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Abstract

:

Monoclonal antibodies (mAbs) used in biomedical research and therapeutic applications are primarily produced by Chinese hamster ovary (CHO) cells via fed-batch culture. The growing need for elevated quantities of biologics mandates the continual optimization of the mAb production process. The development of an effective process control method is indispensable for the production of specified mAbs by CHO cells. In this study, the effects of the pH control strategy on CHO cell fed-batch culture to produce an antibody (EA5) were first investigated in a 3 L bioreactor. The results indicate that controlling the culture pH at 7.2 during the fed-batch stage could produce a higher EA5 titer of 6.1 g/L with a lower Man5 ratio of 2.2% by day 14. Based on this, an optimized CHO cell fed-batch culture was conducted in a 15 L bioreactor to verify its effectiveness and stability. In this case, on day 14, an EA5 titer of 6.5 g/L was achieved with productivity of 0.46 g/L/day, which was 1.07-fold higher compared to that of the culture in the 3 L bioreactor. Furthermore, regarding the product quality, a monomer abundance of 96.0%, a main peak of 55.0%, and a Man5 proportion of 2.4% were maintained in the 15 L bioreactor. In addition, different cell clarification processes were evaluated using the CHO cell culture broth from the 3 L and 15 L bioreactors to further improve productivity and economic performance. Overall, this study provides some directions for process intensification and improving the quality of mAbs produced by CHO cells in the biopharmaceutical industry.
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1. Introduction


Monoclonal antibodies (mAbs), which are characterized by intricate structural modifications and spatial configurations, constitute a crucial category within therapeutic protein drugs [1,2]. Due to their high affinity, specificity, and minimal adverse effects, these protein molecules stand as one of the rapidly advancing biopharmaceuticals and have demonstrated remarkable efficacy in treating human diseases such as cardiovascular disorders, cancers, and autoimmune diseases [3,4,5]. With the escalating clinical demand, enterprises involved in mAb production are increasingly compelled to enhance both the yield and quality of pharmaceuticals. Over 120 recombinant antibodies have been confirmed by the EMA and FDA, collectively representing a market revenue exceeding several billion US dollars [6]. It is estimated that the market for mAbs will reach up to USD 300 billion by 2025 [7].



Chinese hamster ovary (CHO) cells are the predominant host for mAb expression [2]. Compared with those from other expression systems, mAbs produced in CHO cells exhibit glycosylation structures that more closely resemble those in humans, thereby reducing the risk of immune reactions [8]. Additionally, CHO cells possess the capability to integrate exogenous genes, exhibit robust adaptability to culture environments, and promote stable antibody expression [9]. Approximately 80% of human therapeutic antibodies that have received approval are synthesized utilizing CHO cells [10]. In general, mAb production via CHO cell culture technology typically encompasses the construction of cell lines, optimization of culture media and process parameters, and scale-up of cell cultures [11,12,13]. The conditions for CHO cell cultures involved in mAb production are stringent, and variations in the extracellular environment (such as pH, temperature, dissolved oxygen, osmolality, and pCO2) pose a direct impact on the antibody structure [14,15,16]. This, in turn, can influence the effectiveness and safety of mAb drugs.



