A comparison of different intensified upstream processes highlighting the advantage of WuXiUP in improved product quality and simplified downstream process

Hang Zhou1, Mingyue Fang1, Xiang Zheng1, Yanling Zou1, Shuo Wang2, Weichang Zhou1,2
1Cell Culture Process Development, WuXi Biologics, Shanghai 200131, China
2Downstream Process Development, WuXi Biologics, Shanghai 200131, China
Hang Zhou, E-mail: zhou_hang@wuxibiologics.com
Mingyue Fang, E-mail: fang_mingyue@wuxibiologics.com
Xiang Zheng, E-mail: zheng_xiang0101@wuxibiologics.com
Yanling Zou, E-mail: zou_yanling@wuxibiologics.com
Shuo Wang, E-mail: wang_shuo@wuxibiologics.com
Weichang Zhou, E-mail: weichang_zhou@wuxibiologics.com

Correspondence
Hang Zhou, Cell Culture Process Development, WuXi Biologics, Shanghai 200131, China
Email: zhou_hang@wuxibiologics.com


Abstract
WuXiUP, WuXi Biologics’ Ultra-high Productivity platform, is an intensified and integrated continuous bioprocess platform developed for production of various biologics including monoclonal antibodies, fusion proteins and bispecfic antibodies. This process technology platform has manifested its remarkable capability in boosting the volumetric productivity of various biologics and has been implemented for large scale clinical material productions. In this report, case studies of the production of different pharmaceutical proteins using two high producing and intensified culture modes of the WuXiUP and the concentrated fed-batch (CFB), as well as the traditional fed-batch (TFB) are discussed from the perspectives of cell growth, productivity, and protein quality. Both WuXiUP and CFB outperformed TFB regarding to volumetric productivity. Additionally, distinctive advantages in product quality profiles, such as charge variant, fragmentation etc., in the WuXiUP process are revealed, and therefore a simplified downstream purification process with only two chromatographic steps can be developed to deliver the target product at a satisfactory purity.
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1 Introduction
For the time being, biologics manufacturing still mainly counts on fed-batch facilities as a simple and conventional way of upstream cell culture. Some cases were reported with protein concentration higher than 5 g/L in the traditional fed-batch mode (Huang et al., 2010; Niu et al., 2018; Reinhart et al., 2015; Takagi et al., 2017). In most scenarios, however, this culture process is to deliver the pharmaceutical protein at around 1 to 5 g/L in titer (Huang et al., 2010; Yang et al., 2016). Large scale campaigns with multiple batches are therefore required to meet the growing demand on the annual throughput of various biologics, which in some way is a challenge to the manufacturing capacity and flexibility, and this way is also less effective in cutting down the CoGs during biopharmaceutical productions.

To this end, perfusion culture was introduced in the seed expansion stage or the production stage for process intensification, bringing either an intensified fed-batch (IFB) technology or concentrated fed-batch (CFB) technology. With a well-developed CFB process (the patented XD® process) (DePalma, 2009), the protein concentration in the supernatant could even reach 40 g/L for a typical IgG1. Looking at the other side of the coin, the ultra-high viable cell density contributing to the high titer also significantly impaired the yield during clarification since a biomass as high as 200 million cells/mL could raise the solid content to 30–40% of the working volume (Chon and Zarbis-Papastoitsis, 2011; Xu et al., 2017). Moreover, though CFB adopted perfusion during production, the protein products are retained in the bioreactor throughout the culture and harvested only when the cultivation comes to its end, thus taking on similar product quality features as a traditional fed-batch process.

