







    Skip to main content




    
        
        Thank you for visiting nature.com. You are using a browser version with limited support for CSS. To obtain
            the best experience, we recommend you use a more up to date browser (or turn off compatibility mode in
            Internet Explorer). In the meantime, to ensure continued support, we are displaying the site without styles
            and JavaScript.


    




    

    
            

            
                
                    Advertisement

                    
        
            
    
        
            
                [image: Advertisement]
        

    


        
    
                

            
        

    
        
            
                
                    
                    
                    
                        
                        
                            
                                
                                [image: Nature Biotechnology]
                            
                        
                    
                    

                    
                    	
                            
                                View all journals
                            
                        
	
                            
                                Search
                            
                        
	
                            
                                Log in
                            
                        


                

            

        

        
            
                
                    
                        	
                                    
                                        Explore content
                                    
                                
	
                                    
                                        About the journal
                                    
                                
	
                                        
                                            Publish with us
                                        
                                    
	
                                    
                                        Subscribe
                                    
                                


                        	
                                    
                                        Sign up for alerts
                                    
                                
	
                                    
                                            RSS feed
                                    
                                


                    

                

            

        
    


    
    
        
            
                	nature



	nature biotechnology

	letters

	
                                    article


    
        
        
            
            
                
                    	Letter
	Published: 01 October 2018



                    On-demand manufacturing of clinical-quality biopharmaceuticals

                    	Laura E CrowellÂ 
            ORCID: orcid.org/0000-0002-3371-71931,2Â na1, 
	Amos E Lu2Â na1, 
	Kerry R Love1Â na1, 
	Alan Stockdale1, 
	Steven M Timmick3,4,5, 
	Di Wu6, 
	Yu (Annie) WangÂ 
            ORCID: orcid.org/0000-0001-6872-63756, 
	William Doherty1, 
	Alexandra Bonnyman1, 
	Nicholas Vecchiarello3,4, 
	Chaz Goodwine3,4, 
	Lisa Bradbury7, 
	Joseph R Brady1,2, 
	John J Clark1,8, 
	Noelle A Colant1,2,9, 
	Aleksandar Cvetkovic7,10, 
	Neil C Dalvie1,2, 
	Diana Liu1, 
	Yanjun Liu6, 
	Craig A Mascarenhas1,11, 
	Catherine B Matthews1,2, 
	Nicholas J Mozdzierz1,2, 
	Kartik A Shah1, 
	Shiaw-Lin Wu12, 
	William S Hancock6, 
	Richard D BraatzÂ 
            ORCID: orcid.org/0000-0003-4304-34842, 
	Steven M Cramer3,4 & 
	â€¦
	J Christopher LoveÂ 
            ORCID: orcid.org/0000-0003-0921-31441,2Â 

Show authors

                    

                    
                        
    Nature Biotechnology

                        volumeÂ 36,Â pages 988â€“995 (2018)Cite this article
                    

                    
        
            	
                        9504 Accesses

                    
	
                        64 Citations

                    
	
                            117 Altmetric

                        
	
                    Metrics details

                


        

    
                    
                

                
    
        Subjects

        	Biologics
	Recombinant protein therapy


    


                
    
    

    
    

                
            


        
            Abstract
Conventional manufacturing of protein biopharmaceuticals in centralized, large-scale, single-product facilities is not well-suited to the agile production of drugs for small patient populations or individuals. Previous solutions for small-scale manufacturing are limited in both process reproducibility and product quality, owing to their complicated means of protein expression and purification1,2,3,4. We describe an automated, benchtop, multiproduct manufacturing system, called Integrated Scalable Cyto-Technology (InSCyT), for the end-to-end production of hundreds to thousands of doses of clinical-quality protein biologics in about 3 d. Unlike previous systems, InSCyT includes fully integrated modules for sustained production, efficient purification without the use of affinity tags, and formulation to a final dosage form of recombinant biopharmaceuticals. We demonstrate that InSCyT can accelerate process development from sequence to purified drug in 12 weeks. We used integrated design to produce human growth hormone, interferon Î±-2b and granulocyte colony-stimulating factor with highly similar processes on this system and show that their purity and potency are comparable to those of marketed reference products.
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                    Figure 1: Schematic of the InSCyT system for on-demand biomanufacturing and demonstration of consistent operation across three distinct InSCyT systems.[image: ]


Figure 2: Production of hGH on the InSCyT system.[image: ]


Figure 3: Accelerated process development using the InSCyT system and production of IFNÎ±-2b.[image: ]


Figure 4: Production of G-CSF on three identical InSCyT systems.[image: ]
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Integrated supplementary information

Supplementary Figure 1 Detailed piping and instrumentation diagram (P&ID) for the InSCyT system.