The CHO cell culture modes employed for mAb production are generally categorized into four types, namely, batch, continuous, perfusion, and fed-batch culture [17,18,19]. In batch culture, the final product is harvested at one time after adding the media, which often results in unsatisfactory cell density and productivity [10,20]. The cells and products are removed from the bioreactor in a continuous culture; thus, this cell culture mode is not implemented for productive processes [19]. A perfusion culture involves the continuous removal of the cell supernatant from the bioreactor, and due to the large volume of perfusion media, it enables high cell density and elevated protein productivity [21]. Schwarz et al. (2023) developed a process intensification mode based on a microbioreactor (MBR) system to enhance the CHO cell density by up to 60 × 106 cells/mL in the perfusion mode [22]. Recently, our study reported that higher titers of 8.7–9.8 g/L of anti-PD-1 mAb were produced from CHO cells under perfusion culture conditions in a 3 L bioreactor [17]. Besides the above cultures, the fed-batch mode involves the incremental addition of nutrients at different time points, aiming to enhance cell density, maintain cell viability, and prolong the cultivation duration. To date, the predominant production process for mAbs in large-scale bioreactors is the fed-batch mode [23,24]. In recent years, mAb titers obtained with fed-batch cultures have reached more than 10 g/L [10]. For example, Mahé et al. (2022) developed an intensified fed-batch process that produced 11.4 g/L of human monoclonal IgG1 antibody [25]. In general, a fed-batch culture could enhance the expression and production of mAbs, while traditional substrate-feeding strategies might also cause the accumulation of metabolic by-products such as lactate [10]. Therefore, to achieve efficient mAb manufacturing, an effective and robust fed-batch control strategy is essential to maintain high protein titers and ensure that the critical quality attributes (CQAs) remain within permissible limits.



Paroxysmal nocturnal hemoglobinuria (PNH) is a rare and life-threatening clonal hematopoietic stem cell disorder [26]. Clinically, PNH is characterized by hemolytic anemia, venous thrombosis, and smooth muscle dysfunction. The main treatment modalities for PNH include complement inhibitors, glucocorticoids, etc. [27]. The development of a cost-effective complement C5 inhibitor with clear therapeutic efficacy and affordability is of great significance for PNH patients in developing countries such as China. An antibody named EA5, which acts against complement C5, has been produced from recombinant CHO-K1 cells for the treatment of PNH by EA Therapeutics, China. EA5 specifically binds to complement C5 with high affinity and a longer half-life period compared with Eculizumab, preventing complement C5’s cleavage into C5a and C5b, thereby inhibiting the formation of the membrane attack complex (MAC). From an industrial perspective, it is still important to increase the production performance of EA5 with higher titers and stabilized quality via process optimization technologies.



In this study, to enhance and stabilize EA5 production by CHO cells, two clones (Clone 605 and Clone 448) derived from the CHO-K1 cell line were used. Firstly, a fed-batch culture was performed in a 3 L bioreactor under different pH control strategies to select the most suitable clone and pH control method. Based on this, the effectiveness of the proposed CHO cell fed-batch culture on EA5 biosynthesis and the overall product quality, including aggregation, charge variation, and glycosylation, was carefully investigated in a 15 L bioreactor. Subsequently, the loading capacity of the primary membrane during the clarification process based on the CHO cell fed-batch cultures of the 3 L and 15 L bioreactors was analyzed. Overall, the results provide some guidance for highly efficient mAb production by CHO cells through process optimization.




2. Materials and Methods


2.1. Cell line and Media


A monoclonal antibody named EA5 was produced by two CHO suspension cell clones (Clone 605 and Clone 448) derived from CHO-K1 cells, which were stored and maintained by EA Therapeutics, China. The two clones originated from an identical parental cell line through the same transfection and generation protocols. Some culture media, including CD04 medium, Feed02A, and FeedB02, purchased from QuaCell Biotechnology Co., Ltd. (Zhongshan, China), were used. All other chemicals were obtained from Sigma-Aldrich (Shanghai, China).



The cells were thawed in a 125 mL shake flask with a 30 mL working volume containing the CD04 medium (QuaCell® CHO CD04 Medium) supplemented with 50 mg/L dextran sulfate sodium salt (DS). The cells were maintained at 37 °C in a 6% CO2 incubator (IS-RDS6C5, Crystal Technology & Industries, Inc., Dallas, TX, USA) at 130 rpm with a shaking diameter of 50 mm for 3 days. Afterward, the inoculum was expanded in six 250 mL shake flasks. The working volume of each shake flask was 60 mL of CD04 medium and 50 mg/L DS addition at an initial cell density of 0.3 × 106 cells/mL. It was cultivated at 37 °C in a 6% CO2 incubator at 130 rpm with a shaking diameter of 50 mm for 3 days.