WuXiUP, the WuXi Biologics’ Ultra-high Productivity platform, has been described as an innovative continuous technology showing exceptional improvements in volumetric productivity compared with the traditional fed-batch and perfusion process (Zhou et al., 2020; Zhou et al., 2021). Similar to CFB, WuXiUP works towards an ultra-high biomass for a group effort of protein synthesis by large numbers of viable cells, and the products are continuously harvested through the microfiltration columns. As a result, the solid content, or the packed cell volume (PCV), is less a concern for a better protein yield, and this process is more suitable for those vulnerable biologics. In this study, the WuXiUP process was employed in the manufacturing of three types of biologics: a typical mAb protein (molecule A), a fusion protein (molecule B), and an unstable protein (molecule C) prone to degradation. A direct comparison of productivity and protein quality between WuXiUP and CFB (or TFB) was conducted. For molecule A, great improvement in volumetric productivity and a distinct profile of charge isoforms were observed in the WuXiUP process. For molecule B, similar charge alterations were identified. For molecule C, clipping of the protein was significantly alleviated after switching from TFB to WuXiUP. Through PTM analysis, the causes for the discrepancy in charge variants were identified to be closely related to the way protein was harvested - a continuous harvest mode enables the protein to be collected and captured in a timely way, and minimized its residence time in the cell culture environment where the protein degradation and clipping tend to occur. Besides, the improved protein purity with less degradation or fragmentation significantly facilitates downstream workflow efficiency with improved yield and lower cost, since clarification could be waived and one polishing step after affinity capture is good enough to deliver the target protein with acceptable quality.

2 Materials and Methods
2.1 CHO cell line
The CHO-K1 cell line was used as the host cell line for all experiments. The cDNA sequences encoding molecule A, B, and C were introduced into a suspension-adapted CHO-K1 clone through stable transfection. After cloning and selection, high-producing clones expressing target molecules were picked and used for all experiments in this study.

2.2 Cell culture processes
A typical cell culture process was performed in a 3 L Applikon or Broadley James vessel using deltaV controller to keep pH between 6.70 and 7.20, and DO at 40.0% air saturation. Culture temperature was first controlled at 36.5°C or 37.0°C, and shifted to a lower level when VCD fell in a preset range or remained unchanged throughout the culture. For the TFB process, concentrated feed media was added on separate days according to cell growth and metabolism. For the CFB process, a 420-cm2 50 kD cut-off hollow fiber filter (Cytiva) operated in ATF mode with an ATF-2H system (Refine Technology) was used to retain both cells and the target protein. For the WuXiUP process, a 470-cm2 0.2 μm cut-off hollow fiber filter (Spectrum Labs) operated in ATF mode with an ATF-2H system (Refine Technology) was used to retain only cells. For both perfusion processes, the P/E flow rate of ATF was set at 0.5 L/min. The perfusion rate of basal media was set at 0.9 to 1.5 VVD, and the perfusion rate of the concentrated feed media was adjusted daily to meet the need for cell growth and metabolism.

3 Results
3.1 Boosted cell growth and productivity in WuXiUP
For a typical mAb molecule A, a CFB and a WuXiUP process were developed separately with same culture media and similar operation parameters. In both processes, media was continuously exchanged through filtration-based cell retention devices albeit with different nominal pore sizes. Theoretically, similar biomass accumulation is expected in the two processes. In practice however, a significantly higher level of viable cell density could be reached in WuXiUP than in CFB (Figure 1a), and it is possible to further push up the cell density in WuXiUP, if no nutrition constraints, with less concern on the PCV, a critical factor limiting the protein yield in CFB. The high biomass accumulation enabled a total volumetric productivity as high as 21.0 g/L in the WuXiUP process after 22-day cultivation, and the daily productivity approached 1.0 g/L/day, around 44% higher than that in the CFB. Additionally, larger-sized cells were usually observed in the WuXiUP process (Figure 1b). It was reported that the mAb productivity of a cell is often cell volume relevant (Pan et al., 2017). In this case, the cell specific productivity (qP) was also greatly boosted in the WuXiUP process with larger cell size (Table 1).

3.2 Residence-time-related protein quality alteration in WuXiUP
3.2.1 Reduced acidic variant abundance
For the two process producing the same mAb molecule A, samples were taken for protein quality characterization, including purity (SEC and non-reduced CE), charge-isoform (CEX), and N-linked glycoform (N-glycan) analyses. After three-step column purification, both processes were able to deliver molecule A at a high purity, and the glycoform distribution of the protein remained unchanged under different culture conditions.

