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[bookmark: _Toc16448933]Abstract
As the biopharmaceutical industry has matured, there have been significant advances in the production of cell culture titres. However, it is hard to predict the effect that bioprocessing advances have had on antibody stability. This project explored the effects of the cell culture itself on IgG1, with particular focus on the quantities of IgG1 that are being unaccounted for as a consequence of the IgG1 interacting with components of the exogenous media. Analysis conducted on GS null CHO CAT-S cell culture runs, with five IgG1s spiked in at the inoculation stage at a variety of concentrations, indicated that IgG1 loss is occurring at rates ranging from 7.14% to 21.50%, regardless of concentration. Type of IgG1 was identified as the primary predictor of IgG1 loss, with media composition and feed strategy as a secondary predictor. Links were identified between the type of feed strategy used and the number of non-viable cells in the cell culture runs. This potentially indicates that a factor leading to IgG1 loss in culture is related to an internal component of the cells that is released into the exogenous media following lysis of the cell. Additional analyses were conducted in order to identify potential mechanisms that could be leading to IgG1 loss. These analyses indicated that a portion of the IgG1 is removed with the centrifuged cellular debris. Successful attempts at re‑solubilising this IgG1 suggest that the IgG1 is precipitating out of solution and may be recoverable. The work in this thesis highlights that a greater quantity of IgG1 is potentially being lost as a consequence of the cell culture process than was previously understood and that additional analyses, to improve bioprocessing, should focus on analysis of the cellular debris. 

[bookmark: _Toc16448934]Acknowledgements
I would like to express my gratitude to my academic supervisor at The University of Sheffield, Dr. Robert Falconer, and my industrial supervisors at MedImmune, Jennifer Smith and Ray Field, for their encouragement, patience and support during my PhD. I would also like to thank MedImmune for providing the cell line and mAbs used in this work, their support with the Protein A analysis (Andy Smith) and sub-visible particle analysis (Adrian Podmore), the feedback they have given me regarding my work and generally making me feel welcome during my time in Cambridge.

Thank you to my colleagues in the E-Floor office over the years for the stimulating discussions and the fun that we have had. Also, I would like to thank members of Prof. David James lab group, for the technical support that they have provided over the years.

Last, but not least, I would like to thank my family and friends who have supported me throughout my PhD.

Financial support from the Biotechnology and Biological Sciences Research Council (BBSRC) UK and MedImmune, is gratefully acknowledged.

[bookmark: _Toc16448935]Contents
Abstract	2
Acknowledgements	3
Contents	4
List of Tables	8
List of Figures	10
Nomenclature	14
1	Literature Review	17
1.0	Introduction	18
1.1	Biopharmaceutical Drug Production	19
1.1.1	Antibody Production	23
1.1.2	Platform Processes	25
1.2	mAbs	29
1.2.1	Protein Expression	29
1.2.2	Expression Within CHO cells	34
1.3	Media	36
1.3.1	Spent Media	40
1.3.2	Media Development	43
1.3.3	Amino Acids and Other Excipients	46
1.4	IgG	50
1.4.1	Effect of Media on Glycosylation Profiles	54
1.4.2	Future Trends	61
1.4.3	Continuous Processing	63
1.5	IgG1 Detection Methods	68
1.5.1	Protein A Chromatography	69
1.5.2	ValitaTM TITER Assay	70
1.6 	Host Cell Proteins (HCPs)	72
1.7	Aggregation	73
1.7.1	Physical Aggregation	77
1.7.2	Chemically-Induced Protein Aggregation	78
1.7.3	External Factors Contributing to Aggregation	79
1.8 	Conclusions	80
2	Materials and Methods	82
2.1	Equipment Used	83
2.1.1 	Bioreactors	83
2.1.2	Shake Flasks	84
2.2	Cell Culture	85
2.2.1	Cell Line	85
2.2.2	Feed Strategy Protocols	86
2.3	Analytical Techniques	87
2.3.1	Differential Scanning Calorimetry (DSC)	87
2.3.2	ValitaTMTITER IgG Assay	88
2.3.3	Protein A Chromatography	88
2.3.4 	Scanning Electron Microscopy (SEM)	89
2.3.5 	SDS-PAGE	89
2.3.6	Sub-Visible Particle Analysis	90
2.4	Statistical Analysis	91
2.4.1	Spearman's Rank	91
2.4.2 	Stepwise Regression	91
3	Effects of Spent Media on Stability of IgG1	94
3.0	Summary	95
3.1	Introduction	95
3.2	Materials and Methods	104
3.2.1	IgG1	104
3.2.2	Spent Media	105
3.2.3	Comparison of ValitaTMTITER and Protein A Chromatography	106
3.2.4 	Determination of IgG1 Concentrations in End Stage Spent Media Sampled Over a 14-day Period	107
3.2.5	Determination of IgG1 Concentrations in Spent Media Sampled Throughout the Cell Culture Process	108
3.2.6	DSC Analysis to Quantify Thermodynamic and Kinetic Stability Changes Between Basal Media and End Stage Spent Media Samples	108
3.3	Results and Discussion	109
3.3.1	Comparison of ValitaTMTITER and Protein A Chromatography	109
3.3.2	Determination of IgG1 Concentrations in End Stage Spent Media Sampled Over a 14-day Period	112
3.3.3	Determination of IgG1 Concentrations in Spent Media Sampled Throughout the Cell Culture Process	118
3.3.4	DSC Analysis to Quantify Thermodynamic and Kinetic Stability Changes Between Basal Media and End Stage Spent Media Samples	125
3.4	Conclusions	137
4	Analysis of IgG1 Titres Throughout the Cell Culture Process	140
4.0	Summary	141
4.1	Introduction	141
4.2	Materials and Methods	142
4.2.1	IgG1	142
4.2.2	Spiked Bioreactors	143
4.2.3	Spiked Shake Flasks	145
4.3	Results and Discussion	146
4.4	Conclusions	160
5	Identifying Predictors of IgG1 Loss Occurring Throughout the Cell Culture Process	162
5.0	Summary	163
5.1	Introduction	163
5.2	Materials and Methods	165
5.2.1	IgG1	165
5.2.2	Spiked Shake Flasks	166
5.3	Results and Discussion	168
5.4	Conclusions	179
6	Potential Mechanisms Leading to Observed IgG1 Loss	180
6.0	Summary	181
6.1	Introduction	181
6.1.1	Scanning Electron Microscopy (SEM)	183
6.1.2	Gel Electrophoresis	184
6.1.3	Sub-Visible Particle Analysis	185
6.2	Materials and Methods	186
6.2.1	IgG1	186
6.2.2	Spiked Bioreactors	186
6.2.3	Spiked Shake Flasks	187
6.2.4	IgG1 Detection	188
6.2.5	Scanning Electron Microscopy (SEM)	188
6.2.6	Gel Electrophoresis	189
6.2.7	Sub-Visible Particle Analysis	189
6.3	Results and Discussion	190
6.3.1	Scanning Electron Microscopy (SEM)	190
6.3.2	Gel Electrophoresis	200
6.3.3	Sub-Visible Particle Analysis	204
6.4	Conclusions	211
7	Conclusions	213
7.1	Conclusions	214
7.1.1	Physical Aggregation	215
7.1.2	External Factors	216
7.1.3	Chemically Induced Protein Aggregation	217
7.2	Future Work	218
8	References	225
9	Appendix	241

 






[bookmark: _Toc16448936]List of Tables
Table 1‑1 – Summary of small molecules known in the literature to modulate N‑glycosylation and proposed mechanisms of action [72] (adapted from Ehret et al. 2019)	58
Table 1‑2 – Model designs for stainless steel facilities with a projected output of 5000kg/yr [102] (adapted from biopharm Mab manufacturing today and tomorrow)	62
Table 1‑3 – Potential aggregation mechanisms that could result in mAb loss throughout the cell culture production process.	80
Table 2‑1 – Feed strategies used in both bioreactor and shake flask experiments.	86
Table 3‑1 – IgG1s provided by MedImmune (Cambridge, UK)	105
Table 3‑2 – Experimental values indicating the theoretical half-life of the CH2 domain of IgG1s (a), (b), (c) and (d) when maintained in spent media sampled on Day 14 of cell culture processes using Feed Strategies A (FS-A), B (FS-B) and C (FS-C). This is compared to IgG1s (a), (b), (c) and (d) when maintained in control sample comprised of CD-CHO only.	134
Table 4‑1 – Feed strategies used in both bioreactor and shake flask experiments	144
Table 4‑2 – Total loss of IgG1 when compared to IgG(b) batch specific product run. NOTE: FS-A shake flasks cells died on day 11, the theoretical loss has been calculated based on the day 11 representative run concentration.	153
Table 4‑3 – Spearman’s Rank order correlation coefficient results when comparing the variables of percentage IgG1 loss against TCN x106 cells/mL and nVCN x106 cells/mL.	154
Table 5‑1 – IgG1s provided by MedImmune (Cambridge, UK)	166
Table 5‑2 – Feed strategies used in shake flask experiment and IgG1 ((a), (b), (d) or (e)), spiked in at day 0 (inoculation) of a cell culture run to the stated concentration	167
Table 5‑3 – Summary statistics for stepwise regression models describing predictors of IgG1 loss.	171
Table 5‑5 – Spearman's Rank order correlation coefficient results when comparing the variables of percentage IgG1 loss against TCN x106 cells/mL and nVCN x106 cells/mL. *Correlation is significant at the 0.001 level.	176
Table 6‑2 – Feed strategies used in shake flask experiment with IgG1 ((a), (b), (c) ,(d) or (e)) spiked in at day 0 (inoculation) to the stated IgG Concentration (mg/L)	190
Table 9‑1 – Monoclonal antibodies approved by the EMA and FDA for therapeutic use (status 2017)	242
Table 9‑3 – Total Cell Numbers (TCN) x106 cells/mL for bioreactor runs - Control and IgG(b) 60mg/L.	252
Table 9‑4 – Viable Cell Numbers (VCN) x106 cells/mL for bioreactor runs - Control and IgG(b) 60mg/L.	253
Table 9‑5 – Viability (%) for bioreactor runs - Control and IgG(b) 60mg/L.	254
Table 9‑6 – Total Cell Numbers (TCN) x106 cells/mL for Shake Flask run 1 - IgG(b) 60mg/L, 250mg/L, 500mg/L, 750mg/L, 115mg/L and 1500mg/L.	255
Table 9‑7 – Viable Cell Numbers (VCN) x106 cells/mL for Shake Flask run 1 - IgG(b) 60mg/L, 250mg/L, 500mg/L, 750mg/L, 115mg/L and 1500mg/L.	256
Table 9‑8 – Viability (%) for Shake Flask run 1 - IgG(b) 60mg/L, 250mg/L, 500mg/L, 750mg/L, 115mg/L and 1500mg/L.	257
Table 9‑9 – Total Cell Numbers (TCN) x106 cells/mL for shake flask run 2 - Control and IgG(d) 250mg/L, 750mg/L, 1125mg/L, 1500mg/L, 200mg/L, 2500mg/L and 3000mg/L.	258
Table 9‑10 – Viable Cell Numbers (VCN) x106 cells/mL for shake flask run 2 - Control and IgG(d) 250mg/L, 750mg/L, 1125mg/L, 1500mg/L, 200mg/L, 2500mg/L and 3000mg/L.	259
Table 9‑11 – Viability (%) for shake flask run 2 - Control and IgG(d) 250mg/L, 750mg/L, 1125mg/L, 1500mg/L, 200mg/L, 2500mg/L and 3000mg/L.	260
Table 9‑12 – Total Cell Numbers (TCN) x106 cells/mL for shake flask run 3 - IgG(a) 250mg/L, 1500mg/L and 3000mg/L. IgG(c) 250mg/L, 750mg/L and 1500mg/L. IgG(e) 250mg/L, 1500mg/L and 3000mg/L.	261
Table 9‑13 – Viable Cell Numbers (VCN) x106 cells/mL for shake flask run 3 - IgG(a) 250mg/L, 1500mg/L and 3000mg/L. IgG(c) 250mg/L, 750mg/L and 1500mg/L. IgG(e) 250mg/L, 1500mg/L and 3000mg/L.	262
Table 9‑14 – Viability (%) for shake flask run 3 - IgG(a) 250mg/L, 1500mg/L and 3000mg/L. IgG(c) 250mg/L, 750mg/L and 1500mg/L. IgG(e) 250mg/L, 1500mg/L and 3000mg/L.	263
Table 9‑15 – Total Cell Numbers (TCN) x106 cells/mL for shake flask run 4 - IgG(b) 50mg/L, 100mg/L, 150mg/L and 200mg/L.	264
Table 9‑16 – Viable Cell Numbers (VCN) x106 cells/mL for shake flask run 4 - IgG(b) 50mg/L, 100mg/L, 150mg/L and 200mg/L.	265
Table 9‑17 – Viability (%) for shake flask run 4 - IgG(b) 50mg/L, 100mg/L, 150mg/L and 200mg/L.	266