2.2. Fed-Batch Culture Conditions and pH Control Strategies


In this study, every fed-batch process was conducted in triplicate in the bioreactors (Applikon Biotechnology, Delft, The Netherlands). The four fed-batch processes (batches #1–#4) were conducted in a 3 L bioreactor with a 1.5 L working volume to investigate the effects of pH control strategies on the EA5 titer and quality produced by Clone 605 (batches #1–#2) and Clone 448 (batches #3–#4). One fed-batch culture (batch #5) was carried out in a 15 L bioreactor with an 8 L working volume to verify the effectiveness of the process control strategy using Clone 448. The CD04 medium supplemented with 50 mg/L DS and 25 mM L-methionine sulfoximine (MSX) was used as the basal medium for the cell cultures in different bioreactors (batches #1–#5). At the beginning of the CHO cell culture, the initial cell density was controlled at ~0.8 × 106 cells/mL. According to a previous study [17], pH was not controlled during days 1–3. Afterwards, two pH control strategies were used. For batches #1 and #3, the pH was automatically controlled at 7.2 ± 0.1 during the fed-batch stage by adding either CO2 or a NaHCO3 solution (days 3–14). For batches #2 and #4, the pH level was controlled at 6.8 ± 0.1 during the fed-batch stage by sparging CO2 or adding the NaHCO3 solution (days 3–14). During the cell culture processes, the temperature was maintained at 36.5 °C during days 1–6, and then it was decreased to 33.0 °C. The DO level was controlled at 40% during the whole culture process by sparging air at a rate of 10–50 mL/min in the 3 L bioreactor and at a rate of 100–500 mL/min in the 15 L bioreactor. The agitation speed was kept at 280 rpm in the 3 L bioreactor and 180 rpm in the 15 L bioreactor. In batch #5, the pH level was controlled at 7.2 ± 0.1 during the fed-batch stage. The initial glucose in the basal medium was consumed by CHO cells, and its concentration was reduced gradually. When the glucose concentration in the culture broth was below 3.0–4.0 g/L, feeding medium (4.5% of Feed02A and 0.45% of FeedB02) containing 50 g/L glucose was fed into the bioreactor to control the glucose concentration within the range ~4.0–5.0 g/L during the fed-batch stage. The CHO cell fed-batch cultures were ended on day 14.




2.3. Clarification of Bioreactor Cell Cultures


The final step in the upstream process of CHO cell culture was clarification filtration, which aimed to separate EA5, CHO cells, and cell fragments from the culture broth. Generally, clarification can be achieved through a combination of depth filtration. In this study, a two-stage depth filtration membrane assembly, consisting of a primary membrane (4070PC) and a secondary membrane (H0HPPC) purchased from Hangzhou Cobetter Filtration Equipment Co., Ltd. (Hangzhou, China), was selected for evaluation. The total filtration area ratio of the primary and secondary membranes was 3:1. The 4070PC membrane has a pore size range of 4–18 μm, which is suitable for primary filtration to remove larger particle impurities such as cell fragments. The H0HPPC membrane, with a pore size range of 0.02–0.2 μm, is suitable for secondary filtration to further eliminate smaller particles and reduce the turbidity of the filtrate. The clarification filtration operation was finished when the filtration pressure was above 1.0 bar or when the instantaneous turbidity of the clarified filtrate behind the secondary membrane assembly was higher than 30 NTU.