In spite of these similarities, a significant difference arose in the charge variant profiles as molecule A generated in the WuXiUP process tended to shift towards its positively charged variants, i.e. with more abundance in the native and basic species—in average nearly 10% lower in the acidic variants and 10% higher in basic species (Table 2). Since a heterogeneity of basic variants is commonly related to incomplete cleavage of C-terminal Lys or Arg (Dorai and Ganguly, 2014), Carboxypeptidase-B treatment was applied to the protein product, and distinct Lys cleavage ratios were observed for the two processes. After product treatment, the basic species was almost equal in the materials generated in both processes, and the terminal Lys-cleaved product mostly converted to the native form of protein (Table 2), leading to an approximately 10% higher main peak ratio in WuXiUP than in CFB. Since the same enzymatic de-Lysine reactions also happen in human bloodstream (Putnam et al., 2010; Vlasak and Ionescu, 2008), the presence of terminal Lys in the WuXiUP process does not pose any risks on the functionality of a mAb protein.

For the difference in the abundances of the acidic isoforms, a more intensive PTM analysis was conducted for identification. The most commonly known PTMs contributing to the formation of acidic species are deamidation, glycation, and fragmentation (Vlasak et al., 2009; Yuk et al., 2011; Zhang et al., 2011). In the case of molecule A, Asn deamidation, the main type of deamidation (Vlasak et al., 2009), was found to be partly responsible for the formation of 10% more acidic peaks in CFB than in WuXiUP (Table 3). Similar reduction in the acidic form was also observed for molecule B, a fusion protein (Table 4), and oxidation was identified as the major PTM leading to this charge profile (data not shown). As one of the common PTMs contributing to charge heterogeneity, oxidation of the protein had different impact on CEX chromatography, i.e. leading to an early or late eluting peak or unchanged peak distribution in CEX (Shi et al., 2020).

Generally, deamidations and oxidations, especially in the Fab region, are associated with impaired product safety and efficacy (Shi et al., 2020; Tang et al., 2018). The greatly attenuated deamidation and oxidation in proteins produced in the WuXiUP process makes WuXiUP a promising choice for any biologics with such quality issues. 

3.2.2 Decreased clipping level
A WuXiUP process was also developed for the manufacturing of molecule C, a fusion protein prone to degrade, to investigate if the continuous harvest manner shows a benefit in protein integrity. Time-course samples were retained and analyzed for both TFB and WuXiUP processes. For molecule C produced by the TFB process, the clipping level increased over time. On day 14, the ratio even reached 2.5%. Fragmentation is always detrimental to either product safety or product efficacy, and is not desired during CMC development. In TFB, early harvest could be an option to keep the integrity of the protein at the cost of titer, while in the WuXiUP process, a prominent improvement in the clipped form was observed—consistently less than 0.5% truncation ratio throughout the cultivation (Figure 2), saving the compromise between productivity and quality.

The characteristics of the two culture modes were compared to further explore the rationale for different product quality patterns. CFB resembles the traditional fed-batch process in terms of product retention in the bioreactor and much longer residence time compared to WuXiUP with continuous protein harvest. As a consequence, the protein quality tends to be different especially for those products susceptible to hold temperature and time. For molecule A, it is hypothesized that holding at above room temperature possibly caused an increase in the deamidation of Asn over time (Tang et al., 2018) and in this case was also demonstrated in the time-course CEX analysis of the WuXiUP products (Table 2). Slightly more acidic species were generated in the day 20 sample than in the day 10 sample, and the difference is beyond the retention from the hollow fiber filter. As for molecule C, a fusion protein, is more thermodynamically unstable, and a timely harvest together with a low storage temperature are generally preferred to preserve protein integrity.

