-K1 cells as described previously [24]. Cells were selected at 25 µM methionine 

sulfoximine (MSX, Sigma-Aldrich, St. Louis, MO). The CS13-1.00 cell line was 

established through transfection of light and heavy chain vectors encoding 

dihydrofolate reductase into CHO DG44 cells as described previously [25]. Cells 

were selected at 1 µM methotrexate (MTX, Sigma-Aldrich). Both cell lines were 

adapted to grow in a serum-free suspension culture. Cells were maintained in 125 mL 

Erlenmeyer flasks (Corning, Corning, NY) with 30 mL of PowerCHO2CD (Lonza, 

Basel, Switzerland) supplemented with GSEM (Sigma-Aldrich) and 25 µM MSX for 

the GSR cell line or with 1 µM MTX for the CS13-1.00 cell line in a humidified 

shaking incubator at 120 rpm, 37°C, and 5% CO2.  
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2.2 ER Stress Inhibitor Screening 

GSR cells were inoculated at 3 × 105 cells/mL into 6-well plates with 3 mL of culture 

medium and the plates were incubated in a humidified shaking incubator at 120 rpm, 

37°C, and 5% CO2. BIX, TUDCA, and carbazole were dissolved in distilled water at 

a concentration of 10, 50, and 5 mM, respectively. After 3 days of cultivation, each 

ER stress inhibitor was individually added to the cultures at various concentrations. 

As controls, cell cultures without any supplements were performed. All chemicals 

were purchased from Sigma-Aldrich, unless otherwise noted. Samples were harvested 

every two days to measure the viable cell concentration, viability, and mAb 

concentration. Culture supernatants were aliquoted and stored at – 70°C for further 

analysis.  

2.3 Shake Flask Culture 

Cells were inoculated at 3 × 105 cells/mL into 125 mL Erlenmeyer flasks with 30 mL 

of culture medium and incubated in a humidified shaking incubator at 120 rpm, 37°C, 

and 5% CO2. After 3 days of cultivation, 50 µM BIX and/or 1 % v/v DMSO was 

added to the cultures of GSR cells or CS13-1.00 cells. As controls, cell cultures 

without any supplements were also performed. Samples were collected daily for 

measuring the viable cell concentration, viability, and mAb concentration. Culture 

supernatants were aliquoted and stored at -70°C for further analysis.  

2.4 Bioreactor Culture 

Cells were inoculated at 2.5 × 105 cells/mL into a bioreactor (Eppendorf DASGIP, 

Jülich, Germany) with a 270 mL working volume in the absence or presence of 50 

µM BIX and/or 1 % v/v DMSO on day 3. Cultures were maintained at 37°C, pH 7.15, 
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50% air saturation, and an agitation speed of 200 rpm. For fed-batch cultures, CHO 

CD EfficientFeedTM B (Invitrogen, Carlsbad, CA) was added to the cultures daily 

from day 4 to 8 at a 5% v/v ratio. Glucose was also added to the cultures daily to 

adjust the concentration to 24 mM. Samples were taken daily to determine the viable 

cell concentration and for further analyses. 

2.5 Viable Cell Concentration and mAb Concentration 

Viable cell concentration was measured using a NucleoCounter NC-200 cell counter 

(ChemoMetec, Allerod, Denmark). The mAb concentration was estimated using an 

Octet RED96 (Pall, Menlo Park, CA) [26]. Specific mAb productivity (qmAb) was 

evaluated from a plot of the mAb concentration against the time integral values of the 

viable cell concentration [27]. 

2.6 Western Blot Analysis 

Western blot analysis was performed as described previously [26]. The antibodies 

used for western blot analysis were anti-GRP78/BiP, CHOP, cleaved caspase-3, 

ATF6, XBP1s, eIF2α, p-eIF2α, GRP94, and calnexin. Anti-vinculin was used as a 

loading control. All antibodies were purchased from Cell Signaling (Cell Signaling 

Technology, Beverly, MA). 