2.4. Analytical Methods


CHO cell cultures were sampled from the bioreactors every 24 h, and the viable cell density (VCD) and viability were determined using a cell counter (Vi-Cell XR, Beckham Coulter, Brea, CA, USA). The osmolality of the CHO cell cultures was determined using a freezing point depression osmometer (Osmo210, YASN Lab Technologies, London, UK). A blood gas analyzer (RAPID Lab348 EX, Siemens, Munich, Germany) was used to measure the pCO2 in the CHO cell cultures. Analyses of glucose and lactate were performed using the Cedex Bio HT Analyzer (Roche Diagnostics International AG, Basel, Switzerland). The EA5 titer and critical quality attributes were measured on day 14 for batches #1-#4 and days 12–14 for batch #5. The EA5 titer was measured via an HPLC system (Agilent 1260 Infinity II) equipped with a POROS™ A20 column (Thermo Fisher Scientific, Waltham, MA, USA). Cation-exchange chromatography (CEX-HPLC) was used to determine the acidic, basic, and main peaks [17]. The determination of EA5 purity and the aggregation analysis were performed with the same methods reported in our previous study [17]. The oligosaccharide profiles were measured for the quantitative assessment of EA5 using an HPLC system [28]. Turbidity was measured using a turbidity meter (2100Q, Hach, Loveland, CO, USA). Significant differences between the CHO cell fed-batch cultures were confirmed via Student’s t-test using Microsoft Excel 2016. Statistical significance was considered as p < 0.05.





3. Results and Discussion


3.1. Effects of Different CHO Cell Fed-Batch Cultures on EA5 Production and Product Quality in the 3 L Bioreactor


3.1.1. Changing Patterns of Process Parameters under Different CHO Cell Cultures


Due to the short culture time and unsatisfactory VCD at the end of sample collection, mAb production under batch cultures is generally not ideal [10]. Currently, the fed-batch mode is the most widely used industrial process for CHO cell cultures, mainly attributed to the ease of process operation and flexibility [29]. The mAb titers in fed-batch cultures reached 10 g/L [10,30,31]. For mAb production by a CHO cell culture, besides increasing the mAb titer, product quality such as aggregation, charge variation, and glycosylation is also an essential factor to evaluate its overall production performance [11,32]. Therefore, the ongoing challenge lies in maintaining both high cell productivity and optimal protein quality. The focus of research on fed-batch cultures has transitioned beyond solely achieving a high titer of mAbs to the dual objectives of achieving both a high titer and superior product quality [10,11]. Researchers have continued to vary cell cultures’ environmental parameters such as pH and DO in CHO cell fed-batch processes [11]. It has been reported that the pH of a cell culture significantly influences various aspects, including cell growth, cellular metabolism, and the titer and quality of mAbs in CHO cells [28,33,34]. Lee et al. (2008) found that pH significantly influences the expression rate and glycosylation of a recombinant chimeric antibody in CHO cells [34]. In addition, the metabolism of amino acids, the intermediates of the TCA cycle, and nucleosides in CHO cells are largely influenced by pH change [35]. It should be noted that the culture conditions of different CHO cell lines for producing mAbs generally need to be confirmed. To the best of our knowledge, the effects of culture pH on recombinant CHO cell growth (Clone 605 and Clone 448) and EA5 quality still remain unclear.



In this study, we analyzed the effects of different pH control strategies on the production of EA5 in two clones under fed-batch processes. The variation curves of the process parameters are depicted in Figure 1. The pH change trends during the first three days (batch stage) were similar among the four batches; afterward, pH was adjusted to 7.2 (batches #1 and #3) and 6.8 (batches #2 and #4) in the fed-batch stage. Additionally, the changes in DO for the four cell cultures are illustrated in Figure 1B. At the beginning of the CHO cell culture, due to the lower cell density, the oxygen consumption rate was relatively low, resulting in DO levels above 70%. Since the cell density increased during the culture process, the oxygen consumption rate gradually decreased. The DO level was maintained around 40% by the online controller equipped with the 3 L bioreactor.