Supplementary Figure 2 Comparison of innovator and InSCyT manufacturing processes for hGH, IFNÎ±-2b, and G-CSF.
Box color indicates the type of unit operation including fermentation (red), solids separation or resuspension (orange), chromatography (purple), pH adjustment (blue), formulation (black) and others (green). AEX, anion exchange; B+E, bind and elute; CEX, cation exchange; SEC, size exclusion chromatography; MMCEX, multi-modal cation exchange; FT, flow through; IEX, ion exchange; HCIC, hydrophobic charge induction chromatography.
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Supplementary Figure 3 Additional product quality data for InSCyT-produced hGH from the first-generation process.
Analysis of purity by isoelectric focusing (IEF). M, IEF protein marker. Circular dichroism (CD) analysis of InSCyT hGH samples from day 6 on each system alongside a reference standard (A and B represent technical duplicates). MRW, mean residue ellipticity. Analysis of additional product-related variants. Each of the 12 data points represents a unique sample (four time points from each of three InSCyT systems). Black boxes represent the range of InSCyT hGH samples with an additional line at the mean.


Supplementary Figure 4 Product quality data for InSCyT-produced hGH as analyzed by LCâ€“MS.
Peptide mapping used to confirm identity (100% sequence coverage). Example LCâ€“MS chromatograms used to quantify purity, including base peak chromatograms and extracted-ion chromatograms of two-chain and deamidated product variants. Data is representative of all 15 InSCyT hGH samples analyzed in this work.


Supplementary Figure 5 Typical product-related variant levels in reference standards for hGH, IFNÎ±-2b and G-CSF.
Summary of product-related variant levels found in reference standards for hGH, IFNÎ±-2b, and G-CSF compared with values found for marketed products in literature44-47. hGH and G-CSF reference standards are de-identified marketed products; IFNÎ±-2b reference standard is a manufactured drug substance.

                          References
                        
44. Jiang, H., Wu, S., Karger, B. L. & Hancock, W. S. Mass Spectrometric Analysis of Innovator, Counterfeit, and Follow-On Recombinant Human Growth Hormone. Artif. Cells Blood Substitutes Immobil. Biotechnol. Cells Blood Substit Immobi 10â€“15 (2009). doi:10.1021/bp.72
45. Riggin, R. M., Shaar, C. J., Dorulla, G. K., Lefeber, D. S. & Miner, D. J. High-performance size-exclusion chromatographic determination of the potency of biosynthetic human growth hormone products. J. Chromatogr. A 435, 307â€“318 (1988).
46. Herman, A. C., Boone, T. C. & Lu, H. S. Characterization, Formulation, and Stability of Neupogen(R) (Filgrastim), a Recombinant Human Granulocyte-Colony Stimulating Factor. in Formulation, Characterization, and Stability of Protein Drugs (eds. Pearlman, R. & Wang, Y. J.) 303â€“328 (Plenum Press, 1991). doi:10.1080/10643389.2012.728825
47. Rathore, A. S. & Bhambure, R. Establishing analytical comparability for â€˜biosimilarsâ€™: Filgrastim as a case study. Anal. Bioanal. Chem. 406, 6569â€“6576 (2014).


Supplementary Figure 6 Extended fermentation and on-demand purification and formulation of hGH on the InSCyT system using the second-generation manufacturing process.
Dose size was 1.75 mg12. Center points and error bars represent the mean and range, respectively, of technical triplicates unless otherwise noted. (a) Timeline and yields for production of hGH using the InSCyT system. Unpurified (orange) and formulated (blue) hGH doses from each batch are shown. Grey circles represent individual data points. Product quality analyses for InSCyT-produced hGH alongside a de-identified marketed product. Quantification of host-cell protein and host-cell DNA contaminants in formulated InSCyT hGH (per Fig. 2b). Each data point represents a single batch. Paired data points indicate analyses from a single batch. Analysis of additional product-related variants. Each data point represents a single batch. Black boxes represent the range of InSCyT hGH samples with an additional line at the mean. Analysis of purity by isoelectric focusing (IEF). M, IEF protein marker. Analysis of tertiary structure by circular dichroism (CD). Example reversed-phase liquid chromatography (RPLC) and size exclusion chromatography (SEC) chromatograms used to quantify purity of hGH (representative of all three batches). (b) Fermentograms and UV profiles from chromatography operations on the InSCyT system during the extended production of hGH on demand. DO, dissolved oxygen; SLPM, standard liters per minute.