2.7 Quantitative Real Time Polymerase Chain Reaction (qRT-PCR) 

The qRT-PCR was run on an Mx3005P (Agilent Technologies, Santa Clara, CA) 

using Brilliant III Ultra-Fast SYBR1 Green master mix (Agilent Technologies) as 

described previously [26]. The target genes used for qRT-PCR were categorized into 

(1) ER stress-related genes: GRP78/BiP and CHOP and (2) galactosylation-related 
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genes: B4galt1, B4galt2, B4galt3, Gla, and Glb1. GAPDH was used as an internal 

control. 

2.8 Purification and Glycan Analysis of mAb 

Cell culture supernatants were harvested from the flask and bioreactor cultures. 

Methods for purification and glycan analysis of mAbs were described previously [28]. 

Briefly, mAbs contained in the supernatants were purified by protein A affinity 

chromatography (recombinant protein A agarose, Pierce, Rockford, IL), according to 

the manufacturer’s instructions. N-glycans of mAbs were labeled with GlykoPrep 

Rapid N-Glycan kit (ProZyme, Hayward, CA), according to the manufacturer’s 

instructions. N-glycan analysis was performed using a Thermo Ultimate 3000 HPLC 

system coupled with Thermo Velos Pro Iontrap MS (Thermo Fisher Scientific, 

Waltham, MA). 

2.9 Statistical Analysis 

Reported values are expressed as mean ± standard deviation, unless otherwise noted. 

The data were analyzed using a two tailed Student’s t-test. The differences between 

means were considered significant at P < 0.05. 

3. Results 

3.1 BIX Was the Best ER Stress Inhibitor for Improved mAb Production 

To find an effective ER stress inhibitor for rCHO cell cultures, three ER stress 

inhibitors at various concentrations (10 and 50 µM BIX, 50 and 200 µM TUDCA, and 

1 and 5 µM carbazole) were examined. The rCHO cell lines producing Rituximab 

(GSR) cells were cultivated in six-well plates and each ER stress inhibitor was 
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individually added to the cultures on day 3. Cells were also cultivated without any 

supplement as controls. The concentration of each ER stress inhibitor used in this 

study was determined according to the literature reports [20-23]. Experiments were 

performed three times. 

Figure 1 shows the profiles of cell growth, viability, and mAb concentration during 

the cultures. Compared to the control cultures, all ER stress inhibitors suppressed cell 

growth, but to a different extent (Fig. 1A). However, cells in cultures with BIX 

addition were viable for a longer period (Fig. 1B). Despite suppressed cell growth, 

addition of 50 µM BIX significantly increased the mAb production (Fig. 1C). The 

maximum mAb concentration (MMC) in the cultures with addition of 50 µM BIX 

was 256.6 ± 14.4 µg/mL, which was approximately 1.6 times higher than that in the 

control cultures (P < 0.05). The time integral of viable cell concentration (IVCC) of 

the culture with addition of 50 µM BIX was similar to that of control cultures due to 

the extended culture period. Thus, the highest MMC in cultures with 50 µM BIX 

suggests that specific mAb productivity (qmAb) with BIX was significantly higher than 

that in the control cultures. The qmAb with 50 µM BIX, which was calculated based on 

the data collected during the exponential growth phase, was 18.7 ± 1.7 pg/cell/day, 

which was approximately 1.8 times higher than that in the control cultures. BIX was 

thus chosen as an ER stress inhibitor for improved mAb production.  

3.2 BIX Improved mAb Production in rCHO Cell Cultures Under DMSO-

Induced ER Stress 

As observed in mouse embryonic cells, DMSO, which is known to increase the qmAb 

of rCHO cells, may induce ER stress. To confirm this hypothesis, exponentially 

growing GSR cells in shake flasks were subjected to DMSO treatment at various 
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concentrations (0.5, 1, and 3% v/v). DMSO inhibited cell growth but increased qmAb 

in a dose dependent manner (Supplementary Fig. S1A-C). Although the highest qmAb 

was obtained at 3% DMSO, the highest MMC (644.8 ± 53.2 µg/mL) was obtained at 

1% DMSO. The detrimental effect of 3% DMSO on cell growth outweighed its 

beneficial effect on mAb production. DMSO induced ER stress in rCHO cells. ER 

stress and apoptotic cell death were significantly increased with increasing DMSO 

concentrations (Supplementary Fig. S1D).  