From the variation trends of VCD in the four fed-batch cultures (Figure 1C), it could be observed that a VCD of 5.3 × 106 cells/mL was achieved by Clone 605 after 3 days of culture. By applying the pH 7.2 control strategy at the fed-batch stage, it exhibited a faster average cell growth rate compared to the other three batches during the same period (days 3–14). On day 14, the VCD reached up to 10.8 × 106 cells/mL in batch #1. When utilizing Clone 605 to culture under the pH 6.8 control strategy (batch #2), the overall level of VCD was lower than that of batch #1. In this case, the highest VCD of 8.4 × 106 cells/mL was reached on day 7, and VCD showed a gradual decline to only 6.4 × 106 cells/mL by day 14. The VCD of batch #2 at the end of the culture period was only 59.3% of batch #1. These results indicate that a lower pH environment is unfavorable for the rapid proliferation of Clone 605 cells. For Clone 448, different pH control strategies had a less pronounced effect on VCD. The VCDs on day 14 in batch #3 and batch #4 were 9.2 × 106 cells/mL and 8.3 × 106 cells/mL, respectively. An examination of the viability of Clone 605 and Clone 448 under different pH control strategies revealed that, within the first 7 days, the viability among the four batches generally remained above 95%. However, viability gradually decreased with prolonged culture time. The viability of the two batches of Clone 605 was lower in the later stages of culture compared to those of Clone 448 (Figure 1D). On day 14, the viability of batches #1 and #2 was in the range of 82.4–85.7%, while batches #3 and #4 maintained high levels of 90.4–93.6%. These results indicate that Clone 448 can maintain higher viability than Clone 605 under different pH control strategies, which is beneficial for the expression of EA5. Several studies have reported that a high proportion of cell death significantly impacts the glycosylation of mAbs [1,36], suggesting that batches #1 and #2 might have undesirable EA5 quality.



When the glucose in the basal medium was consumed to approximately 3 g/L by CHO cells, the feeding medium was introduced into the bioreactor to provide the necessary nutrients and glucose for cell growth and EA5 biosynthesis. Figure 1E shows the glucose variation curves in the four batches using Clone 605 and Clone 448. Some metabolic by-products, such as lactate, are generated through cellular metabolism, which could affect cell growth and product titer and quality [37]. In this study, the changing patterns of lactate are shown in Figure 1F. During the batch stage (days 1–3), lactate concentration increased from 0.4 g/L to 1.7 g/L. When entering the fed-batch stage, the lactate concentration in all four batches gradually decreased after day 4 and approached nearly zero on day 14 (0.03–0.05 g/L). These results indicate that when a glucose-feeding strategy is reasonably implemented, it can avoid excessive accumulation of lactate.



The changing profiles of osmolality and pCO2 during CHO cell fed-batch culture are depicted in Figure 1G,H. In this study, the culture pH was adjusted by sparging CO2 or adding NaHCO3 solution during the fed-batch stage. The added Na+ in cell cultures might affect the osmolality [10]. Observing the characteristics of osmolality changes showed that the feeding operations led to an increase in osmolality and a decreasing trend of glucose consumption (Figure 1E,G). Simultaneously, when the pH was maintained at 6.8 (batches #2 and #4), the osmolality in the late period of fed-batch culture was significantly higher than that in the two batches controlled at a pH of 7.2. CO2 is the inevitable by-product produced during CHO cellular respiration [38,39]. Thus, it is a significant concern in large-scale CHO cell culture. An analysis of pCO2 changes (Figure 1H) revealed that a low-pH control strategy resulted in CO2 accumulation (>100 mmHg), while a high-pH control strategy did not accumulate CO2 (~40 mmHg). Brunner et al. (2017) reported that CO2 accumulation could reduce cell growth and affect amino acid metabolism [33], which might have negative effects on mAb biosynthesis. Therefore, the results indicate that a pH of 6.8 is disadvantageous for fed-batch culture using CHO cells, and Clone 448 outperforms Clone 605 in some process indicators such as VCD and viability.