[bookmark: _Toc16448937]List of Figures
Figure 1‑1 – Stages in Drug Development [1] (adapted from Van Norman 2016).	21
Figure 1‑2 – a) Typical upstream process for monoclonal antibodies [11] (adapted from Shukla and Thömmes 2010) b) Typical downstream process for monoclonal antibodies [11] (adapted from Shukla and Thömmes 2010).	27
Figure 1‑3 – Steps involved in protein expression from DNA transcription to protein secretion [12] (adapted from Hames  and Hooper 2005).	31
Figure 1‑4 – Growth phases of cells in culture using viable cell number (VCN x 10^6 m/L) and protein produced throughout the cell culture process (mg/L) of IgG(b), data supplied by MedImmune, Cambridge, UK.	37
Figure 1‑5 – Diagrammatic representation of mammalian cell metabolism [52] (adapted from Hu et al. 1998).	41
Figure 1‑6 – Structure of IgG1 [64] (adapted from Vidarsson et al. 2014).	52
Figure 1‑7 – The aggregation process.	76
Figure 3‑1 – DSC scan of 1mg/mL of intact IgG(a), heated at a rate of 1C/min.	100
Figure 3‑2 – DSC scan of 1mg/mL IgG(a), cleaved using papain digestion and heated at a rate of 1°C/min.	102
Figure 3‑3 – Diluents spiked with known concentrations of IgG1, shown as the histogram, and analysed using the ValitaTMTITER assay in order to test the validity of the assay. Symbols show the concentration recorded by the ValitaTMTITER assay of the four spiked concentrations in five different diluents.	110
Figure 3‑4 – Comparisons of ValitaTMTITER assay (before and after freeze) and protein A results.	111
Figure 3‑6 – Spent media samples spiked with IgG(b)	114
Figure 3‑7 – Spent media samples spiked with IgG(c)	115
Figure 3‑8 – Spent media samples spiked with IgG(d)	116
Figure 3‑10 – Spent media sampled at different time points of a GS null CHO CAT-S cell culture run utilising feed strategy B (FS-B).	119
Figure 3‑11 – Spent media sampled at different time points of a GS null CHO CAT-S cell culture run utilising feed strategy C (FS-C).	120
Figure 3‑13 – Lactate concentrations (g/L) recorded throughout the cell culture process using four feed strategies, FS-A, FS-B, FS-C and FS-D (n=3).	124
Figure 3‑14 – Representative DSC thermograms for IgG(a) cleaved with papain to remove the Fab region and allow clear delineation of the CH2 and CH3 domains.	125
Figure 3‑15 – Representative DSC thermograms for IgG(b) cleaved with papain to remove the Fab region and allow clear delineation of the CH2 and CH3 domains.	126
Figure 3‑16 – Representative DSC thermograms for IgG(c) cleaved with papain to remove the Fab region and allow clear delineation of the CH2 and CH3 domains.	127
Figure 3‑17 – Representative DSC thermograms for IgG(d) cleaved with papain to remove the Fab region and allow clear delineation of the CH2 and CH3 domains.	128
Figure 3‑18 – Change in Tm (ΔTm) in the CH2 domain of four IgG1s between fresh CD-CHO and spent media sampled on day 14 of three cell culture runs utilising feed strategies A, B and C (FS-A, FS-B and FS-C).	131
Figure 3‑20 – Estimated IgG1 half-life against the measured Tm value.	135
Figure 4‑1 – Total IgG1 (mg) in cell culture throughout a cell culture run in a 5L bioreactor, corrected for volume changes throughout run. Spiked to ~60mg/L of IgG(b) utilising Feed Strategy-A (FS-A) and Feed Strategy-D (FS-D) n=1.	147
Figure 4‑2 – Total IgG1 (mg) in cell culture throughout a cell culture run in a 1L vented, baffled shake flask, corrected for volume changes throughout run. Spiked to ~60mg/L of IgG(b) utilising Feed Strategy-A (FS-A) and Feed Strategy-D (FS-D) n=1.	148
Figure 4‑3 – Total IgG1 (mg) in cell culture throughout a cell culture run in bioreactors, corrected for volume changes throughout run. Spiked to ~60mg/L of IgG(b) n=1.	149
Figure 4‑4 – Percentage change from total IgG1 (mg) in cell culture recorded following inoculation on day 0 of the run in bioreactors, corrected for volume changes throughout run. Spiked to ~60mg/L of IgG(b) n=1.	150
Figure 4‑5a-e – Total IgG1 (mg) in cell culture throughout a cell culture process in 1L vented, baffled shake flasks, corrected for volume changes throughout cell culture process. Spiked at a range of concentrations from ~250mg/L to 1500mg/L of IgG(b) across three feed strategies (FS-A, FS-C and FS-D) n=1.	151
Figure 4‑6a-c – Percentage change from total IgG1 (mg) in cell culture recorded following inoculation on day 0 of the run. Includes both bioreactor and shake flask data. Spiked at a range of concentrations from ~60mg/L to 1500mg/L of IgG(b) n=1.	152
Figure 4‑8 – Percentage change from total IgG1 (mg) in cell culture recorded following inoculation on day 0 of the run. Includes both bioreactor and shake flask data. Spiked at a range of concentrations from ~60mg/L to 1500mg/L of IgG(b) using the feed strategy C protocol (FS-C) n=1.	155
Figure 4‑9 – Percentage change from total IgG1 (mg) in cell culture recorded following inoculation on day 0 of the run. Includes both bioreactor and shake flask data. Spiked at a range of concentrations from ~60mg/L to 1500mg/L of IgG(b) using the feed strategy D protocol (FS-D) n=1.	156
Figure 5‑1a-c – Percentage of IgG1 loss recorded in shake flasks spiked to concentrations ranging from 250mg/L to 3000mg/L of IgG(d). Shake flasks utilised feed strategies A (FS-A), C (FS-C) and D (FS-D) n=1.	168
Figure 5‑2 – Average percentage of IgG1 loss by three feed strategies (FS-A, FS-C and FS-D).	169
Figure 5‑3a-c – Average percentage loss of four IgG1s (IgG(a), IgG(b), IgG(d) and IgG(e)) spiked into cell culture runs utilising three feed strategies (FS-A, FS-C and FS-D). Spiked IgG1 concentrations ranged from ~50mg/L to ~3000mg/L.	170
Figure 6‑1 – Diagram of SEM [225] (adapted from nanoimages.com)	184
Figure 6‑2 – SEM image of centrifuged pellet obtained from day 14 of a bioreactor run utilising Feed Strategy D (FS-D). The bioreactor was growing a non-producing cell line where no IgG1 was spiked in. Image taken at x367 magnification.	191
Figure 6‑3 – SEM image of centrifuged pellet obtained from day 14 of a bioreactor run utilising Feed Strategy D (FS-D). The bioreactor was growing a non-producing cell line with IgG(b) spiked in at ~60mg/L on day 0 of the run. Image taken at x367 magnification.	192
Figure 6‑4 – Average RMS based on SEM images of centrifuged pellets obtained an days 0, 3, 6, 9, 11 and 14 of a shake flask run utilising Feed Strategy D (FS-D).	193
Figure 6‑5 – SEM image of centrifuged pellet obtained from day 0 of a shake flask run utilising Feed Strategy D (FS-D).	194
Figure 6‑6 – SEM image of centrifuged pellet obtained from day 3 of a shake flask run utilising Feed Strategy D (FS-D).	195
Figure 6‑7 – SEM image of centrifuged pellet obtained from day 6 of a shake flask run utilising Feed Strategy D (FS-D).	196
Figure 6‑8 – SEM image of centrifuged pellet obtained from day 9 of a shake flask run utilising Feed Strategy D (FS-D).	197
Figure 6‑9 – SEM image of centrifuged pellet obtained from day 11 of a shake flask run utilising Feed Strategy D (FS-D).	198
Figure 6‑10 – SEM image of centrifuged pellet obtained from day 14 of a shake flask run utilising Feed Strategy D (FS-D).	199
Figure 6‑11 – SDS-PAGE gel of IgG(b).	200
Figure 6‑12 – SDS-PAGE gel of IgG(b).	201
Figure 6‑13 – Particle analysis of spent media supernatant taken from shake flasks utilising Feed Strategy A (FS-A).	206
Figure 6‑14 – Particle analysis of spent media supernatant taken from shake flasks utilising Feed Strategy C (FS-C).	207
Figure 6‑15 – Particle analysis of spent media supernatant taken from shake flasks utilising Feed Strategy D (FS-D).	208
Figure 6‑16 – Total particle counts obtained through sub-visible particle imaging of supernatant sampled throughout cell culture processes.	210
Figure 9‑1 – DSC thermograms for IgG(a) cleaved with papain to remove the Fab region and allow clear delineation of the CH2 and CH3 domains.	247
Figure 9‑2 – DSC thermograms for IgG(b) cleaved with papain to remove the Fab region and allow clear delineation of the CH2 and CH3 domains.	248
Figure 9‑3 – DSC thermograms for IgG(c) cleaved with papain to remove the Fab region and allow clear delineation of the CH2 and CH3 domains.	249
Figure 9‑4 – DSC thermograms for IgG(d) cleaved with papain to remove the Fab region and allow clear delineation of the CH2 and CH3 domains.	250
Figure 9‑5 – SEM image of centrifuged pellet obtained from day 14 of a bioreactor run utilising Feed Strategy D (FS-D).	267
Figure 9‑6 – SEM image of centrifuged pellet obtained from day 14 of a bioreactor run utilising Feed Strategy D (FS-D).	268


[bookmark: _Toc16448938]Nomenclature
A			Arrhenius Constant
AEX			Anion-Exchange Chromatography
ANS			8-Anilinonaphthalene-1-sulfonic acid
BisAbs			Bispecific Antibodies
C			Constant
C1q			Complement Component 1q
CDR			Complementarity-Determining Region
CEX			Cation-Exchange Chromatography
CH			Constant Heavy
CHO			Chinese Hamster Ovary
CL			Constant Light
COP			Coat Protein Complex
Cp			Excess Heat Capacity
CQA			Critical Quality Attributes
DDM			n-Dodecyl-β-D-maltopyranoside
DF			Diafiltration
DHFR			Dihydrofolate Reductase
DO			Dissolved Oxygen
DoE			Design of Experiment
DSC			Differential Scanning Calorimetry
DSP			Downstream Processing
Ea			Activation Energy
EMA			European Medicines Agency
ER			Endoplasmic Reticulum
Fab			Fragment Antigen Binding
Fc			Fragment Crystalline
FcγR			Fragment Crystalline γ-Receptor
FcRn			Fragment Crystalline Neonatal Receptor
FDA			U.S. Food and Drugs Administration
FS-A			Feed Strategy-A
FS-B			Feed Strategy-B
FS-C			Feed Strategy-C
FS-D			Feed Strategy-D
FTIR			Fourier-Transform Infrared Spectroscopy
G1F			Monogalacto-fucosylated
GnTI			α-1,3-mannosyl-glycoprotein 2-β-N-acetylglucosaminyltransferase
GS			Glutamine Synthase
GS null 		Glutamine Synthase-Non Producing
HCCF			Harvest Cell Culture Fluid
HCP			Host Cell Protein 
HPLC			High-Performance Liquid Chromatography
Ig			Immunoglobulin
IgG			Immunoglobulin G
IVC			Integral of Viable Cell Concentration
mAbs			Monoclonal Antibodies
MOPS			3-(N-morpholino) propanesulfonic acid
mRNA			Messenger Ribonucleic Acid
MSX			Methionine Sulfoximine
MTX			Methotrexate
nVCN			Non-Viable Cell Number
PAGE			Polyacrylamide Gel Electrophoresis
QbD			Quality by Design
Qp			Specific Productivity
Qt			Total Heat Capacity
PBS			Phosphate Buffed Saline
RER			Rough Endoplasmic Reticulum
RMS			Root Mean Square
rpm			Rotations Per Minute
rs			Spearman’s Rank
ScFV			Single Chain Variable Fragment
SDS			Sodium Dodecyl Sulfate
SEM			Scanning Electron Microscopy
SER			Smooth Endoplasmic Reticulum
SF			Serum Free
SPA			Staphylococcal Protein A
SPT			Single Particle Tracking
TaFV			Tandem ScFV
TCA			Tricarboxylic acid
TCN			Total Cell Number
UF			Ultrafiltration
USP			Upstream Processing
UV			Ultra Violet
V			Variable
VCD			Viable Cell Density
VH			Variable Heavy
VL			Variable Light


Conclusions



10

13






[bookmark: _Ref523914571][bookmark: _Ref524002938][bookmark: _Toc16448939]Literature Review
[bookmark: _Toc16448940]
1.0	Introduction
Monoclonal antibodies (mAbs) have been developed by the biopharmaceutical industry with the majority being used to treat auto-immune disorders and cancers. They have evolved to be secreted from mammalian cells and require complex expression systems. While advances have been made to develop these systems, there is still potential to increase product yields even further.