To investigate whether BIX further improves mAb production under ER stress-

induced culture conditions, GSR cells were cultivated in shake flasks with co-addition 

of 1% DMSO and 50 µM BIX on day 3. As controls, cells were cultivated without 

any supplements. For comparison, cells were also cultivated with the addition of BIX 

or DMSO alone on day 3. Cultures were performed three times. 

Figure 2 shows the profiles of cell growth, viability, and mAb concentration during 

the cultures. As observed in 6-well plate cultures, addition of BIX only slightly 

suppressed cell growth and prolonged culture duration (Fig. 2A and 2B). The 

maximum viable cell concentration (MVCC) and specific growth rate (µ) in the 

control cultures (4.75 ± 0.13 × 106 cells/mL and 0.52 ± 0.04 day-1) decreased to 4.37 

± 0.24 × 106 cells/mL and 0.50 ± 0.03 day-1 in the culture with addition of BIX only, 

respectively. However, the IVCC of cultures with the addition of BIX only was higher 

than that in control cultures due to the extended culture period. In contrast, addition of 

DMSO only rapidly decreased cell viability in the decline phase of growth (Fig. 2A 

and 2B). However, when BIX was added to the cultures with DMSO, the negative 

effect of DMSO on cell viability was alleviated and the culture longevity was 

extended by 3 days. 
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Regardless of the single or combined addition of BIX and DMSO, qmAb was 

significantly increased. Thus, despite depressed cell growth, the MMC in the cultures 

with the addition of DMSO only was 525.3 ± 96.2 µg/mL, which is approximately 4.6 

times higher than that in the control cultures. The highest qmAb was obtained in 

cultures with the co-addition of BIX and DMSO, which was 4.3 times higher than that 

in the control cultures. As a result, due to both enhanced qmAb and extended culture 

longevity, the MMC in cultures with co-addition of BIX and DMSO was 1096.3 ± 

77.3 µg/mL, which is 10.0 times higher than that in the control cultures (Fig. 2C). The 

µ, MVCC, qmAb, MMC, and IVCC in the cultures shown in Fig. 2 are summarized in 

Table 1.  

3.3 BIX Reduced DMSO-Induced ER Stress, UPR, and Apoptosis  

DMSO significantly increased the qmAb, but also induced severe ER stress and 

apoptotic cell death (supplementary Fig. S1). BIX is known to directly reduce ER 

stress by inducing BiP expression, which is one of the main factors for the pro-

survival pathway under ER stress [24]. To understand the positive effect of BIX on 

DMSO-induced ER stress, cells were sampled in the cultures shown in Fig. 2 and the 

levels of mRNA and proteins related to ER stress and apoptosis were measured by 

qRT-PCR and western blot, respectively.  

Figure 3A and 3B show the mRNA expression levels of two major pathway genes 

for ER stress, BiP as a pro-survival signal and CHOP as a pro-apoptotic cell death 

signal. GAPDH was used as a control gene. In control cultures, the expression levels 

of both BiP and CHOP increased during the cultures, suggesting that ER stress 

accumulated during the cell cultures (Fig. 3A and 3B). Addition of DMSO alone 

significantly increased the expression level of BiP and CHOP during the cultures. Co-
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addition of BIX and DMSO further increased the expression level of BiP (Fig. 3A). 

However, the expression level of CHOP was significantly decreased, demonstrating 

the potential of BIX as an ER stress inhibitor (Fig. 3B).  

Figure 3C shows the western blots of Bip, CHOP, and cleaved-caspase-3. Changes 

in the protein expression levels of Bip and CHOP during the cultures were consistent 

with those in the mRNA expression levels. When BIX and DMSO were co-added to 

the cultures, the protein expression level of CHOP, unlike Bip, was significantly 

decreased. Likewise, co-addition of BIX and DMSO significantly decreased the 

protein expression level of cleaved-caspase-3 that is a well-known marker for 

apoptosis [12.13]. Thus, inhibition of ER stress by BIX reduced apoptotic cell death.  