3.1.2. Product Quality Analysis under Different Fed-Batch Cultures


The EA5 titer and product quality on day 14 of the four batches are summarized in Figure 2. As depicted in Figure 2A, the EA5 titer for the two batches of Clone 605 was 6.1 g/L (batch #1) and 5.0 g/L (batch #2). For the two batches of Clone 448, the EA5 titer was 6.1 g/L (batch #3) and 5.4 g/L (batch #4). These results indicate that the pH 7.2 control strategy significantly enhances EA5 production during fed-batch culture for the two clones. It has been reported that the aggregation of recombinant therapeutic antibodies significantly affects product quality, and only 10% of polymers in an antibody may elicit an immune response, potentially leading to adverse outcomes [40,41]. The proportions of aggregates and monomers in the CHO cell fed-batch cultures are illustrated in Figure 2B. Under the high-pH control strategy, the aggregate proportions were 3.4% (Clone 605, batch #1) and 4.2% (Clone 448, batch #3), while they were 3.5% (batch #2) and 4.6% (batch #4) under the low-pH control strategy. Although the aggregate proportions of Clone 605 under the low-pH control strategy were lower compared to Clone 448 (p < 0.05), in the four batches, they were all below 5.0%, indicating that EA5 production in CHO cells can achieve monomer purity of over 95.0% under different pH control strategies (Figure 2B).



Due to the variations in isoelectric point (pI) values and structural differences, alterations in charge can significantly affect the in vitro and in vivo properties of mAbs, potentially affecting the bioactivity and safety of the drug under study [11,42]. Horvath et al. (2010) found that culture pH and temperature influence acidic species and a decrease in temperature could reduce the kinetics of degradation reactions [43]. As illustrated in Figure 2C, the acidic peaks for the two batches of Clone 605 exceeded 30% (31.9–32.8%), while those for the batches of Clone 448 remained below 28.0% (27.6–28.0%, p < 0.05). The basic peak ratios of EA5 for batches #1–#4 were 8.6%, 5.6%, 9.3%, and 8.4%, respectively. Simultaneously, the main peak proportions of EA5 under different control modes were in the range of 58.6–63.7% (Figure 2C). These results suggest that the acidic peak proportion of EA5 produced by Clone 605 is relatively high, which might affect its quality.



Glycosylation primarily refers to the enzymatic process of attaching complex oligosaccharides (i.e., glycans) to proteins. The glycosylation analysis results for the different batches are presented in Figure 2D. There were no significant differences (p > 0.05) observed in G0 (5.7–6.1%) and G0F (60.4–65.1%) among batches #1–#3. The highest proportion of G1F (21.6%) was achieved in Clone 448 under the high-pH control strategy, which was significantly higher than the other three batches (15.2–16.8%, p < 0.05). Previous studies indicate that antibodies bearing elevated levels of N-linked mannose-5 glycan (Man5) demonstrate heightened antibody-dependent cell-mediated cytotoxicity compared to those with a fucosylated complex or hybrid glycans [44]. As shown in Figure 2D, the Man5 proportion of EA5 for batch #3 was only 2.2%, which was significantly lower than the other three batches (3.7–5.3%, p < 0.05). In summary, considering the variations in fed-batch process parameters and the quality analysis under different fed-batch culture conditions in the 3 L bioreactor, Clone 448 and the optimized pH control strategy (pH at 7.2 during the fed-batch stage) were chosen for further investigation.





3.2. Effectiveness of Fed-Batch Culture for Stabilizing EA5 Production in the 15 L Bioreactor


The large-scale production of mAbs relies on the product yield and an industrial-scale cell culture [45,46]. Hence, a robust cell culture process is a crucial requirement for large-scale production of mAbs [47]. However, due to the lower VCD, viability, and productivity, the performance of mAb production in large-scale bioreactors should be carefully investigated and optimized. In this study, the proposed pH-controlled fed-batch culture was conducted in a 15 L bioreactor to analyze the product quality of EA5 from Clone 448 (batch #5). As depicted in Figure 3A, the pH gradually decreased from 7.2 to 6.8 in the first three days of the culture process. This decline was primarily attributed to the generation of by-products such as lactate during CHO cellular metabolism. Meanwhile, the increase in cellular metabolic activity also resulted in a decrease in DO (Figure 3A). The decline in pH and DO could reflect that the cells were maintained with a relatively high level of metabolic activity. As shown in Figure 3B, the VCD increased from 0.8 × 106 cells/mL on day 1 to 12.9 × 106 cells/mL on day 7, which was higher than the level obtained in the 3 L bioreactor (9.7 × 106 cells/mL, Figure 1C). On day 14, the VCD reached up to 13.2 × 106 cells/mL. The viability remained at over 96.0% during days 1–11, and it was still maintained at above 85% at the end of the culture period (Figure 3B). The VCD and viability results indicate that the proposed fed-batch process can also sustain high cell numbers and activity in the 15 L bioreactor.