MAbs are protein-based molecules produced by B lymphocytes that bind and help to eliminate foreign and infectious agents within the body [2] such as cancer cells. There have been a number of successful mAb treatments; utilizing chimeric mAbs, which are constructed with variable regions from a murine source and constant regions from a human source [2], humanized mAbs, which are constructed with murine antigen-binding regions with the additional variable and constant regions being from a human source [2] and human mAbs which are derived from an entirely human source. 

MAbs have proven useful as human protein therapeutics because of their favourable pharmacokinetic profiles; further increases in mAb recovery will allow improved efficiency of manufacturing plant usage and ultimately increase manufacturing flexibility and agility.

The aim of this PhD project is to investigate and understand how the media that the cells are being grown in may be affecting mAb production. In particular; the effect on stability and solubility of the mAbs that are being expressed.

[bookmark: _Toc16448941]1.1	Biopharmaceutical Drug Production
Biopharmaceutical drugs can be broken down into several categories; enzymes, hormones, antisense drugs, vaccines, mAbs, cytokines, clotting factors, peptide therapeutics and cell therapies. They are used to treat a range of diseases including; diabetes, multiple sclerosis, cancer, hepatitis and viral infections. This thesis focuses on mAbs as they represent the primary biopharmaceutical product currently in development. MAbs are used to treat a wide range of diseases but the primary focus is on autoimmune disorders and cancers [3].

In 2010, the worldwide market of therapeutic proteins was valued at $93 billion and was predicted to rise to $141.5 billion by 2017; a 6.2% increase in seven years [4]. The reality was an increase of $128 billion in that period to $221 billion in 2017 [5]. MAbs alone accounted for 43% of the total biologics market across the globe and was worth $94 billion. Humanised mAbs had a market value of $37.6 billion, followed by human mAbs at $32.9 billion and chimeric mAbs at $18.8 billion.

The development of therapeutic antibodies is a long, expensive and risky process that must comply with rigorous regulatory requirements. Emphasis is placed on balancing speed to market, low cost, high quality and flexibility [6]. Recently, a greater number of mAbs have been approved for market; 155 between January 2014 and July 2018 [6]. However, the development costs are still comparatively high. Drug development is estimated to take 12 – 15 years from discovery to release [1]. Figure 1‑1 lays out the time costs related to the three phase of clinical trials, the highest failure rates occur in Phase II testing, which is the first stage where efficacy may fail and less common side effects appear. Cumulative probability of a drug being approved declines with each stage. The overall probability of a drug passing all stages is approximately 11.7% [7].
[bookmark: _Ref14019508][bookmark: _Toc16449358][bookmark: _Toc25825457]Figure 1‑1 – Stages in Drug Development [1] (adapted from Van Norman 2016).
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Additionally, these figures only include the drugs that make it to preclinical testing. A high number of potential mAbs will be screened in order to identify potential candidates for development [8]. From these, only a small percentage will be found to be effective as a treatment [8]. In general, a company will aim for 2 to 5 launches per year, this requires 18 to 45 molecules to reach Phase I clinical trials [8]. Realistically, companies will only launch 1-2 products per year, requiring 9 to 18 molecules to reach Phase I clinical trials. The average time taken from synthesis of a molecule to human testing is 31.2 months with the cost being estimated in the region of $430 million [7].

In 2017, 76 mAbs were in the position of being approved for therapeutic use by the EMA (European Medicines Agency) and the FDA (U.S. Food and Drugs Administration) [3]. Of these, 31 were for cancer and anti-tumour treatment, 20 were to treat autoimmune disorders such as rheumatoid arthritis, multiple sclerosis, psoriasis and transplant rejection. 7 were anti-inflammatory, such as for treating asthma and colitis, 9 were non-therapeutic detection methods, 3 were for respiratory infections such as anthrax and respiratory syncytial virus, 2 were for bleeding disorders and 1 was for osteoporosis (see Table 9‑1 in Appendix for complete list).

The predominant production system for mAbs uses mammalian expression systems. Mammalian cell lines are important host cells for the industrial production of pharmaceutical proteins owing to their capacity for correct folding, assembly and post-translational modification [9]. Chinese Hamster Ovary (CHO) cells are most often utilised for recombinant therapeutic proteins [10] in spite of the availability of a number of other mammalian cell lines. To put this in perspective, of the 76 mAbs approved for use by the EMA and FDA, 50% are produced using CHO cell lines (see Table 9‑1 in Appendix).

CHO cells have been favoured by the pharmaceutical industry for a number of reasons:
· The use of CHO cells over the past two decades have provided a reputation for them as safe hosts, meaning that regulatory agencies will be more inclined to grant approval for therapeutic proteins [11].
· A disadvantage of using mammalian cells for protein production is low specific productivity (q), however, this can be overcome in CHO cells by the use of expression vectors [11].
· CHO cells have the capacity for efficient post-translation modification and they produce recombinant proteins with glycoforms that are both compatible with and bioreactive in humans [11].
· CHO cells can be easily adapted for growth in regulatory-friendly serum free (SF) suspension conditions, a characteristic preferred for large-scale culture in bioreactors [11].

[bookmark: _Toc16448942]1.1.1	Antibody Production
The production of mAbs consists of upstream processing (USP) and downstream processing (DSP). USP refers to the culturing of the cells in bioreactors and the production of the targeted product, while DSP involves a sequence of separation/purification steps responsible for the isolation of the antibody from the upstream harvest [12]. Process development and optimization in USP includes: cell line development and engineering, cell clone selection, media and feed development, bioprocess development and scale up [13-16].

The initial stages in antibody process development (cell line development and engineering) involves screening hundreds to thousands of clones in order to find a single or select few clones that provide an optimal balance of product yield and quality [17].  The common industry practice for clone selection is to dilute and cultivate cells in multiwell microtiter plates with a basal growth medium and screen for robust cell growth and high productivity [13, 17]. Media and feed development optimise the process by cultivating the selected clones under varying culture conditions. The final criteria for clone screening and cell culture process development include: high productivity, acceptable product quality and good cell growth profile [18].
 
Bioprocess development and scale up includes reactor design, cell harvesting, process control and the corresponding analytics [14, 15]. Criteria for selection include: growth, cell-specific and volumetric productivity, glycosylation profiles, development of charge variants, aggregate formation, protein sequence heterogeneity and clone stability [13, 19]. 

Currently, mAb biomanufacturing considers mainly fed-batch cell culture systems and batch separation processes [20]. Ultimately, the decision of which clone will be used for production is a consequence of the clones performance in a bioreactor [21], this is known as Quality by Design. The concept of Quality by Design (QbD) for biopharmaceutical drug development was initiated by the Food and Drug Administration (FDA) and works under the principle that quality should be built into development by understanding both the product and the process by which the product will be developed and manufactured. This includes knowledge of the risks involved in manufacturing the product and how best to mitigate those risks. QbD is comprised of three main components: process knowledge involving a good understanding of the impact that process inputs have on process performance, the identification of potential critical quality attributes (CQA) and understanding the relationship between the manufacturing process and these CQAs as well as the link between CQAs and the products’ clinical properties. A CQA can be defined as a component of the products manufacture that is essential to ensure the safety and efficacy of the product [22, 23]. 

[bookmark: _Toc16448943]1.1.2	Platform Processes
Development of a manufacturing process for a protein requires the consideration of many different factors including removal of impurities, robustness, scalability and ready availability of raw materials for large-scale production. Consideration has to be given not only to the scale needed for early clinical supply, but also the ability of the process to support long-term supply needs and scales. As a result, utilizing well-established unit operations is a key aspect of developing manufacturing processes. The aspects of robustness, scalability, and reproducibility mean that manufacturing processes often look quite different from those that can be employed in the laboratory for purifying small quantities of proteins. Process development can be a time-consuming activity and require significant amounts of experimentation. As a result, when possible the industry has gravitated toward platform approaches [24].

Platform processes are defined as a series of manufacturing operations that can be relevant to more than one product, with the aim of reducing manufacturing investments and eliminating process re-design for each new product. Platform processes give a general approach to antibody production, which significantly lowers development times.

Figure 1‑2 is a diagrammatic representation of an antibody platform often used for monoclonal antibodies. The use of a platform approach such as this can help reduce overall development costs by reducing the amount of time spent in development. MAb treatments require patients to receive high doses over long periods of time which requires large quantities of purified product [25, 26]. The current bioreactors can reach total capacities of 20,000L with titres of 3-5g/L typically being achieved and titres of 10-13g/L reported in fed-batch processes [13, 27]. In order to achieve these high mAb titres, the cell culture process has evolved to increase culture duration, cell densities and specific cell productivity [28]. 
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[bookmark: _Ref15832203][bookmark: _Toc16449359]Figure 1‑2 – a) Typical upstream process for monoclonal antibodies [11] (adapted from Shukla and Thömmes 2010) b) Typical downstream process for monoclonal antibodies [11] (adapted from Shukla and Thömmes 2010). 
a) The upstream process starts with vial thaw and expansion of cells through a series of inoculum steps. The cells are then further expanded in a series of seed bioreactors before transfer to the production bioreactor where the mAb is expressed into the media. Centrifugation and a series of filtration steps are then used to harvest the cell culture broth from cells and cell debris. b) The downstream process starts with Protein A chromatographic capture and includes two subsequent polishing chromatographic steps for impurity removal. The process also includes two dedicated orthogonal steps for viral clearance: low pH viral inactivation after Protein A chromatography and viral filtration. The final process step is ultrafiltration/diafiltration (UF/DF) to formulate and concentrate the product.

In the upstream process cells are grown stepwise. A cell bank is laid down, this may be a Research, Master or Working , the inoculum expansion is than carried out in shake flasks of increasing volume. For large scale fermentations, once sufficient inoculum volume is generated in the shake flasks, it is transferred to larger bioreactors prior to inoculation of the production reactor  (10,000-20,000 L). Once the cells are added to the large-scale bioreactors, they are cultured for approximately two weeks, predominately as fed-batch processes [29].

The final stage of the upstream process is the harvesting of the material from the bioreactor which then moves onto the DSP stage. In the DSP stage, the harvest material is first clarified; this can be achieved via centrifugation. However, increases in cellular material has had the consequence that centrifugation may not provide an acceptable degree of solid removal in order to prepare the material for chromatography capture and an additional filtration step using depth filters is often also required. Depth filters are capable of removing host cell protein (HCP), any potential cell debris and other impurities and have also been shown to reduce the level of turbidity seen in Protein A eluate of a mAb process [30]. Protein A Chromatography captures and purifies monoclonal antibodies while also acting as a viral inactivation step. Two polishing steps such as cation-exchange chromatagraphy (CEX) and anion-exchange chromatography (AEX) are usually employed in order to meet the purity requirement imposed by the regulatory authorities. A virus filtration step is necessary to provide additional assurance that viruses are removed and the product is safe, followed by a final ultrafiltration/diafiltraton step which helps formulate and concentrate the product (Figure 1‑1). Overall, purification yields range from 70-80% and different companies use similar platform processes which are optimized for the production of their specific molecule of interest [27, 31-33].
A platform approach has distinct advantages from a business standpoint. Speed to clinic is often a key determinant of a company’s success. The predictability of a platform process enables organizations such as Manufacturing and Quality Control to adopt a templated set of documents which reduces the time and resources spent on production and release testing. MAb process platforms have enabled a highly productive, robust manufacturing process to be put in place from the start of clinical development all the way to product commercialisation. The consistency and predictability of a platform approach is what has allowed the significant growth of this class of therapeutics [24].

[bookmark: _Toc16448944]1.2	mAbs
At the present time, all clinically used therapeutic antibodies are Immunoglobulin G (IgG) derived mAbs. They possess the same basic structure and; as such, they are defined by the production process rather than their chemical structure, and batch‐to‐batch variability in the resulting product is well recognized and needs to be tightly controlled through carefully established and controlled conditions during the cell culturing, product processing, and purification steps [34].

[bookmark: _Toc16448945]1.2.1	Protein Expression
The method for growing CHO cells in bioreactors is designed to mimic the in vivo processes that are undergone by cells to synthesise, package and release extracellular proteins (Figure 1-3). Most proteins made by ribosomes on the Rough Endoplasmic Reticulum (RER) are glycoproteins, that is they contain short chains of carbohydrates (oligosaccharides) covalently linked to them during passage through the RER and Golgi complex. There are two main types of oligosaccharide linkage; O‑linked and N-linked [35]. N-glycosylation occurs in the Endoplasmic Reticulum (ER) and targets asparagine side groups, while O‑glycosylation occurs in the Golgi cisternae and targets serine and threonine residues [36].