To determine the effect of BIX on the UPR and chaperone activation under DMSO-

induced ER stress, the expression level of proteins involved in these pathways was 

measured by western blotting. Figure 4 show the western blots of proteins related to 

the UPR and chaperones. Vinculin was used as a loading control. In the control 

cultures, the expression levels of UPR-related proteins (ATF6, XBP1s, p-eIF2α, and 

eIF2α) and chaperones (Calnexin and GRP94) were increased during the cultures, as 

observed with those of BiP and CHOP shown in Fig. 3B. Addition of DMSO only 

significantly increased the expression level of these proteins. When both DMSO and 

BIX were added to the cultures, the expression levels of these proteins were increased 

further. Particularly, the expression level of ATF6 on day 8 was 3.7 and 1.4 times 

higher than that in the control cultures and the cultures with addition of DMSO only, 

respectively. Likewise, the expression level of GRP94 on day 8 was 3.9 and 1.7 times 

higher than that in the control cultures and the cultures with addition of DMSO only, 

respectively. Thus, co-addition of DMSO and BIX activated the UPR pathway 

This article is protected by copyright. All rights reserved. 



 
A

cc
ep

te
d 

A
rt

ic
le

 
followed by an increase in chaperone expression, which may be responsible for 

enhanced qmAb without severe cell death. 

3.4 Co-Addition of BIX and DMSO Improved Galacotsylation of mAb  

The highest MMC was obtained in cultures with the co-addition of BIX and DMSO 

(Fig. 2C). To determine the effect of BIX and DMSO on galactosylation of mAbs, 

culture supernatants were harvested on day 6 and 9 and mAbs were purified for 

glycan analyses. Figure 5A shows the profiles of the galactosylated glycan proportion 

of mAbs. In control cultures, the G0 form increased from 57.9 ± 5.1 % on day 6 to 

61.0 ± 1.4 % on day 9 with a concomitant decrease in G1 and G2 forms, but it was not 

statistically significant. In cultures with the addition of BIX and DMSO, the G0 form 

was much smaller than that in the control cultures. In addition, the G0, G1, and G2 

forms did not change significantly from day 6 to day 9 in the cultures with co-addition 

of BIX and DMSO. The G1 and G2 forms on day 9 were 46.6 ± 0.8 and 11.0 ± 1.3, 

respectively, which were significantly higher than those in the control cultures (P < 

0.01 and P < 0.05).  

To understand the beneficial effect of BIX and DMSO on galactosylation, the 

mRNA expression levels of galactosylation-related genes (galactosyltransferases: 

B4galt1, 2, and 3, and galactosidases: Gla and Glb1) were measured by qRT-PCR. 

Figure 5B shows the mRNA expression profiles of these genes during the cultures. 

Overall, the mRNA expression levels of galactosyltransferases in cultures with BIX 

and DMSO addition were higher than those in the control cultures. On day 4, the 

mRNA expression levels of B4galt1 and 3, which are known to play a dominant role 

in galactosylation in CHO cells, were significantly higher compared to those in the 

control cultures (P < 0.05). In contrast, the mRNA expression levels of galactosidases 
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in the culture with co-addition of BIX and DMSO were not significantly higher than 

those in the control cultures (P > 0.05). Thus, the increased expression level of 

galactosyltransferase genes by the addition of BIX and DMSO contributed in part to 

the improved galactosylation of mAbs.  

3.5 Co-Addition of BIX and DMSO Improved mAb Production in Fed-Batch 

Cultures 

To further determine the potential of BIX and DMSO for improving mAb production, 

GSR cells were cultivated in a fed batch mode in a bioreactor. BIX (50 µM) and 

DMSO (1%) were co-added to the cultures on day 3, followed by daily feeding of 

nutrient cocktails from day 5 to 10. As controls, cells were also cultivated without 

BIX and DMSO. Cultures were performed two times. 