Supplementary Figure 7 Detailed comparison of product quality across experiments during the at-scale process development for IFNÎ±-2b.
(a) Summary of product-related variants detected in formulated InSCyT IFNÎ±-2b during at-scale process development and final process qualification. Center points and error bars for the qualification run represent the mean and range, respectively, of four different batches produced during the run. The timeline (bottom) indicates when each characterization experiment was executed, where day 0 corresponds to the day when at-scale process development first began. Horizontal colored bars represent the modules that were used in each experiment (USP â€“ orange, DSP â€“ purple, TFF â€“ blue). Each bar represents a set of experimental conditions on that module. HMW, high molecular weight. (b) Quantity of oxidized product-related variants as influenced by various upstream parameters. N-terminal variant, aggregate, and host cell protein (HCP) content associated with different purification processes. Purification process A was used in IFNÎ±-2b Process Development Experiment 4, and purification process B was used in IFNÎ±-2b Process Development Experiment 3 and the Process Qualification Run.


Supplementary Figure 8 Production of IFNÎ±-2b on the InSCyT system.
Dose size was 12ug18. (a) Yields for production of IFNÎ±-2b using the InSCyT system during the Process Qualification Run. Wet cell weight (WCW) (black) and cumulative unpurified (orange) and formulated (blue) doses of IFNÎ±-2b are shown. Grey circles show individual data points. Complete process yield is approximately 11%. Additional product quality data from the process qualification run for IFNÎ±-2b alongside a reference drug substance. Analysis of purity by isoelectric focusing (IEF). M, IEF protein marker. Example RPLC and SEC chromatograms used to quantify purity of IFNÎ±-2b (representative of all four time points). Differences in chromatographic behavior of InSCyT IFNÎ±-2b and the reference standard were confirmed by MALDI as a naturally-occurring C-terminal truncation. (b) Fermentograms and UV profiles from chromatography operations on the InSCyT system during the process qualification run for IFNÎ±-2b. DO, dissolved oxygen; SLPM, standard liters per minute. (c) Product quality data for InSCyT-produced IFNÎ±-2b analyzed by LCMS. Peptide mapping used to confirm identity (96.3% sequence coverage). Example LCMS chromatograms used to quantify purity, including base peak chromatograms and extracted-ion chromatograms of N-terminal variant.


Supplementary Figure 9 Production of G-CSF using multiple InSCyT systems.
Dose size was 300 Î¼g24. Center points and error bars represent the mean and range, respectively, of technical triplicates unless otherwise noted. Fermentograms and UV profiles from chromatography operations on three InSCyT systems during G-CSF production. DO, dissolved oxygen; SLPM, standard liters per minute. Timeline and yields for production of G-CSF using three InSCyT systems. Wet cell weight (WCW) (black circles) and cumulative unpurified (orange) and formulated (blue) doses of G-CSF are shown. Grey circles show individual data points. Analysis of the tertiary structures of InSCyT G-CSF and a de-identified marketed product using circular dichroism (CD). Analysis of additional product-related variants. Black boxes represent the range of InSCyT G-CSF samples (Batches 1-6) with an additional line at the mean. SDS-PAGE (12% tris-glycine) analysis of samples from the USP during biomass accumulation (Perfusate Sample #0) and production (Perfusate Sample #1,2), and a final, formulated InSCyT sample (Formulated Sample #1,2) alongside a G-CSF marketed drug product (Std). M, molecular mass marker. Analysis of product purity by isoelectric focusing (IEF) for a formulated sample from each system. M, IEF protein marker. Example RPLC and SEC chromatograms used to quantify purity of G-CSF (representative of all six batches).


Supplementary Figure 10 Product quality data for InSCyT-produced G-CSF as analyzed by LCâ€“MS.
Peptide mapping used to confirm identity of G-CSF (100% sequence coverage). Example LCâ€“MS chromatograms used to quantify purity of G-CSF, including base peak chromatograms and extracted-ion chromatograms of N-terminal and O-linked glycan product variants (T134 O-2mannose).


Supplementary Figure 11 Summary of results from repeat-dose study of InSCyT G-CSF in Sprague Dawley rats.
All hematology and clinical chemistry parameters demonstrating statistically significant differences at a 5% or 1% significance level are shown. All significance levels were determined using 1-way ANOVA. Mean values, standard deviation (SD), and number of animals (N) are shown for each relevant parameter for the vehicle control group, InSCyT G-CSF and NeupogenÂ®.
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