[bookmark: _Ref481503890]N-linked oligosaccharides are formed in the cytoplasm, they are comprised of 14 sugar units and are synthesised on a dolichol phosphate carrier. The dolichol phosphate carrier is a long hydrophobic chain anchored to the RER membrane, this transports the N-linked oligosaccharide through the ER membrane where an oligosaccharide transferase transfers it to a peptide as it enters the lumen [36]. The N-linked oligosaccharide is specifically linked to the amide -NH2 of asparagine side groups via N-glycosidic bonds where asparagine occurs in a sequence of Asn‑X‑Ser/Thr where X is any amino acid except proline [35]. Additional glycosylation can occur to these peptides in the Golgi apparatus to produce more complex oligosaccharides [35]. 
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[bookmark: _Toc16449360]Figure 1‑3 – Steps involved in protein expression from DNA transcription to protein secretion [12] (adapted from Hames  and Hooper 2005).
Protein synthesis begins on free ribosomes which become attached to the ER membrane and the proteins are transported into the ER lumen. Here they are synthesized and are folded in the lumen. Once inside the ER lumen, proteins move along to the SER and are then transported to the Golgi apparatus. Transport vesicles carrying newly synthesized proteins are budded off from the SER, move to fuse with the cis cisternaes, and deliver their contents to the Golgi cisternae. Proteins move through the Golgi stacks in the same way via transport vesicles; there are no direct connections between the plates. Proteins are modified in successive cisternae, progressing towards the final one on the trans side where they are sorted and packaged into vesicles and despatched to their destinations [36]. 
O-linked oligosaccharides are usually comprised of 4-5 sugar units that are sequentially added to the protein as it passes through the Golgi cisternae [35]. O‑linked oligosaccharides are linked to the -OH of serine and threonine residues via O‑glycosidic bonds. Where N-glycosylation has occurred on the asparagine side groups, the serine and threonine residues in the asparagine sequence will not undergo O-glycosylation [35].

Proteins are sorted, packaged and dispatched from the Golgi, all secretory proteins follow the constitutive secretory pathway; they will be encased in coat protein complex (COP) coated vesicles which will transfer the protein from the trans Golgi network to the cell's plasma membrane where the protein will be released into the extracellular space via exocytosis. The constitutive secretory pathway operates continually in all cells, the non-selective version of this pathway occurs in unpolarised cells and requires no protein signal to initiate secretion, as such, this is often referred to as the default pathway [37].

Only correctly folded proteins are able to leave the cell, the sorting mechanisms include membrane receptors that recognise structural features or specific sequences. Proteins that are not properly folded bind to molecular chaperones which prevent them leaving the ER [37].

A molecular chaperone is a protein that transiently associates with folding intermediates, prevents aggregation of exposed hydrophobic protein surfaces and facilitates the adoption of the proteins three-dimensional native structure. Many molecular chaperones act unspecifically and promote correct folding, assembly and targeting of unrelated proteins [38]. Once properly folded the newly synthesized protein no longer represents a substrate for chaperone interaction. However, for proteins unable to achieve a thermodynamically stable, properly folded conformation, the interaction is not transient, rather they exhibit relatively long-lived interactions with one or more members of the chaperone family [39].

As an unfolded polypeptide enters the lumen of the ER, it interacts with, and is stabilized by, members of the molecular chaperone family [39]. Lectin chaperones are of particular importance for the folding of glycoproteins in the ER. They ensure that only correctly folded proteins are transported along the exocytic pathway. This process consists of de-glucosidation and re-glucosidation and is repeated until the native conformation of the glycoprotein is acquired [38]. Following completion of its folding or assembly, the newly synthesised protein exits the ER and moves along the secretory pathway. Proteins that are unable to achieve stability are prevented from leaving the ER by the actions of the molecular chaperones [39]. These consistently misfolded proteins are retranslocated into the cytosol, where they are ubiquitinylated and degraded by the proteasome [38].

[bookmark: _Toc16448946]1.2.2	Expression Within CHO cells
Given that the constitutive pathway is always operating within a cell, expression vectors are utilised to focus protein production. In general, these are plasmids which are designed to produce large amounts of stable mRNA for translation [37]. Biopharmaceutical production tends to use the most common method of randomly integrating the gene into the host chromosome and secreting the protein product into extracellular medium for easier downstream processing [40], although this is the not the only method in use.

Because the protein made from expression vectors is produced within the cell, it needs to be purified separately from the host cell proteins [37]. To achieve a production cell line for an antibody, expression vectors containing heavy and light chain genes are added to the host cell line; these are under the control of strong mammalian promoters. A selectable marker is added so that the cells carrying the gene will be easily selected by the presence of an inhibitor which will kill cells not expressing the selective marker activity [40]. Two expression vector systems dominate antibody production in mammalian cell culture; dihydrofolate reductase (DHFR) and glutamine synthase (GS). Both have strong promoters which drive expression of Immunoglobulin (Ig) genes, while the DHFR and GS genes are controlled by weak promoters [40].

DHFR is an essential metabolic enzyme for purine and pyrimidine. In the DHFR expression system methotrexate (MTX) is used to inhibit the function of DHFR as MTX is a folate analogue [37]. This increases the levels of DHFR in the cell and prevents the production of the cofactor thymidylate synthetase which is the key step in purine synthesis [36]. Transfection with an expression vector containing the DHFR gene prevents MTX from poisoning transfected cells. Selection occurs in the absence of glycine, hypoxanthine and thymidine. A weak promoter is used to increase the selection stringency by reducing the efficiency of stable transfection. This leads to a reduction in surviving cells; however, the cells that survive selection have the ability to produce higher quantities of the recombinant product [15].

MTX selection requires that DHFR deficient host cells, such as DUKXB11 or DG44, are absolutely needed for efficient selection. This is not the case for GS selection; GS synthesises glutamine from glutamate and ammonia. The reaction involves the intermediate formation of an enzyme-bound g-glutamyl phosphate. This is a high-energy phosphoryl anhydride compound with sufficient energy to react with ammonia [36]. As glutamine is an essential amino acid, transfection of cells lacking endogenous GS with the GS vector confers an ability to grow in glutamine-free media [41, 42]. Selection occurs in the absence of glutamine by utilising methionine sulfoximine (MSX), which is an analogue of glutamine, it is still possible to use GS expression vectors with cells that express functional GS, such as CHO [40]. GS also uses a weak promoter upstream of the GS gene increasing expression of Ig genes.
[bookmark: _Toc481073014][bookmark: _Ref523914569]

[bookmark: _Toc16448947]1.3	Media
The growth of cells in culture follows a characteristic growth pattern (Figure 1‑4):
· Phase I - This is the lag phase when the cells are introduced to a fresh culture medium and no immediate increase in cell number occurs. Although cell division does not take place right away, the cell is synthesizing new components. The lag phase varies considerably in length with the condition of the cell and the nature of the media [43].
· Phase II - This is the log phase when the cells are growing at the maximal rate as defined by genetic potential, nature of the media and other growth conditions [43].
· Phase III - This is the stationary phase where population growth has ceased and the growth curve becomes horizontal. Cells at this phase have exceeded the capacity of the media to support further growth. In the stationary phase the number of viable cells remains constant. This may result from a balance between cell division and cell death, or the population may cease to divide while remaining metabolically active [43].
· Phase IV - This is the death phase where nutrient deprivation and a build-up of toxic waste lead to a decline in the number of viable cells [43].
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[bookmark: _Ref481504094][bookmark: _Toc16449361]Figure 1‑4 – Growth phases of cells in culture using viable cell number (VCN x 10^6 m/L) and protein produced throughout the cell culture process (mg/L) of IgG(b), data supplied by MedImmune, Cambridge, UK.

In log phase the cells will proliferate exponentially until they exceed the capacity of the media to support further growth, at which point cell proliferation is greatly reduced or ceases entirely as they enter the stationary phase. By dividing the cells in suspension while they are in log phase, and supplying fresh media, it is possible to stimulate further proliferation by maintaining an optimal density for continued growth [44]. Dividing the cells according to a strict schedule ensures reproducible behaviours and allows monitoring of the health of the cells [44].

The culture medium is the most important component of the culture environment, because it provides the necessary nutrients, growth factors and hormones for cell growth [40]. The growth medium controls the pH of the culture and buffers the cells in culture against changes in the pH. Usually, this buffering is achieved by including an organic or CO2-bicarbonate based buffer. Because the pH of the medium is dependent on the delicate balance of dissolved CO2 and bicarbonate, changes in the atmospheric CO2 can alter the pH of the medium. Therefore, it is necessary to use exogenous CO2 when using media buffered with CO2-bicarbonate buffer [44].

The osmolality is also significantly affected by the cell culture medium which has two major categories of constituents; consumable nutrients and inconsumable components. Osmolality is affected in three main ways:
· Most biological macromolecules are highly charged, and thus attract inorganic ions of opposite charge. Because of their large numbers, these counterions make a major contribution to intracellular osmolality [37].
· Cells contain a high concentration of small organic molecules, such as sugars, amino acids, and nucleotides, most of these metabolites are charged and so they also attract counterions. These small metabolites and counterions make a further contribution to intracellular osmolality [37].
· The osmolality of the extracellular fluid is mainly due to small inorganic ions. These leak slowly across the plasma membrane into the cell. Eventually these should come to equilibrium with equal concentrations inside and outside the cell. However, the presence of charged macromolecules and metabolites in the cell attract these ions and give rise to the Donnan effect. This causes the total concentration of inorganic ions to be greater inside the cell than outside of it, further contributing to the osmolality [37].

Because of these factors, a cell that does nothing to control its osmolality will have a higher concentration of solutes inside the cell than outside. As a result, water will be higher in concentration outside the cell than inside. This difference in water concentration across the plasma membrane will cause water to move continuously into the cell by osmosis [37]. Animal cells control their intracellular osmolality by actively pumping out inorganic ions, such as Na+, so that their cytoplasm contains a lower total concentration of inorganic ions than the extracellular fluid, thereby compensating for their excess of organic solutes [37].

In typical batch culture this process has very small osmolality effects; however, to increase culture volumes, harvest titres, scale-up, the integral of viable cell concentration (IVC) and volumetric productivity, concentrated nutrient feeds are added to the cell culture to replenish depleting nutrients [40]. As these consumable nutrients are the same charged organic molecules which attract the counterions, the consumption of these nutrients cause a change in osmolality. This leads to the addition of the inconsumable components, these are primarily inorganic components which balance the osmolality, provide pH buffer and correct ionic balances. While these are referred to as "inconsumable" a very small fraction is consumed by the cells [45]. 
Additional elements that are generally included in feed formulation include: glucose and glutamine, lipid preparations, product enhancers such as butyrate, acid, base or buffers to restore pH, antioxidants or growth factors and silicone-based surfactants to reduce shear stress and foaming [40]. Certain components such as phosphate may need to be added at extra strength to reach high density. Asparagine, arginine and cysteine are among those amino acids that often have disproportionately higher use rates. Others, such as alanine, proline and isoleucine, tend to vary greatly in use between cell lines or even individual clones [40].

[bookmark: _Toc16448948]1.3.1	Spent Media
In the death phase of cell culture there is a build-up of toxic waste within the media that leads to cell death. Lactate and ammonia are two such by-products of cellular growth that have been well documented as having toxic effects on cells [46-51].

A typical cell culture medium is designed around the TCA cycle (Figure 1‑5) and thus utilises glucose and glutamine as the primary carbon and energy sources; both provide the carbon skeleton for cellular molecules and are essential for cell growth. Depending on the cell line and other culture components, the list of essential nutrients also includes 12 essential amino acids, some vitamins, nucleotides and minerals. The amino acids, in addition to being incorporated into cellular and product proteins, can also be metabolized through the TCA cycle to generate energy: however, since much more glucose and glutamine are consumed by cells compared to the rest of the amino acids, most physiological studies focus on the metabolism of these two nutrients [52]. CHO cells in culture, may synthesise glutamine de novo rather than relying on exogenously added glutamine in some circumstances.

Mammalian cells are capable of utilising different proportions of glucose and glutamine and metabolize them differently under different chemical environments. When glucose levels are high it is consumed at a faster rate by the cells: however, 70% to 95% of the glucose is converted to lactate. When glucose levels are low the consumption rate is also lower and a larger proportion of glucose is converted to CO2 [52].
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[bookmark: _Ref481504308][bookmark: _Toc16449362]Figure 1‑5 – Diagrammatic representation of mammalian cell metabolism [52] (adapted from Hu et al. 1998). 
Glucose and glutamine are both potential primary carbon and energy sources. Glucose at high concentrations increases the exogenous lactate produced as a bi-product. While excess glutamine increases ammonia production as a bi-product. Both lactate and ammonia have deleterious effects on cell culture and product production.
Early work by Zielke et al. 1976 [53] showed that when glucose levels are low, glutamine is utilised by the cell as the primary energy source. As glutamine is the favoured substrate for neutral amino acid transport system A, it is taken up by cells at a much faster rate than other amino acids. The uptake rate is far higher than what is needed for incorporation of glutamine into biomass (as cellular protein or nucleotides) and protein products. Glutamine enters the TCA cycle via glutamate and α-ketoglutarate where it can either provide carbon skeletons for amino acids and other cellular materials or be oxidised to provide energy. Under the conditions in which all-essential amino acids are supplied exogenously at sufficiently high concentrations and are transported into the cells at sufficiently high rates, glutamine will not be needed as the nitrogen source. However, it will still be required as an essential amino acid and possibly as an energy source. The excess nitrogen carried into cells with glutamine is excreted as ammonia or as non-essential amino acids, primarily alanine, but also asparagine, proline or glutamic acid [52].