Figure 6 shows the culture profiles of cell growth, viability, mAb concentration, and 

galactosylation of mAb during the fed-batch cultures. Culture profiles were plotted 

daily before feeding the nutrient cocktails, to avoid obtaining excessively complex 

profiles. As observed in the shake flask cultures (Fig. 2), co-addition of BIX and 

DMSO inhibited cell growth and extended the culture duration (Fig. 6A and 6B). Due 

to enhanced qmAb, the MMC in fed-batch cultures with BIX and DMSO (1109.8 ± 

156.9 µg/mL) was 4.9 times higher than that in the control fed-batch cultures (Fig. 

6C). Furthermore, the G1 and G2 forms of mAb in the fed-batch cultures with BIX 

and DMSO were significantly higher than that in the control fed-batch cultures (P < 

0.05) (Fig. 6D), demonstrating the potential of BIX and DMSO for improving mAb 

production in fed-batch cultures. The µ, MVCC, qmAb, and MMC in the cultures 

shown in Fig. 6 are summarized in Table 2. 
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3.6 Co-Addition of BIX and DMSO Improved mAb Production in CS13-1.00 Cell 

Cultures 

To generalize the beneficial effect of BIX and DMSO on mAb production, the same 

set of cell cultures in shake flasks were performed with CS13-1.00 cells. As observed 

in the cultures of GSR cells (Fig. 2), co-addition of BIX and DMSO inhibited cell 

growth and extended the culture longevity (Fig. 7A and 7B). Due to enhanced qmAb 

and extended culture longevity, the MMC in cultures with co-addition of BIX and 

DMSO was approximately 2.3 and 1.5 times higher than that in the control cultures 

and the cultures with addition of DMSO alone, respectively (Fig. 7C). Furthermore, 

the G1 and G2 form of mAb in cultures with BIX and DMSO was significantly higher 

than that in the control cultures on day 9 (P < 0.05) (Fig. 7D). Thus, the addition of 

BIX and DMSO improved mAb production in rCHO cell cultures.  

4. Discussion 

When protein folding capacity is overwhelmed by stress inducers, mis/un-folded 

proteins are accumulated in the ER and induce ER stress [30,31]. Accumulated ER 

stress then triggers the UPR pathways to restore ER homeostasis. The UPR, an 

adaptive mechanism against ER stress, is regulated by three different sensor proteins: 

ATF6, IRE1α, and PERK. To maintain the function of cells, the three sensors play an 

important role in increasing the protein folding capacity by upregulation of 

chaperones, degradation of un/mis-folded proteins, and inhibition of translation 

[12,13]. However, if these adaptive responses are not sufficient to restore protein 

folding homeostasis, UPR signaling promotes apoptotic cell death mechanisms [4]. 

Since the chemical approach to reducing ER stress in rCHO cell cultures by medium 

supplementation is simple and easy to implement in industrial processes, we 
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examined the effects of three different ER stress inhibitors (BIX, TUDCA, and 

carbazole) with rCHO cells producing mAbs. Among the three, only BIX showed a 

beneficial effect on cell viability and mAb production. BIX was screened to have the 

highest activity for BiP expression among approximately 10,000 compounds [20]. 

BIX is known to significantly reduce ER stress and apoptosis through increased BiP 

mRNA expression in various cell lines including neuroblastoma and retinal cells, and 

in animal models such as gerbils and mice [20,32,33].  

BiP, a molecular chaperone located in the ER lumen, binds to the three UPR sensor 

proteins and inactivates signal transduction under normal conditions. Under ER stress 

conditions, BiP is released from these complexes and redirects to the accumulated 

proteins to help protein folding and activate UPR signaling [29]. In addition, BiP 

itself interacts with the IgG assembly [34]. Previously, it was reported that BiP 

overexpression in CHO cells enhanced cell viability under serum deprivation and 

oxidative stress and increased antibody yields with reduced ER stress [14]. Co-

transient transfection with BiP and the difficult to express antibody genes in CHO 

cells also increased the qmAb [35]. In this study, BIX addition to rCHO cell cultures 

also significantly increased BiP expression and reduced apoptotic cell death, and 

thereby improved cell viability and MMC (Fig. 1 and 2).  