The glucose concentration in the culture broth remained at 3–4 g/L throughout the whole fed-batch stage (Figure 3C). The concentration of lactate decreased rapidly during the fed-batch stage and approached zero after day 10. These results show that the glucose-feeding strategy can prevent the accumulation of lactate in the later stages of CHO cell culture. As shown in Figure 3D, in the 15 L bioreactor, the osmolality and pCO2 were maintained at 300–350 mOsm/kg and 20–60 mmHg, respectively. These parameters did not exhibit inhibitory effects on CHO cellular metabolism (Figure 3B). Therefore, based on the preliminary analysis of the characteristics of process parameters, the optimized pH control strategy shows good adaptability in the 15 L bioreactor to produce EA5.



The EA5 titer, charge variants, aggregate abundance, and glycosylation on days 12, 13, and 14 are shown in Figure 4. From day 12 to day 14, the EA5 titer increased from 5.5 g/L to 6.5 g/L with a productivity of 0.5 g/L/day. The overall EA5 productivity throughout the entire culture stage reached up to 0.46 g/L/day (Figure 4A). The titer was higher than that achieved in the 3 L bioreactor (6.1 g/L, Figure 2A). An analysis of the trend of charge variants (Figure 4B) revealed that there were no significant differences in the acidic peak (28.6–30.4%), main peak (54.5–56.6%), and basic peak (14.7–15.7%) during the period from day 12 to day 14. The results indicate that the proportions of aggregates and monomers on day 12 were 4.2% and 95.7%, respectively. At the end of the CHO cell culture, these parameters changed to 3.8% and 96.0% (Figure 4C). Furthermore, the results shown in Figure 4D demonstrate that the culture could maintain Man5 at a relatively low level of <2.5%. Therefore, it could be concluded that the effectiveness of the optimized pH control strategy was successfully verified in the 15 L bioreactor for high titer production of EA5 with superior quality.




3.3. Performance of Clarification Process Based on CHO Cell Fed-Batch Culture for EA5 Production


In general, a standard mAb biomanufacturing process encompasses cell culture steps for the production of the final product. Afterward, the clarification process is implemented to separate the protein-rich supernatant from the CHO cell culture. Subsequently, a combination of chromatographic and membrane purification operations is employed to attain the desired drug formulation [48,49]. The initial phase in the recovery and purification of mAbs is cell clarification, which has historically received less attention in terms of productivity improvement and economic considerations. To this end, the performance of the clarification process based on CHO cell fed-batch cultures for EA5 production was carefully studied (Figure 5).



Figure 5A shows a schematic diagram of the clarification process for the CHO cell fed-batch cultures. We selected the culture broth of Clone 448 obtained in the 3 L bioreactor (batch #3) and 15 L bioreactor (batch #5) for further study. The purpose of the clarification process is to investigate the filtration capacity of the membrane on the harvested cell culture through small-scale filtration experiments. In filtration experiments, filtrate turbidity, filtration pressure, filtration time, and other parameters are used as indicators to determine the filtration endpoint. Then, the maximum loading capacity is calculated while the actual loading capacity of the process is determined, considering a certain safety factor. When using the culture broth from batch #3 (the 3 L bioreactor) for the clarification experiments, the primary membrane’s final loading capacity was 138.5 L/m2 and the secondary membrane’s loading capacity was 415.4 L/m2. In this case, the overall clarification filtration yield reached a level of 98.6%. In the clarification experiments using the culture broth from batch #5 (the 15 L bioreactor), the final loading capacity of the primary membrane was 141.5 L/m2 and the secondary membrane’s loading was 424.4 L/m2, with an overall clarification filtration yield of 95.5%. In this study, to ensure that the membranes did not experience overload in EA5 production, a safety factor of 1.5 was applied. Thus, in the clarification experiments, the primary membrane’s filtration capacity for batch #3 was set at 92.3 L/m2, and the secondary membrane’s filtration capacity was 276.9 L/m2. Similarly, for the clarification experiments with batch #5, the primary membrane’s filtration capacity was set at 94.3 L/m2, and the secondary membrane’s filtration capacity was 282.9 L/m2.