High initial levels of glucose, contribute to an early boost in culture expansion; however, this can induce many cultures to shift to "Crabtree effects". This inhibits oxidative metabolism and results in the production of lactate, leading to premature cellular stress or apoptosis [40]. High concentrations of glutamine can cause ammonium levels over 10mM, this not only impedes cell growth but also aspects of product formation such as protein glycosylation [54]. As such, an approach is to use low glucose and glutamine in basal media and leave those substrates as part of the controlled nutrient feed [40]. A drop in the pH of the growth media usually indicates a build-up of lactate, which is a by-product of cellular metabolism. Lactate can be toxic for cells and the lower pH is sub-optimal for cell growth. The rate of change of pH is generally dependent on the cell concentration in that cultures at a high cell concentration exhaust media faster. It is necessary to subculture cells when a rapid drop in pH is observed with an increase in cell concentration [44].

[bookmark: _Toc16448949]1.3.2	Media Development
Media development is a key factor in improving productivity and growth behavior of cells but it also influences product quality [55]. Today, commercially available media present the basis for media development towards optimized conditions for a process using a specific cell line. The optimal blend of media components has to be solved individually due to the high diversity of cell lines, processes, media components, interactions of components and metabolic pathways. Effective media development depends strongly on the choice of optimization tools. The most common strategies are based on: component titration, media blending, spent media analysis and automated screening [55, 56]. A combination of these methodologies provides the most rational method of media development. The development process itself includes a screening process to identify important components, followed by an optimization step and a verification of the process.

Serum free media is most often used as it circumvents safety concerns regarding the presence of animal-derived components which can introduce contaminants such as prion transmission and viral contamination. To preserve the multifaceted beneficial functions of serum, many of the serum free media still contain some bovine proteins such as albumin, insulin, transferrin and lipoproteins, some of which act as carriers of certain essential nutrients such as lipids, while others facilitate cell metabolism. Nevertheless, it is highly desirable to develop animal protein-free media for cell culture processes [40]. Cell culture media is usually developed by selecting a commercially available, well-established and chemically defined basal formulation and supplementing it with additives specific to the cell line or recombinant construct [40].

Chemical chaperones can also be added to media to fulfil similar roles to molecular chaperones, they are a series of low molecular weight compounds that can be added to media to facilitate folding of IgG1. A number are currently used in media for a range of functions, specifically, stabilisation of misfolded proteins, prevention of aggregation and activation of other chaperone systems [38]. Their addition into media is not fully defined and they require relatively high concentrations (mM) to be effective.

Increases in protein production have been attributed to bioprocess optimization due to advancements in media, cell culture conditions, and enhanced feeding strategies. Media composition is one of the most critical factors in mAb production as a balanced supply of micronutrients such as vitamins, amino acids, and trace metals, are required to support proper cell growth, and high-quality protein production.

Traditionally, media were developed by changing one factor at a time [33, 55]. In order to reduce experimental efforts, Design of Experiment (DoE) and high-throughput methods are applied in industrial development processes [57]. Media development should ideally be optimized for each cell line individually but the establishment of a platform process in development can lead to an improvement of the upstream process. Each cell line can initially be grown in the platform media; following this, additional parameters can be altered in order to maximise the volumetric productivity of a specific cell line [13, 21]. Typically the parameters that can be altered are physical (temperature, gas flow, agitation speed) and chemical (dissolved oxygen and carbon dioxide, pH, osmolality, redox potential and metabolite levels including substrate, amino acid and waste by-products). Biological parameters determine the physiological state of the culture and include viable cell concentration, viability and a variety of intracellular and extra-cellular measurements such as NADH (nicotinamide adenine dinucleotide (NAD) + hydrogen (H)), LDH (lactate dehydrogenase) levels, mitochondrial activity and cell cycle analysis [13].

Approaches for feed media development include variations in the concentration of the basal medium, nutrient consumption [33, 56, 58], accumulation of impurities and a balance of cell growth and volumetric productivity [59].

Media development is an important part of process optimization within the biopharmaceutical industry. Because of this, there is an inherent degree of confidentiality regarding the compositions of media.
[bookmark: _Toc16448950]1.3.3	Amino Acids and Other Excipients
Batch experiments have shown that the culture medium has a significant impact on bioprocess performance, but high amino acid concentrations alone were not sufficient to ensure superior cell growth and high antibody production. However, some key amino acids that were limiting in most media could be identified. Unbalanced glucose and amino acids led to high cell specific lactate and ammonia production rates. In some media, persistently high glucose concentrations probably induced the suppression of respiration and oxidative phosphorylation (the Crabtree effect) which resulted in high cell-specific glycolysis rates along with a continuous and high lactate production. 

Reinhart et al. 2015 [60] found that the glycosylation of recombinant antibodies are influenced by the selection of basal medium and feeds, observing differences of up to 50 % in the monogalacto-fucosylated (G1F) and high mannose fraction of the IgG. The lack of published data examining the way in which cell metabolism as well as antibody production and quality in a fed-batch culture are affected by different combinations of commercial basal media and feeds, encouraged Reinhart et al. 2015 [60] to test such combinations from two vendors. During the fed-batch experiments, they aimed to investigate the influence of feed additives on the culture performance using two basal media based on their performance in the initial batch culture. Moreover, they evaluated whether feed supplements had similar effects when used with different basal media. Concentrated feed supplements boosted cell concentrations almost threefold and antibody titers up to sevenfold. Depending on the fed-batch strategy, fourfold higher peak cell concentrations and eightfold increased IgG titers (up to 5.8 g/L) were achieved. The glycolytic flux was remarkably similar among the fed-batches; however, substantially different specific lactate production rates were observed in the different media and feed combinations. Further analysis revealed that in addition to the feed additives, basal media can have a considerable contribution to the ammonia metabolism of cells [60].

Under suboptimal culture conditions, cells may undergo apoptosis, which causes the release of DNA from dead and decaying cells. This promotes cell-cell adhesion and ultimately leads to the formation of cell clusters or aggregates. Cell aggregation is detrimental to a bioprocess and has been shown to reduce the specific growth rate by up to 50% and increase cell-specific death rates due to exerting higher shear forces on large aggregates than on single cells [61]. 

Quantification of residual amino acid concentrations in the media is important as their availability is seen to be strongly linked to recombinant protein expression [55]. Studies have shown that cells will consume roughly half of the initial amino acids by the end of the exponential growth phase, with some medias showing consumption of less than a quarter of the total initial amino acids. Despite some variations, glutamine was consumed in all media and occasionally glutamic acid, tyrosine, serine, phenylalanine, valine, and methionine were also consumed. Tyrosine and serine are proposed to be important factors for cell growth [55, 62, 63] and methionine has been described as an important donor of sulfur and methyl groups for efficient recombinant protein production [64] suggesting that elevating their concentrations could prolong the exponential growth phase [60].
Antifoam is an additional excipient that is added to bioreactors as foam is produced throughout the cell culture process and excessive foaming can result in damage to proteins from the bursting of bubbles, loss of control on system sterility from escaping foam, and pressure-related damage to equipment from the blockage of exit filters [65]. Antifoams are generally composed of solid hydrophobic particles, an oil, or a mixture of these components. Hydrophobic solid particles can disrupt foam through the bridge‑dewetting mechanism in which the hydrophobicity of the particle perforates the surfaces of the foam, causing it to rupture. Oil-based antifoams similarly disrupt foams through the bridge-dewetting mechanism, as well as the bridging-stretching mechanism in which the oil forms bridges in the foam lamella that stretches and leads to the rupture of foam [65]. 

Cells used for recombinant protein production are believed to be under constant ER stress [66]. As a result of higher expression levels within the cell, the quality control mechanisms of protein folding can become overwhelmed, thereby resulting in the production of partially-processed and misfolded proteins that tend to induce aggregation during cell culture and subsequent processes [66]. All of these forms may potentially escape the cellular guarding system and secrete into cell culture media [17].

Robust and efficient media performance is a critical component for cell culture bioreactor production of biotechnology products. The effects of cell culture media and antifoam combinations on specific productivity (Qp) of the cells can be system specific. Changes to the quality attributes in final antibody product can often be traced back to changes in media and/or process parameters. Therefore, media evaluation in the early stages of process development can yield critical insights in to cell culture performance and product quality, serving as a starting point to more extensive development studies [65].

Given the number of unknown components in media and the knowledge that the metabolic actions of the cells have profound effects on the composition of the exogenous media. The issues that we then begin to face are:
· Given uncertainties regarding initial media composition, how can we be clear what biochemical pathways are being followed and thus the final composition of the media?
· Given the number of cell lines, nutrient feeds and chemical chaperones currently being utilised, are we potentially creating unforeseen biochemical reactions that are reducing yields instead of increasing them?
· Without looking at biochemical changes in the media, how can we understand the effects that this might be having on protein stability and solubility?
· Without understanding the effects on protein stability and solubility, how can we be clear that we are harvesting the proteins in the most efficient manner?

[bookmark: _Toc481073015][bookmark: _Toc16448951]1.4	IgG
IgG is the immunoglobulin produced in the largest amounts as an immune response develops, it comprises ~80% of antibody in serum [67]. IgG1 is ~150kDa, with two light chains at 25 kDa each and two heavy chains at 50 kDa each (Figure 1‑6). The chains consist of a large constant region (C), which is constant in different types of antibodies, and a highly variable region (V). It is the V region that allows for differences in IgG subclasses that affect IgG antigen binding functionality [68].

Human IgG consists of four isotypes which are numbered in the order of serum concentrations (IgG1, IgG2, IgG3 and IgG4). The chief distinguishing characteristic between the four isotypes is the pattern of interchain linkages in the hinge region [67]. The research in this thesis focuses on IgG1, this is the most abundant IgG isotype comprising 60 to 65% of the relative abundance in serum. IgG1 is predominantly responsible for the thymus-mediated immune response against proteins and polypeptide antigens. IgG1 binds to the Fc-receptor of phagocytic cells and can activate the complement cascade via binding to C1 complex. IgG1 immune response can already be measured in newborns and reaches its typical concentration in infancy. The hinge exon of IgG1 encompasses 15 amino acids and is highly flexible [68].

Variability of the amino acid sequences are localised within certain sections of the variable (V) region and have substantial sequence variation from protein to protein. The greatest variability in the light chain is around residues 30, 55, and 95. These areas are called hypervariable regions or complementarity-determining regions (CDRs). Hypervariable regions are called CDRs because these segments line the antibody combining site. Intervening sequences between the CDRs have restricted variability, these invariant segments make up the framework residues, which compose about 85% of the V region and define the positioning of the CDRs. The V region folds so that the CDRs are exposed on the surface of the chain. When the light and heavy chains are joined, the CDRs of the chains form a cleft that serves as the antigen-binding site of an immunoglobulin. Because the amino acid sequences of the CDRs determine the shape and ionic properties of the antigen-binding site, the CDRs define the specificity of the antibody [67]. 


[image: ]
[bookmark: _Ref522180260][bookmark: _Toc16449363]Figure 1‑6 – Structure of IgG1 [68] (adapted from Vidarsson et al. 2014). 
IgG1 is a Y-shaped protein comprised of two identical light chains (κ or λ) and two identical heavy chains (γ). These four chains are covalently linked by disulphide bonds [67]. VH = N‑terminal variable domain on the heavy chain. VL = N‑terminal variable domain on the light chain. CL = Constant domain on the light chain. CH1, CH2 and CH3 = Constant domains on the heavy chain. Fab fragment - Comprises two fragment antigen binding arms (50 kDa each), composed of the entire light chain and part of the heavy chain. Antigen binding site - Each IgG1 has two Fab arms that increase affinity by allowing the IgG to bind to two antibodies at once. Fc region - Fragment crystalline region (50 kDa), crystallises in cold and does not bind to antigen. The Fc region activates the complement cascade.
 