Chemical additives such as DMSO and NaBu have been used for increasing 

recombinant protein production in rCHO cell cultures [7-10]. These chemical 

additives increased qmAb but inhibited cell growth and induced apoptotic cell death 

[36,37]. In this study, DMSO addition was found to induce ER stress and apoptotic 

cell death in a dose-dependent manner (Supplementary Fig. 1). Like DMSO, NaBu 

addition also induced ER stress and apoptotic cell death [38]. Therefore, the beneficial 
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effect of these chemical additives on qmAb is compromised by their cytotoxic effect on 

cell growth.  

Given that ER stress inhibitors like BIX can reduce ER stress and apoptosis induced 

by addition of qmAb-enhancing chemicals, combined addition of BIX and DMSO in 

rCHO cell cultures was hypothesized to further increase mAb production. As 

expected, co-addition of BIX and DMSO significantly increased the expression level 

of BiP, while decreasing the expression level of CHOP (Fig. 3). CHOP, which 

inhibits the expression of anti-apoptotic genes, acts as a pro-apoptotic cell death 

signal induced by ER stress in neuronal cells, brain cells, and cancer cells like 

leukemia cells [39,40]. As a result, co-addition of BIX and DMSO significantly 

increased the MMC by reducing ER stress and apoptosis. Approximately 4.9 fold 

increase in MMC was achieved by the co-addition of BIX and DMSO in fed-batch 

cultures, which are widely used for large-scale commercial production of mAbs (Fig. 

6). The synergistic effect of BIX and DMSO on mAb production was confirmed by 

performing the same set of experiments with another mAb producing CHO cell line 

(CS13-1.00). As observed in GSR cells, the co-addition of BIX and DMSO 

significantly improved mAb production by CS13-1.00 cells (Fig. 7). However, the 

extent of enhancement in mAb production was different probably because ER stress 

levels and stress responses differ between cell lines. 

The beneficial effect of BIX on mAb production was further confirmed by 

performing the same set of experiments with NaBu (Supplementary Fig. 2). Addition 

of 1.5 mM NaBu only in GSR cell cultures inhibited cell growth and decreased cell 

viability in the decline phase of growth. Despite reduced cell growth, NaBu addition 

increased the MMC because of significantly enhanced qmAb. When BIX was added to 
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the cultures with NaBu, the negative effect of NaBu was relieved and culture 

longevity was extended by one day. As a result, the MMC in cultures with both BIX 

and NaBu was approximately 1.8 and 3.4-times higher than that in the cultures with 

only NaBu and control cultures, respectively. Thus, BIX can reduce ER stress and 

apoptosis induction by the addition of qmAb-enhancing chemicals, thus further 

enhancing mAb production. 

In order to be used in rCHO cell cultures for mAb production, chemical additives 

should increase mAb production without negative impacts on mAb quality, for 

example on mAb glycosylation. However, some chemical additives such as NaBu 

have been reported to decrease galactosylation of mAbs in rCHO cell cultures [41]. It 

is well known that terminal galactosylation capping modulates complement dependent 

cytotoxicity (CDC) by affecting the binding of mAb to C1q in the complement system 

[42,43]. Recently, enhanced galactosylation of mAb has also been found to improve 

antibody-dependent cellular cytotoxicity (ADCC) [44]. However, co-addition of BIX 

and DMSO did not decrease the galactosylation of mAb in rCHO cell cultures but 

rather increased it (Fig. 5A). Furthermore, co-addition of BIX and DMSO also 

improved galactosylation of mAb in fed-batch culture where approximately 4.9-fold 

increase in MMC was achieved (Fig. 6). Since folding and quality control of secreted 

glycoproteins are regulated by UPR pathways in the ER, UPR activation, particularly 

Xbp1s, may enhance N-glycosylation of ER client proteins [45-47]. Xbp1s have been 

reported to modulate N-glycan maturation pathways and to improve the synthesis of 

hybrid and complex N-glycans [48]. In this study, co-addition of BIX and DMSO 

significantly increased the expression level of Xbp1s, which may contribute in part to 

increase mAb galactosylation (Fig. 4). In addition, the increased expression level of 
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galactosyltransferase genes by the addition of BIX and DMSO may also contribute in 

part to improved galactosylation of mAb.  