3.3 Facilitated purification process with WuXiUP
A typical mAb purification workflow usually needs more than one column chromatography after clarification and affinity capture for further polishing. For molecule A generated by WuXiUP, since the protein was harvested continuously through a hollow fiber cell separation filter with a pore size of 0.2 μm, the harvest could be directly loaded to the affinity resin for protein capture without the need of clarification. Besides, it was also evaluated if one single polishing step could fulfill the quality requirement to the final drug product in the downstream process of WuXiUP. To do so, product quality from each purification step was compared between CFB and WuXiUP products individually purified by a three-column and a two-column purification process. It is clearly shown that the purified protein displayed consistent quality attributes (SEC, non-reduced CE, HCP), regardless of the presence of one additional polishing chromatography, and a two-column process of affinity capture along with AEX chromatography could suffice for the removal of HCP and the protein purity was higher than 98%. By waiving the clarification and using only one polishing step of purification, the accumulative yield was raised from 67.7% to 91.6% (Table 5).

4 Discussion
Though the WuXiUP technology has been successfully employed in the manufacturing of various biologics, its capability in optimizing protein quality was not yet reported. In this study, the WuXiUP process was applied in the production of three typical biologics of mAb, fusion protein and unstable protein, and the quality profiles were compared with that produced under the CFB or TFB culture conditions. In addition to the boosted cell growth and productivity, an altered charge isoform distribution was also observed in the WuXiUP produced proteins as the deamidation and oxidation was reduced, and the increased basic variants were mainly identified as a result of unprocessed terminal lysine which is generally regarded as a safe isoform of the antibody. The continuous harvest through microfiltration allowed the target protein to be directly captured with no need to go through clarification first, and the improved protein purity made it possible to use only one polishing step without compromising the protein quality. Taken together, the overall yield of downstream process was able to be dramatically improved to above 90%. With the simplified downstream process and higher yield, substantial economic benefit is expected as well as the operational ease during manufacturing facility fit and scale up. A simplified purification sequence also makes the WuXiUP process more streamlined in the downstream continuous processing to realize the next-generation continuous bio-manufacturing.

Continuous manufacturing has been a trend in the next generation pharma industry for well quality control and efficient cost saving. For production of unstable proteins, the long residence time in bioreactors and its influence on protein quality in traditional fed-batch culture modes has long been reported (Joshi et al., 2014; Liu et al., 2008; Pacis et al., 2011). Perfusion has been used to address some quality-related issues in the manufacturing of biologics (Gomez et al., 2020; Zydney, 2015). As a descendant of the traditional perfusion culture, the WuXiUP technology was also proved capable in the manufacturing of unstable pharmaceutical proteins, as well as other mAbs or fusion proteins etc. WuXiUP is beneficial in optimization of many of the product quality attributes, including lowering protein aggregation and mannosylation level (data not shown). WuXiUP is essentially an intensified perfusion culture which produces a large quantity of protein in a much squeezed time compared with the traditional one. Its high process intensity provides a feasible way of sustaining large capacity of bio-manufacturing while in a plant at a moderate scale. Generally, it will be more flexible and cost-effective to quickly set up and efficiently run a plant at smaller scales. On the other hand, the skipped clarification, simplified polishing steps, and improved protein quality all contribute to the elevated purification yield. In all, they make WuXiUP a promising solution to a low CoGs management in the biopharma industry. With more cutting-edge process analytical technology springing up, the potential of this technology can be better characterized and exploited in the near future for the next generation continuous bio-manufacturing.
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Figure 1 Higher cell density and larger cell size in the WuXiUP process for molecule A
(a) Viable cell density profiles of molecule-A-producing cell in TFB, CFB and WuXiUP processes; (b) Average cell diameter profiles of molecule-A-producing cell in TFB, CFB and WuXiUP processes.
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Figure 2 Reduced clipping level in the WuXiUP process for molecule C

Table 1 A comparison of cell performance and productivity between the CFB and WuXiUP processes for molecule A
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Table 2 Charge variant analysis pre- and post- CpB treatment for molecule A
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Table 3 PTM analysis for molecule A
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Table 4 Charge variant distribution in the TFB and WuXiUP processes for molecule B
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Table 5 Comparison between different purification processes in the WuXiUP process for molecule A
[image: ]
image3.png
Items