The Fc region comprises the CH2 and CH3 domains, there is a highly conserved N‑linked glycosylation site at position 297 of the N-terminal of the CH2 domain. The residues most proximal to the hinge region in the CH2 domain are responsible for effector functions of antibodies as it contains a largely overlapping binding site for C1q (complement) and IgG-Fc receptors (FcγR) on effector cells of the innate immune system. This glycosylation site has been reported to affect antigen-binding characteristics and allows binding to regulatory lectins. The interface between the CH2–CH3 domains contains the binding site for the neonatal Fc receptor (FcRn), which is responsible for the prolonged half-life of IgG1, placental passage, and transport of IgG1 to and from mucosal surfaces [68]. 

There is a range of applications in which the Fc-mediated effects are not required and are even undesirable. For example, long serum half-life results in poor contrast in imaging applications, and inappropriate activation of Fc receptor–expressing cells can lead to massive cytokine release and associated toxic effects. To remove the Fc domain (and associated effects), IgG1s have been dissected into constituent domains, initially through proteolysis (with enzymes such as papain and pepsin) and later genetically engineered into either monovalent (Fab, scFv, single variable VH and VL domains) or bivalent fragments (Fab′2, diabodies, minibodies, etc.) [69].

ScFVs (single chain variable fragments) are made by the association of the VH and VL domains through a peptide linker. They usually show faster clearance while retaining specific, monovalent, antigen binding affinity of the parent IgG. Two common formats are TaFV (Tandem scFV) [69] and oligospecific antibodies [70].
TaFVs are formed by the covalent bonding of two scFVs with a flexible linker in a tandem orientation. The flexible orientation allows for enhanced simultaneous ligation, while their small size (~55-60 kDa) allows for rapid tumour penetration [71].

IgG1s are bivalent, they are able to bind to two antigens, thereby increasing functional affinity and increasing retention times. As most diseases are the result of a combination of mediators as opposed to a single mediator, oligospecific antibodies have been engineered to allow IgGs to simultaneously target two or three antigens with a single molecule; Bispecific antibodies (BisAbs) and Trispecific antibodies [70]. An engineering method in use is to genetically link scFV to either the N-terminus of the VL and/or the VH chains, or the C-terminus of the CH3 domain [70]. The N-termini of the VL and VH domains are orientated in an opposed fashion and are very small and rigid (~60 kDa) [71], this prevents the scFV from blocking the antigen binding site of the parental antibody [70]. They can be designed to bind either two adjacent epitopes on a single antigen or to bind two different antigens for numerous applications [69]. One such example would be to target an infectious agent in addition to also targeting the host inflammatory cytokine response that occurs as a consequence of the initial infectious agent [70].

[bookmark: _Toc16448952]1.4.1	Effect of Media on Glycosylation Profiles
One important parameter of product quality is the reproducibility of the glycosylation profiles. Protein glycosylation is an important post-translational modification, as sugar residues are involved in many processes such as recognition and biological regulation. The glycan structures determine certain properties of the recombinant protein including immunogenicity, efficacy, and serum half-life. Therefore, it is necessary to control glycosylation tightly, thus contributing to constant quality of the recombinant glycoprotein. The glycosylation profiles of therapeutic proteins, including IgGs, can be highly affected by the host cell line, protein structure, media composition and culture process conditions [14, 72-75].  The length and structure of the glycan is known to affect stability and clearance. Important N-glycan features, influencing IgG properties include alpha-1,6-fucosylation of the glycan core [76] the presence/absence of a bisecting N‑acetylglucosamine [77] and the termination of N-glycan antennae with a sialic acid residue. 

For IgG glycans, the largest variation of N-glycans is the number of D-galactose residues [78]. Since glycosylation is an important parameter for IgG function, strategies to modify glycosylation profiles of human IgG or to select the most efficient glycoforms have been explored. While genetic engineering has been employed in many cases, it is often simpler to implement changes to the cell culture medium.

Kildegaard et al. 2016 [79] investigated, under production-like conditions (fed-batch controlled bioreactors), whether supplementing the cell culture media with a wide range of N-glycan precursors affects the N-glycosylation of IgG produced in CHO cells. It was found that the media additives had no statistically significant adverse effects on cell growth and IgG production, but that there were differences in glycoform frequencies between experiments. Kildegaard et al. 2016 [79] concluded that supplementing cell cultures with glycosylation precursors can modulate features of N-glycosylation of recombinant proteins. For example, addition of galactose consistently increased galactosylation of IgG.

There have been a number of studies demonstrating the effects of cell culture conditions on glycosylation. Reduced dissolved oxygen was reported to decrease galactosylation in IgG1 produced in murine hybridoma cells [80]. A change in pH from 6.9 to 7.4 was shown to influence the specific growth and mAb production rates as well as the glycosylation profile of IgG3 produced in hybridoma cells [81]. Sou et al. 2015 [82] evaluated the influence of a temperature shift from 36.5 to 32°C in the late exponential phase of a fed‐batch experiment on the mAb Fc‐glycan profile. Lowering the temperature to 32°C increased Man5 as well as G0 and G0F glycoforms concurrent with a decrease in galactosylated species [82]. Finally, a multitude of chemical supplements added in either media or feeds have been described in the literature as effective glycosylation modulators and are summarized in detail in Table 1‑1 [83].

Ehret et al. 2019 [83] demonstrated that a large variety of compounds were found to be successful at modulating the glycosylation profile of recombinant IgG produced in CHO K1 and CHO DG44 cells. Findings showed that the strongest additives to modulate mannosylation and fucosylation were kifunensine and 2F‐PerAcFuc, respectively. The combination of manganese, uridine, and galactose lead to an increase in both galactosylation and sialylation, and a specific increase in terminal sialic acid occupancy was achieved with additional supplementation of dexamethasone. Other specific additives or combinations of additives were also efficient at achieving smaller modulations required during the development of biosimilars.
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[bookmark: _Ref15334782][bookmark: _Toc16449051]Table 1‑1 – Summary of small molecules known in the literature to modulate N‑glycosylation and proposed mechanisms of action [83] (adapted from Ehret et al. 2019)
	Class
	Substance Name
	N-glycan modulation
	Proposed mechanism of action
	References

	Mannosylation
	Castanospermine
	↑ Glucose-containing high-mannose species
	α-Glucosidase inhibitor
	[84, 85]

	
	Deoxynojirimycin
	↑ Glucose-containing high-mannose species
	α-Glucosidase inhibitor
	[84, 85]

	
	Kifunensine
	↑ High-mannose species
	α-Mannosidase I inhibitor
	[86]

	
	Deoxymannojirimycin
	↑ High-mannose species
	Golgi α-mannosidase I inhibitor
	[87]

	
	Mannostatin A
	↑ High-mannose species
	Golgi α-mannosidase II inhibitor
	[88, 89]

	
	Tagatose
	↑ Man5
	Decreased precursor availability of UDP-GlcNAc
	[90]

	
	Sucrose
	↑ Man5
	Decreased precursor availability of UDP-GlcNAc
	[90]

	
	Raffinose
	↑ Man5
	Differences in nucleotide sugar levels were seen and a change in the expression level of glycosylation-dependent genes was identified
	[91]

	
	Mannose
	↑ High-mannose species
	Increased concentration of GDP-Man which results in inhibition of α‑mannosidase activity
	[92]

	
	Monensine
	↑ High-mannose species, especially Man5
	pH neutralization in Golgi
	[93]

	Fucosylation
	2-F-peracetyl fucose
	↓ Core fucosylation
	Fucosyltransferase 8 inhibitor and GDP-mannose 4,6-dehydratase feedback inhibition
	[94]

	
	Reactive red 120 (triazine dye)
	↓ Core fucosylation
	Fucosyltransferase 8 inhibitor in an enzyme assay
	[95]

	
	Mycophenolic acid
	↓ Core fucosylation
	Reduced availability of GTP
	[96]

	Galactosylation
	Manganese
	↑ Galactosylation
	Cofactor of galactosyltransferase
	[97, 98]

	
	Uridine
	↑ Galactosylation
	Precursor for UDP-Gal
	[97, 98]

	
	Galactose
	↑ Galactosylation
	Precursor for UDP-Gal
	[97, 98]

	
	Ammonia
	↓ Galactosylation
	Increased intracellular pH causing a decrease in β‑1,4‑galactosyltransferase activity and mRNA expression
	[99, 100]

	Sialylation
	N-Acetylmannosamine
	↑ Sialylation
	CMP-sialic acid precursor
	[101]

	
	Tetraacetylated ManNAc
	↑ Sialylation
	CMP-sialic acid precursor
	[102]

	
	N-Azidoacetyl D‑mannosamine
	↑ Sialylation
	CMP-sialic acid precursor
	[102, 103]

	
	1,3,4-O-Bu3ManNAc
	↑ Sialylation
	CMP-sialic acid precursor
	[104]

	
	2,3-Dehydro-2-deoxy-N-acetylneuraminic acid
	↑ Sialylation
	Competitive sialidase inhibitor
	[105]

	
	Copper
	↑ Sialylation
	Competitive sialidase inhibitor
	[106]

	
	Siastatin B
	↑ Sialylation
	Competitive sialidase inhibitor
	[107]

	
	Dexamethasone
	↑ Sialylation
	Increased transfer of sialic acid on terminal galactose, increased α‑2,3‑sialyltransferase expression, increased β-1,4-galactosyltransferase expression, increased sialidase activity
	[108]

	
	Fetuin
	↑ Sialylation
	Highly sialylated protein present in fetal calf serum which might provide NANA as a precursor or might inhibit extracellular sialidase
	[109, 110]

	
	Glycerol
	↑ Sialylation
	Stabilization of glycoprotein sialylation
	[111]





Case-by-case analysis is necessary for understanding the effect of media and process optimization on glycosylation. Velugula-Yellela et al. 2018 [65] found that in certain cases the presence of Man5 glycan can be linked to limitation of UDP‑GlcNAc biosynthesis as a result of insufficient extracellular glutamine. However, under different culture conditions, high Man5 levels can also result from low α-1,3-mannosyl-glycoprotein 2-β-N-acetylglucosaminyltransferase (GnTI) and UDPGlcNAc transporter activities, which may be attributed to high levels of NH in the cell culture. Furthermore, galactosylation of the mAb Fc glycans was found to be limited by UDP-Gal biosynthesis, which was observed to be both cell line and cultivation condition-dependent. Extracellular glucose and glutamine concentrations and uptake rates were positively correlated with intracellular UDP-Gal availability. All these findings are important for optimisation of fed-batch culture for improving IgG production and directing glycosylation quality [112].

The understanding of how different nutrients were consumed for different cell activities, specifically cell growth, metabolism and protein production, provides crucial insight for media and process optimization. Data indicates that faster cell growth, higher IVC and IgG production, and more mature glycopatterns can be obtained as the result of more balanced amino acid concentration in the culture and higher glucose consumption rate. Fan et al. 2015 [112] demonstrated that the effect of media and process optimisation on glycosylation varies between cell lines and products. This is believed to be a consequence of the interplay of protein processing rates, cellular metabolism, protein expression and activity of Golgi resident proteins. Given the number of mechanisms involved, systems biology approaches could contribute to the understanding of protein glycosylation and further aid attempts for glycoform control [112]. While glycosylation modulation can be achieved very efficiently through cell line engineering, intellectual property restrictions have led the industry to develop alternative approaches using either process parameters or media and feed supplementation. In particular, the addition of specific small molecules is preferred in biosimilar processes, where small modulations may be required to match the CQAs of the originator.

[bookmark: _Toc16448953]1.4.2	Future Trends
The USP platform for mAb production has considerably progressed in terms of cell line development and bioreactor processes resulting in high product titres. Even though the current process platform is safely and widely used in industry, a number of drivers will lead to further development in the next decade. Due to developments in consistently achieving high titres, the focus is predicted to shift to other cost saving parameters such as an increase in the use of disposables in manufacturing and there will likely be an emphasize on the need for facility flexibility [32].

New cell culture technologies are being evaluated to make the processes more robust and to reduce the operational costs. Some of these new technologies include the development of new on-line process monitoring and control systems as well as the development of high-throughput cell culture systems. Cell culture monitoring using accurate in situ sensors for measuring relevant parameters could improve the development and optimisation of cell culture processes. Stainless steel tanks are the current choice for laboratory and pilot scale process development as well as for the large-scale manufacture of antibodies. The capital investment and maintenance cost for fixed plant equipment is very high (see Table 1‑2) as are validation requirements in terms of cleaning and sterility. These issues can be overcome by the use of disposable bioreactors, which have become extensively used in mammalian cell bioprocesses. They have the advantage of increasing plant capacity and flexibility by reducing the turnaround time and providing faster and easier implementation of design changes with a smaller footprint [13, 14].