In conclusion, ER stress was induced in rCHO cell culture, especially with the 

addition of qmAb–enhancing chemicals such as DMSO and NaBu, which negatively 

affected cell growth and mAb production in rCHO cell cultures. Among the three ER 

stress inhibitors tested in this study, BIX showed the best mAb production 

performance in rCHO cell cultures. Co-addition of BIX and DMSO significantly 

enhanced mAb production while increasing the galactosylated form of the mAb. 

Thus, BIX is an effective ER stress inhibitor for use in rCHO cell cultures for 

improved mAb production. 
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Legend of Tables 

Table 1. The µ, MVCC, qmAb, MMC, and IVCC during shake flask cultures with the 
addition of BIX and/or DMSO. No supplements (C), 50 µM BIX (T1), 1% v/v DMSO 
(T2), and BIX and DMSO (T3). Values are means ± standard deviations of three 
independent experiments. 

Table 2. The µ, MVCC, qmAb, MMC, and IVCC during fed-batch cultures in a 
bioreactor with the addition of BIX and DMSO. No supplements (C), and BIX and 
DMSO (T). Values are means ± standard deviations of duplicate experiments. 

Figures 

Figure 1. Profiles of (A) cell growth, (B) viability, and (C) mAb concentration in GSR 
cells during six-well plate cultures with various ER stress inhibitors. No inhibitor 
(black square), 10 µM BIX (white circle), 50 µM BIX (gray circle), 50 µM TUDCA 
(white up-triangle), 200 µM TUDCA (gray up-triangle), 1 µM carbazole (white 
down-triangle), and 5 µM carbazole (gray down-triangle). Error bars represent the 
standard deviations calculated from three independent experiments. 
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Figure 2. Profiles of (A) cell growth, (B) viability, and (C) mAb concentration in 

GSR cells during shake flask cultures with the addition of BIX and/or DMSO. No 

chemical reagent (black square), 50 µM BIX (black circle), 1 % v/v DMSO (black up-

triangle), and 50 µM BIX and 1% v/v DMSO (black down-triangle). Error bars 

represent the standard deviations calculated from three independent experiments. 
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Figure 3. (A) qRT-PCR of BiP and (B) CHOP during shake flask cultures. Cells were 

sampled on day 4, 6, and 8 of the cultures shown in Figure 2. Values were normalized 

to the control on day 4. No chemical reagent (white), BIX only (light gray), DMSO 

only (gray), and BIX and DMSO (black). Error bars represent the standard deviations 

calculated from three independent experiments. * P < 0.05, ** P < 0.01. (C) Western 

blots of BiP, CHOP, and cleaved caspase-3 during shake flask cultures. Cells were 

sampled on day 4, 6, and 8 of the cultures shown in Figure 2. Vinculin was used as a 

loading control. No chemical reagent (C), BIX only (T1), DMSO only (T2), and BIX 

and DMSO (T3).  
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Figure 4. Western blots of ATF6, XBP1s, eIF2α, p-eIF2α, calnexin, and GRP94 
during shake flask cultures. Cells were harvested on day 4, 6, and 8 of the cultures 
shown in Figure 2. Vinculin was used as a loading control. No chemical reagent (C), 
BIX only (T1), DMSO only (T2), and BIX and DMSO (T3).  

 

Figure 5. (A) Profiles of mAb galactosylation during shake flask cultures. Culture 
supernatants were harvested on days 6 and 9 of the cultures shown in Figure 2. No 
chemical reagent on day 6 (white), BIX and DMSO on day 6 (dashed white), no 
chemical reagent on day 9 (light gray), and BIX and DMSO on day 9 (dashed light 
gray). G0, G1, and G2 represent G0 + G0F, G1F + G1S1F, and G2F + G2S1F + 
G2S2F, respectively. (B) qRT-PCR of B4galt1, B4galt2, B4galt3, Gla, and Glb1 
during shake flask cultures. Cells were sampled on day 4, 6, and 8 of the cultures 
shown in Figure 2. Values were normalized to the control at day 4. No chemical 
reagent on day 4 (white), BIX and DMSO on day 4 (dashed white), no chemical 
reagent on day 6 (light gray), BIX and DMSO on day 6 (dashed light gray), no 
chemical reagent on day 8 (gray), and BIX and DMSO on day 8 (dashed gray). Error 
bars represent the standard deviations calculated from three independent experiments. 
* P < 0.05, ** P < 0.01. 
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Figure 6. Profiles of (A) cell growth, (B) viability, (C) mAb concentration, (D) mAb 