CFB
(n=6)

WuXiUP
(n=3)

Culture
Duration
(days)

14

20-22

Peak VCD
(10° cells/mL)

65.49 + 2.50

84.11 + 6.02

Titer (g/L)

9.09 +0.27

2247 +2.48

dr
(pg/cell/day)

16.57 + 0.44

24.95 + 1.23





image4.png
Condition

CFBDS

WuXiUP
Post-ProA

D14

D10

D20

CEX CEX Post-CpB
Main Peak (%) Acidic Peak (%) Basic Peak (%) Main Peak (%) Acidic Peak (%) Basic Peak (%)
53.9 19.7 26.4 59.0 (+5.1) 21.3 (+1.6) 19.7 (-6.7)
51.3 8.4 40.3 70.3 (+19.0) 11.6 (+3.2) 18.1 (-22.2)

58.6 10.0 314 69.0 (+10.4) 11.5 (+1.5) 19.5 (-11.9)





image5.png
Peptide Sequence No.

HC: 1-13
HC: 78-83
HC: 84-127

HC: 252-291
HC: 344-363
HC: 364-373
HC: 374-395
HC: 443-450
LC: 1-44

LC: 45-68

PTMs

PE (Q)
Deamidation (N or N/Q)
Deamidation (N)
Oxidation (M)
Oxidation (M)
Deamidation (N/Q)
Deamidation (N)

-K
PE (Q)

Oxidation (M)

EIC Ratio

CFB DS WuXiUP Post 3-column

purification
98.7% 98.7%
1.0% 1.0%
13.8% 8.5%
3.9% 1.1%
1.9% 1.5%
1.6% 1.7%
4.0% 3.9%
83.1% 74.3%
94.5% 94.5%
3.0% 3.0%





image6.png
Process

TFB

WuXiuP

Main Peak (%)
79.0

942

iCIEF
Acidic Peak (%)
176

58

Basic Peak (%)
34

0.0





image7.png
CFB WuXiUP (3-column purification) WuXiUP (2-column purification)

Steps
SEC  HCP  NRce Otp Ol oo yop Nrep St Owerall o gpp pep NRep SR Overal
yield yield yield yield yield yield
Clarification  NA NA NA 792 792 NA NA NA NA NA NA NA NA NA NA
1981/ 98.7/ 078/ 3501/ 985/  96.3/ 078/ 3013 985  96.4/
AC 976 4783 g7 999 791 972 5931 980 928 O 975 5004 981 930 947
101.9/ 101.7/
VIN NA NA NA NA NA NA NA NA oLy 964 NA NA Na T a7
Int DF 97.9 319 088 976 772 977 217 988 1901 o956 978 134 984 Y 955
983 97.7
CEX 97.4 13 900 929 717 976 11 983 900 860 NA NA NA NA NA

AEX 98.8 <3 99.1 94.4 67.7 98.9 <6 98.1 947 814 99.1 <6 98.7 94.9 916





image1.png
(a

VCD (106 cells/mL)

100.00
90.00
80.00
70.00
60.00
50.00
40.00
30.00
20.00
10.00

0.00

=O—mean of CFB (n=6,SD)
={J=mean of WuXiUP (n=3,SD)

0O 2 4 6 8 10 12 14 16 18 20 22
Time (Day)

(b)

Avg. diam. (microns)

19.00
18.00
17.00
16.00
15.00
14.00

13.00 T

12.00

=O=-mean of CFB (n=6,SD)
={F=mean of WuXiUP (n=3,SD)
-—TFB

0O 2 4 6 8 10 12 14 16 18 20 22
Time (Day)





image2.png
Clipping level (%)

N
[S)

o

o

o
3

o
[S)

nTFB
DWUXiUP
— [1 [1
Dl0 D12 D4 D16 DI8 D20

Culture Day