[bookmark: _Ref15818068][bookmark: _Toc16449052]Table 1‑2 – Model designs for stainless steel facilities with a projected output of 5000kg/yr [113] (adapted from biopharm Mab manufacturing today and tomorrow)
	
	Option 1
	Option 2
	Option 3

	Bioreactor Size
	10,000L; 7g/L
	15,000L; 5g/L
	20,000L; 4g/L

	Cost of Goods
	$34/g
	$35/g
	$38/g

	Capital Investment
	$304 million
	$352 million
	$399 million



Aiming to significantly improve processes and secure market share, mAb manufacturers search for innovative solutions that will yield improved production profiles. In recent years, the focus in USP has switched from increasing titres to continuous manufacturing which promises more stable processes with lower operating costs. However, challenges in the operation and control of such processes arise mainly from the lack of appropriate process analytics tools that will provide the required measurements to guarantee product quality [12].

[bookmark: _Toc16448954]1.4.3	Continuous Processing
Continuous processing for biopharmaceutical manufacturing has gained significant attention in the last several years as a means of process intensification to significantly improve mAb production as an alternative to traditional fed‐batch processes [114, 115].

Perfusion process is an integral part of continuous processing. Perfusion cultures have been used for the production of unstable proteins [116] and are in general a promising tool for the intensification of protein production processes [117-121]. 

One development aspect of perfusion medium that differs from fed-batch medium is that sometimes, high cell growth is undesirable because the cell retention device already helps with mechanically achieving a high cell density culture. Uncontrolled cell growth can result in unproductive cell mass and cause underperformance of Qp. In addition, the product loss from cell bleed which is needed to maintain a high cell density can be substantially high (e.g., 10–30% of perfusion rate). This product loss is typically nonrecoverable. Therefore, it is of interest to be able to control cell growth and potentially increase the Qp of the cells and reduce cell bleed [122].

The choice of a fed-batch or continuous process depends mostly on product quality issues, existing facilities and experiences. The development and optimization concentrates on defining optimal operation parameters including among others: temperature shifts, gas exchange, shear stress,  feeding strategy, duration of the cultivation and perfusion rate [32, 123-125]. This part of development aims for high cell numbers, defined product quality, high titer and an extension of fermentation duration [21, 123, 125, 126]. In general, methods for feed media optimization in continuous processing are the same as in basal media optimization, including the use of DoE with continuous by-product removal and nutrient addition extending the cultivation time. The major advantage of continuous processing consists of high cell number and high productivity in a small-sized bioreactor [127-129]. However, the process is more challenging regarding technique and sterility as large harvest volumes are produced that require larger media volumes than batch or fed-batch processes [128, 129]. 

Perfusion processes are applied in biopharmaceutical production and can also be used for high density seed bioreactors and cell bank manufacturing [114, 128]. Cell retention devices are of high importance for the removal of fermentation broth from the reactor [114, 127-130]. They can be divided into filtration-based and acceleration-based devices. In addition to effective cell retention, they have to be robust and scalable [127, 128]. Gravity-based cell settlers, spin filters, centrifuges, alternating tangential-flow filters, vortex-flow filters, acoustic settlers and hydrocyclones are commonly used in small scale applications [127]; however, only a few of them can be adapted to a larger scale. Scalable devices are mostly based on filtration, gravity settling and centrifugation. Pollock et al. (2013) [129] provided an overview of industrially applied retention devices in continuous antibody manufacturing. Internal spin-filters are used in production volumes of up to 500 L, and external ones up to 1000 L [21, 129].

In general, the design and optimization of a perfusion bioreactor requires the screening of multiple operating conditions, which is only feasible at a sufficiently small scale. For this, development requires a suitable scaledown model, a milliliter‐scale reactor system, which allows mimicking cell retention, continuous medium exchange, and cell bleeding to reproduce the conditions in a large‐scale perfusion bioreactor at steady state [121]. The ambr® system is ideal for this, being able to run 24 or 48 microbioreactors at a time with robotic manipulation ensuring sensitivity and accuracy. However; the ambr® system is reasonable expensive and a number of less expensive small‐scale reactor systems (deep‐well plates, shake tubes, and shake flasks) exist that could offer an alternative scale‐down model [131-133]. Another downside to the ambr® system is that the small volumes in the microbioreactors allow for limited sampling throughout the bioreactor run. This can potentially limit the data that is available for the experiment.

Among these scale-down models, shake tubes have been considered using a daily discontinuous batch refeed operation [134]. Removal of cell‐free supernatant is typically enabled by a prior centrifugation step to separate cells and medium. After the harvest step, fresh medium is added and cells are resuspended. The most critical parameter for cultivation in shake tubes is oxygen supply, which has to be provided by head aeration due to the passive gas ventilation through the holes in the reactor head. Using computational fluid dynamics, Zhu et al. (2017)[135] investigated, in detail, the dependence of oxygen transfer rates on filling volume and shaking speed in orbitally shaken tubes (OrbShake tubes). It was shown that high volumetric gas transfer coefficients (kLa) in the range of 20–110 hr are supported by low filling volumes and high shaking speeds [135]. Such high gas transfer rates enable high density cultures in OrbShake tubes. This is the only system without instrumentation that allows high‐density cultures.

In recent studies, shake tubes with daily medium exchange have been used for the screening of cell clones and media formulations [134, 136]. In both approaches, medium exchanges of up to 1 RV/day are performed without additional cell bleeding to obtain maximum cell densities. In addition, Villiger‐Oberbek et al. (2015) [134] compared a shake tube culture to benchtop bioreactor culture over a 58‐day long‐term run keeping the viable cell density (VCD) in a range of 20–40 × 106 cells/mL. Similar growth behavior and process performance were found in both systems. To supply sufficient oxygen, the two studies used 50mL TubeSpin®Bioreactor 50, TPP Techno Plastic Products AG, Trasadingen,Switzerland, with working volumes from 1mL to 35mL. For the experiment, working volumes of 10 and 20 mL were analysed in combination with a shaking speed of 180 rpm with a shaking angle of 45° and of 250 rpm with a shaking angle of 90°, respectively. While comparability of cellular behavior for most of the investigated process parameters was proven, there were some critical issues about the design of the scale‐down model, like sufficient oxygen supply and constant CSPR [134].

Another technology that has been developed is the ATF (alternating tangential flow) system (Refine Technology) [114, 128, 129, 137] which uses tangential flow filtration with an alternating cell broth flow direction. A diaphragm pump is used to alternate these directions without additional shear stress and a cycle time of about 1 min. The back flush created by the alternated movement reduces possible fouling effects [114, 128]. This system is easy to scale up and presents a possibility for single-use applications in USP [128]. It is used to generate ultra-high-density cell cultures such as concentrated fed-batch and concentrated perfusion processes. Cell densities up to 2.14 × 108 cells/mL [67] as well as product titer of up to 25 g/L have been reached [128]. 

As cell culture productivity continues to advance, other alternative formats to help improve the productivity of the DSP are being advanced. These include the operation of the Protein A chromatographic step in a continuous mode rather than a batch format. Continuous processing could conceivably be extended for the entire DSP in the future. The next decade will see further evolution of the mAb downstream process platform based on the drivers of productivity and new molecule formats [24].

A potential benefit of continuous flow methods is that they can afford a shorter retention time of the product that could possibly help to preserve product quality. This potentially indicates that the media culture, while well designed for high cell titres and optimal for cellular production, may not be the most appropriate solution for the mAbs that are secreted into the cellular culture. However, an issue that is often reported with continuous flow methods is the impact on product quality, for example, glycan distributions [121] suggesting that the effect of cell culture media on mAb stability and solubility may not simply be a consequence of time spent in media. Therefore, investigations into the effect of spent media on mAb stability and solubility has the potential to not only improve the current methods in use for mAb manufacturing but may also be applicable in the development of the continuous process methods that the literature is currently focusing on.

[bookmark: _Toc481073016][bookmark: _Toc16448955]1.5	IgG1 Detection Methods
IgG1 detection methods have evolved to target clarified solution. Within the biopharmaceutical industry this is standard as it is necessary to purify product for safety reasons and thus it is appropriate to focus on the amount of useable antibody that is produced in the cell culture process. This, however, presents an unclear picture with regards to how much antibody is actually being produced in total.

The primary issue is that any antibodies that have become insoluble, or have interacted with the surface of the cells, have become sufficiently large to be removed via the clarification step. The initial centrifugation is required in order to prevent clogging of resins or equipment from the large quantities of debris produced by high cell production.

Thus, when product titre is measured, what is actually being measured is the soluble IgG1 concentration and not the total IgG1 concentration. When this research refers to total IgG1 concentration, it is referring to the total amount of IgG1 in the solution, including any IgG1 that has become insoluble.

[bookmark: _Toc16448956]1.5.1	Protein A Chromatography
Protein A chromatography is considered the industry gold standard and is used as a primary purification step. The method utilises Staphylococcal Protein A (SPA) which has high affinity for immunoglobulins and is therefore able to trap them in chromatography resin and separate them from other proteins that are produced throughout the cell culture process.

SPA is a cell wall associated protein domain exposed on the surface of the Gram‑positive Staphylococcus aureus. It consists of three regions: S, Z and C; the S region is the signal sequence that is processed during secretion [138], the C region is a cell-wall anchoring region XM and the Z region contains the five IgG binding domains; E, D, A, B and C. Each of the five domains are arranged in an anti-parallel three α-helical bundle of approximately 58 amino acids, the three dimensional structure is stabilized via a hydrophobic core and is capable of independently binding to the Fc region of IgG1, IgG2 and IgG4 with high affinity [138].

The first step in the recovery of an antibody is the harvest step which involves centrifugation to remove cells and cellular debris to yield a clarified, filtered fluid suitable for chromatography [139]. The protein A procedure typically involves passage of clarified cell culture over the column at pH 6-8, under which conditions the antibodies bind to the resin and unwanted components such as host cell proteins, cell culture media components and putative viruses flow through the column. Elution of the product then occurs at pH 2.5-4 and is read using UV detection. Because of its high selectivity, high flow rate and extensive removal of process related impurities, Protein A is typically used as a first step in the antibody purification process [139].

As Protein A is used throughout the biopharmaceutical industry it is well studied with high user reproducibility although it is more expensive than other methods and the column resin is susceptible to clogging. Additionally, this method has relatively low throughput and requires specialist operation.

In addition to antibodies that have been removed in the initial clarifying steps in advance of Protein A, any remaining aggregates that have formed that hide the Fc region, or affect it significantly, may not be able to be trapped in the Protein A resin and may be lost in the flow through with the other unnecessary components.

[bookmark: _Toc16448957]1.5.2	ValitaTM TITER Assay
Given the drawbacks of running Protein A chromatography there have been a number of attempts to develop additional methods that may be utilised for research purposes; one such method is the ValitaTMTITER assay.

The ValitaTMTITER IgG assay is a fluorescence polarisation immunoassay designed for quantitative detection of IgG antibody. The functional range of the assay is from 2.5mg/L to 80mg/L of IgG antibody and can quantify IgG1, IgG2, IgG3 and IgG4, fusion IgGs and bispecific IgGs [140].
The assay is based on the principle that small molecules rotate faster than larger molecules in solution, and that the rotation rate can be determined by fluorescence polarisation. In the ValitaTMTITER assay, IgG antibody in the sample binds to fluorescently labelled generic antibody-binding protein which has been pre-coated to the assay well of a microtitre plate. This results in a change in the fluorescence polarization in the assay well of the microtitre plate; exciting the sample with plane polarised light at a wavelength corresponding to an excitation wavelength of the fluorescent dye and detecting light intensity emitted by the fluorescent dye at an appropriate emission wavelength in two planes. One plane is parallel to the plane of the excitation plane and the other plane is perpendicular to the plane of the excitation light [140]. The degree to which the emission intensity moves from the excitation plane (vertical) to a perpendicular plane (horizontal) is a function of the degree of rotation of the fluorescent dye. When the generic antibody-binding protein is bound to antibody, the complex will rotate slower than the unbound generic antibody-binding protein, resulting in an increase in polarisation of emitted light [140]. 

Relative to Protein A chromatography, the benefits of this method are its simplicity, as there is no instrumentation set up required and minimal sample preparation. Only 60µL of sample is required for analysis, allowing for high throughput. Additionally, it is a particularly rapid method requiring 30 minutes for sample preparation and 2 minutes to read 96 samples.

[bookmark: _Toc16448958]1.6 	Host Cell Proteins (HCPs)
Host cell proteins (HCP) are a group of impurities produced as a bi-product of the mammalian expression system. These are the protein components that are produced by all cells which are primarily released into the cell culture media through the lysing of cells associated with loss of viability. Although, a small number are released as a part of the natural secretion of protein material from within the cell [141]. There are a number of concerns raised with regards to the presence of HCPs in harvested cell culture fluid (HCCF). A concern is in patient safety, as some HCPs are known to interact with mAbs and form complexes that may not be fully removed in the purification process [142].

HCPs can potentially affect product quality and stability through formation of undesired product variants, due to enzymatic activities of individual HCP species such as protease and disulphide reductase [143]. Proteolytic degradation of recombinant proteins is a common problem in serum free cultures due to the lack of serum proteins which otherwise adsorb the cellular proteases that are either secreted into the medium or released into the culture harvest when cells lyse as a natural part of the cell culture process [144]. However, Dorai et al. 2011 [145] showed that a subset of proteases can be adsorbed by the cellular debris.