galactosylation during fed-batch cultures in a bioreactor with co-addition of BIX and 

DMSO. (A – C) No chemical reagent (black square) and 50 µM BIX and 1% v/v 

DMSO (black circle). (D) No chemical reagent on day 10 (white), 50 µM BIX and 

1% v/v DMSO on day 10 (dashed white), No chemical reagent on day 14 (gray), and 

50 µM BIX and 1% v/v DMSO on day 14 (dashed gray). G0, G1, and G2 represent 

G0 + G0F, G1F + G1S1F, and G2F + G2S1F + G2S2F, respectively. Error bars 

represent the standard deviations calculated from duplicate experiments. * P < 0.05. 
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Figure 7. Profiles of (A) cell growth, (B) viability, (C) mAb concentration, and (D) 

mAb galactosylation of CS13-1.00 cells during shake flask cultures with the co-

addition of BIX and DMSO. (A – C) no chemical reagent (black square), 50 µM BIX 

(black circle), 1 % v/v DMSO (black up-triangle), and 50 µM BIX and 1% v/v DMSO 

(black down-triangle). (D) No chemical reagent on day 6 (white), 50 µM BIX and 1% 

v/v DMSO on day 6 (dashed white), no chemical reagent on day 9 (light gray), and 50 

µM BIX and 1% v/v DMSO on day 9 (dashed light gray). G0, G1, and G2 represent 

G0 + G0F, G1F + G1S1F, and G2F + G2S1F + G2S2F, respectively. Error bars 

represent the standard deviations calculated from three independent experiments. * P 

< 0.05 
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Table 1. The µ, MVCC, qmAb, MMC, and IVCC during shake flask cultures with the 

addition of BIX and/or DMSO. No supplements (C), 50 µM BIX (T1), 1% v/v DMSO 

(T2), and BIX and DMSO (T3). Values are means ± standard deviations of three 

independent experiments. 

 µ (day-1) 

MVCC  

( x 106 
cells/mL) 

qmAb 
(pg/cell/day) 

MMC 
(µg/mL) 

IVCC 
(106cells·day/mL) 

C 0.52 ± 0.04 4.75 ± 0.13 3.35 ± 1.88 114.3 ± 22.6 27.5 ± 2.6 

T1 0.50 ± 0.03 4.37 ± 0.24 6.70 ± 1.43 283.8 ± 40.0 32.9 ± 4.0 

T2 0.47 ± 0.03 3.55 ± 0.43 10.44 ± 2.57 525.3 ± 96.2 23.8 ± 4.6 

T3 0.51 ± 0.02 4.15 ± 0.15 14.36 ± 1.52 1096.3 ± 77.3 30.9 ± 2.4 

 

Table 2. The µ, MVCC, qmAb, MMC, and IVCC during fed-batch cultures in a 

bioreactor with the addition of BIX and DMSO. No supplements (C), and BIX and 

DMSO (T). Values are means ± standard deviations of duplicate experiments. 

 µ (day-1) MVCC ( x 106 
cells/mL) 

qmAb 
(pg/cell/day) 

MMC 
(µg/mL) 

IVCC 
(106cells·day/mL) 

C 0.41 ± 
0.01 3.99 ± 0.53 6.38 ± 

0.53 225.6 ± 45.6 32.7 ± 3.1 

T 0.37 ± 
0.02 2.39 ± 0.21 25.78 ± 

0.48 
1109.75 ± 

156.9 21.4 ± 1.9 
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