In summary, this study comprehensively analyzed the effects of different control strategies on EA5 production by CHO cells and product quality under fed-batch culture in both the 3 L and 15 L bioreactors. Furthermore, the validation of the clarification experiments was conducted. The obtained results could be used to effectively avoid risks in the CHO cell culture process for EA5 production and to provide the basic conditions for the process intensification of industrial production through CHO cell fed-batch cultures.





4. Conclusions


In this study, a CHO cell fed-batch culture was optimized for the highly efficient production of an mAb (EA5) that could act against complement C5 for the treatment of PNH. The two CHO cell lines, Clone 605 and Clone 448, were selected for analysis. Different pH control strategies were performed during the fed-batch stage in a 3 L bioreactor. The results indicate that controlling the pH at 7.2 during the fed-batch stage could maintain the VCD at a higher level of ~10 × 106 cells/mL with a viability of above 85%. Under the optimized pH control strategy, compared to Clone 605, Clone 448 exhibited preferable performance in terms of the lower acidic peaks proportion (27.6%) and Man5 ratio in N-glycans (2.2%) with an EA5 titer of 6.1 g/L. Subsequently, the optimized pH-controlled fed-batch culture process was further conducted in a 15 L bioreactor to verify its effectiveness. As a result, a higher E5A titer of 6.5 g/L and a lower Man5 ratio (2.4%) were achieved by day 14, which would be beneficial for large-scale EA5 production. Finally, we also evaluated the clarification process by using the CHO cell culture broth from the 3 L and 15 L bioreactors under the optimized process to facilitate the subsequent EA5 purification process. Overall, our results show the relationship between bioprocess parameters and EA5 production performance, and they could also provide guidance for the effective biomanufacturing process of other mAbs using CHO cells.
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Figure 1. Changing patterns of pH (A), DO (B), VCD (C), viability (D), glucose concentration (E), lactate concentration (F), osmolality (G), and pCO2 (H) during CHO cell fed-batch culture with different control strategies in a 3 L bioreactor. Each batch was conducted in the 3 L bioreactor in triplicate, and the data are shown as mean ± SD (n = 3). 
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Figure 2. EA5 titers and overall qualities of the CHO cell fed-batch cultures under different control strategies in a 3 L bioreactor (batches #1–#4). (A) EA5 titer; (B) relative abundance of monomers and aggregates; (C) main peak, acidic variant, and basic variant contents; and (D) percentages of N-glycans. The data are shown as mean ± SD (n = 3). Different letters in the column for the same index represent significant differences (p < 0.05) among batches #1–#4. 
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Figure 3. Changing patterns of pH and DO (A), VCD and viability (B), glucose and lactate concentrations (C), and osmolality and pCO2 (D) during CHO cell fed-batch culture in a 15 L bioreactor (batch #5, Clone 448). The culture of batch #5 was conducted in the 15 L bioreactor in triplicate, and the data are shown as mean ± SD (n = 3). 
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Figure 4. EA5 titers and overall qualities of the CHO cell fed-batch culture in a 15 L bioreactor (batch #5, Clone 448). (A) EA5 titer; (B) main peak, acidic variant, and basic variant contents; (C) relative abundance of monomers and aggregates; and (D) percentages of N-glycans. The results shown in (B–D) were based on the samples on days 12, 13, and 14. The data are shown as mean ± SD (n = 3). 
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Figure 5. A schematic diagram of the CHO cell clarification process (A); the loading capacity of the primary membrane during the clarification process using CHO cell fed-batch cultures from the 3 L bioreactor (batch #3 (B)); and 15 L bioreactor (batch #5 (C)). 
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