Interactions between HCPs can result in precipitation, disruption of chromatography and issues with filtration unit operations [146]. The high β-sheet content of mAbs promotes non-specific interactions of HCPs and mAbs, causing aggregation [147]. Additionally, the properties of individual HCPs, such as protease activity [148, 149] and their involvement in key metabolic pathways [150], means that their presence even at very low levels can be significant to product purity and quality [151].

[bookmark: _Toc16448959]1.7	Aggregation
Aggregation is a common phenomenon of protein instability. It occurs under the same influences of normal protein folding and thus has similar features: relative compactness, substantial desolvation of hydrophobic side chains and many potential hydrogen bonds [152]. Aggregation itself refers to self-association of a number of protein molecules, these can form a number of different assemblies; invisible or visible particles, insoluble assemblies, precipitates or fibrils [147]. 

Within the biopharmaceutical industry, protein aggregation is a challenging phenomena, as it can lead to low product yields and impairments in drug potency. It can also lead to medical issues regarding drug administration, such as unwanted adverse immunogenic reactions e.g. the development of anti-drug antibodies [153]. There is no consensus on the amount of aggregates that could illicit an immunologic reaction; as such, drug specification limits are set that ensure the product is stable and aggregates are low in number for the duration of shelf-life [154, 155]. Protein aggregates are generally classified in the following ways, as laid out by Philo, 2006 [156]: rapidly reversible non-covalent small oligomers (dimer, trimer, tetramer, etc.), irreversible non-covalent oligomers, covalent oligomers (e.g. disulphide-linked), ‘‘large’’ aggregates (>10-mer), which could be reversible if non-covalent, ‘‘very large’’ aggregates (diameter 50nm to 3000nm), which could be reversible if non‑covalent, and visible particulates (‘‘snow’’), which are probably irreversible.

The majority of aggregates are removed from the produced mAbs as part of the downstream process to ensure patient safety; this, however, does not deal with the issues of product loss that occur prior to purification processes. It is unclear how much product loss occurs through aggregation during the cell culture process.

Precipitation occurs primarily by hydrophobic aggregation, either by subtly disrupting the folded structure of the protein and exposing more of the hydrophobic interior to the solution, or by dehydrating the shells of water molecules that form over hydrophobic patches on the surface of properly folded proteins. Once the proteins start aggregating into larger structures, the amount of water per protein drops, enhancing the density differences between the proteins and the solute. This can cause the aggregates to achieve a sufficient size to drop out of solution and be pelleted in the centrifuge. 

Fibrils are formed by normally soluble proteins, which assemble to form insoluble fibres that are resistant to degradation. These aggregates of proteins become folded into a shape that allows many copies of that protein to stick together, forming fibrils. In the human body, amyloids have been linked to the development of various diseases.
There are two primary mechanisms leading to aggregation, physical and chemical. Physical aggregation occurs simply by physical association without any changes in primary structure. Chemical aggregation occurs by formation of bonds that can either directly crosslink proteins (aggregation), or indirectly alter the aggregation tendency of the original protein [157]. Both mechanisms can occur simultaneously to a protein and may lead to formation of either soluble or insoluble aggregates, depending on the protein, environmental condition, and stage of the aggregation process [158]. Generally, the more hydrophobic the protein is, the more likely it is to aggregate [159].

Completely folded or unfolded proteins do not aggregate easily as the hydrophobic side chains are either mostly buried out of contact with water, or randomly scattered [160]. It is the patches of contiguous hydrophobic groups in the folding or unfolding intermediates that initiate the aggregation process.

The aggregation process can be described as in Figure 1‑7 where proteins form reversible unfolding intermediates, which then form reversible unfolded proteins or aggregate, these can either be reversible or irreversible.

A (Aggregate)

I (Intermediate)
N (Native)
U (Unfolded)

[bookmark: _Ref522183398][bookmark: _Toc16449364]Figure 1‑7 – The aggregation process. 
Proteins in the native state are fully folded and functional. Under certain conditions they will partially unfold and move into the intermediate state, this is the stage where proteins begin to expose their hydrophobic side chains. The point of unfolding can go in three possible directions: 1. It is a reversible stage so the protein can return to the native state, 2. It can continue to an unfolded state which can be reversible or irreversible, 3. The protein can aggregate via physical or chemical aggregation mechanisms [158].

The aggregation step can be considered the nucleation step which is usually rate limiting. Further growth of protein aggregates after nucleation can be divided into two types: monomer–cluster aggregation (addition of a monomer to a growing multimer) and cluster–cluster aggregation (addition of a multimer to another multimer) [161]. The initial protein aggregates are soluble but gradually become insoluble as they exceed certain size and solubility limits [160, 162].

The reversibility of protein aggregation is usually dependent on the stage of the aggregation process. The initial formation of soluble aggregates (nucleation) may be reversible but the later formation of insoluble aggregates is usually irreversible, unless precipitation is artificially induced such as during salting out. The two different stages correspond, respectively, to thermodynamically unfavourable and favourable processes [158]. Thermally induced protein aggregation is often irreversible [163].

[bookmark: _Toc16448960]1.7.1	Physical Aggregation
Models of the thermodynamic change (nucleation) associated with aggregation have demonstrated that protein aggregation initially leads to an increase in the overall free energy of the system due to the loss of a certain number of monomer conformational and translational states (loss of entropy) [164]. It was predicated that proteins with low native energies have a higher energetic barrier for aggregation and are less likely to aggregate [165]. After the nucleation step, further aggregation results in a decrease in the overall free energy of the system and the aggregation process becomes thermodynamically favourable [164]. 

Kinetically, the initial aggregation process can be linear or non-linear [166]. Rapid protein aggregation slows down and reaches a plateau as the soluble protein monomers gradually deplete [167]. Several aggregation processes start with the formation of a dimer; dimerization can lead to further formation of multimers and precipitates or fibrils. One possible mechanism for aggregation of mAbs may be through the formation of cross-β structures and fibrils [147]. In vivo aggregation can involve additional complications such as macromolecular crowding and the activity of chaperones or proteases [152]. If the percentage of precipitates or aggregates increases with increasing protein concentrations, multimolecular aggregation or precipitation processes are usually involved [158].
[bookmark: _Toc16448961]1.7.2	Chemically-Induced Protein Aggregation
Chemical transformations can lead to direct or indirect protein aggregation, such as disulphide bond formation or exchange, non-disulphide crosslinking, transamidation, and oxidation. There are many chemical reactions that can directly crosslink protein chains or change the hydrophobicity of a protein, indirectly changing its aggregation behaviour. Chemical reactions of many amino acids in proteins require molecular flexibility indicating that the rate of reaction may be higher in denatured states than in native states [158].
 
Disulphide bond formation or exchange is probably the most common pathway of chemically induced protein aggregation. Free cysteine residues in proteins can be oxidized easily to form disulphide bond linkages or initiate thiol-disulphide exchanges, resulting in protein aggregation [168-170]. Increases in the pH of a solution generally lead to thiol-disulphide exchanges after the pK of the nucleophilic thiol group is exceeded [158]. Disulphide-bonded proteins can also undergo aggregation through disulphide exchanges via β-elimination. Studies have indicated that the aggregation process can be multimolecular [171, 172], or unimolecular [173-175]. Generally, protein-peptide aggregation involves mostly β-sheets while α-helix structures seem to be less likely to form aggregates. This may be due to a stronger dipole of α-helices than that of β-sheets [176].

Another non-disulphide, chemically induced, type of aggregation is also known to occur where proteins may form covalent dimers or polymers by non-disulphide crosslinking pathways [177]. Complicated oxidation reactions modify the primary sequence of a protein and may indirectly cause protein aggregation [178]. Sugars are often used as protein stabilizers, reducing sugars have a tendency to react with amino groups in proteins forming carbohydrate adducts through the Maillard reaction pathway [179]. Secondary structures in peptides or proteins may also play a role in controlling aggregation [162] as well as stability [176] and toxicity [180]. 

[bookmark: _Toc16448962]1.7.3	External Factors Contributing to Aggregation
Protein aggregation may be induced by a variety of external or environmental factors Table 1‑3. These factors or conditions may destabilize the folded state, stabilize the unfolded state or favour formation of intermediates. Among these factors temperature, pH and shear-stress are amongst the most critical factors affecting protein aggregation. Proteins unfold above certain temperatures and thermally induced protein unfolding is often followed by immediate aggregation due to exposure of the hydrophobic residues [161].

The solution pH can strongly affect the rate of protein aggregation by changing the type and distribution of charges in proteins [181, 182]. Protein concentration is another important factor in protein aggregation. The mean-field lattice model predicts that proteins will aggregate or precipitate at sufficiently high concentrations [158]. Proteins may need a critical concentration to form the initial nucleus for initiation of the aggregation process [183].
[bookmark: _Ref522788004][bookmark: _Toc16449053]Table 1‑3 – Potential aggregation mechanisms that could result in mAb loss throughout the cell culture production process.
	Physical Aggregation

	Unfolding followed by self-association [184].

	Light chain separation followed by amyloid type self-association [185].

	External Factors

	Temperature [186, 187].

	pH [187].

	Protein concentration [186].

	Chemically Induced Protein Aggregation

	Precipitation followed by non-covalent bonding [188].

	Covalent crosslinking – disulphide bonding [126].

	Covalent crosslinking – non-disulphide bonding [189].

	Non-covalent crosslinking with a co-solute – electrostatic.

	Non-covalent crosslinking with a co-solute – hydrogen bonding and water displacement. 

	Proteolytic breakdown [190].




[bookmark: _Toc16448963]1.8 	Conclusions
Monoclonal antibodies (mAbs) are the primary product of the biopharmaceutical industry. Of the mAbs that are being produced, IgG1 comprises a large portion and in spite of advances in bioprocessing, it is unclear how much total IgG1 is being produced in a standard cell culture run. This is a consequence of detection methods focusing on soluble IgG1 as opposed to unfolded or aggregated IgG1 that has dropped out of solution.

In the production of IgG1, media composition is the key component in producing higher product yields. However, the high degree of complexity regarding media composition has led to the potential for unknown consequences on product stability and quality.

This thesis aims to investigate these concerns by quantifying potential IgG1 loss that is occurring throughout the cell culture process and comparing this across a variety of media combinations in order to ascertain if this is a predictor of IgG1 loss. Where IgG1 loss is observed, additional analysis will be conducted in order to attempt to understand the nature of this loss, with a view to advancing the bioprocessing of IgG1.









[bookmark: _Ref523914327][bookmark: _Ref523914431][bookmark: _Ref523915198][bookmark: _Ref523915256][bookmark: _Ref523915299][bookmark: _Ref523915349][bookmark: _Ref524002908][bookmark: _Toc16448964]Materials and Methods

[bookmark: _Toc481073041][bookmark: _Toc16448965]2.1	Equipment Used
[bookmark: _Toc16448966]2.1.1 	Bioreactors 
GS null CHO CAT-S cells were inoculated into DASGIP® 7L stirred tank glass bioreactors (Eppendorf, Stevenage, UK) and subjected to differing feeding strategies as outlined in 2.2.2 Feed Strategy Protocols. The bench top fermenters were prepared, each containing 3L of basal media (CD-CHO in FS-A, FS-B and FS-C, M4C-M16 in FS-D). The bioreactors were controlled at 35.5°C, pH 7.00 ±0.15, dO2 set point 50% and agitation set at 300rpm for feed strategies A (FS-A), B (FS-B) and C (FS-C). Feed strategy D (FS-D) differed in that the temperature was controlled at 36.5°C.

Inoculation (Day 0) occurred following this. The GS null CHO CAT-S cells were counted using the trypan blue exclusion method on Vi-CELLTM XR Cell viability analyser (Beckman Coulter, High Wycombe, UK) and the volume of cells required was calculated to inoculate at 0.7 x 106 cells/mL in the FS-A, FS-B and FS-C reactors and 1.0 x 106 cells/mL in the FS-D reactor, all with an initial start volume of 3L. The appropriate volume of media was removed through the sampling tube prior to inoculation with the cells in order to achieve the correct volume. 

Samples were taken daily, cell viability was calculated using the trypan blue exclusion method on Vi-CELLTM XR Cell viability analyser (Beckman Coulter, High Wycombe, UK). Additional analysis was conducted to test for pH, pCO2 mmHg, pO2 mmHg, mOsm/kg, glucose g/L and lactate g/L using a BioProfile FLEX (Nova Biomedical, Flintshire. UK). Following analysis, the samples were centrifuged at 3,000rpm (537g) for 5 minutes in a Megafuge 1.0 (Heraeus). Supernatant samples were collected and stored at -80°C. Each cell culture process was harvested on day 14. 

[bookmark: _Toc16448967]2.1.2	Shake Flasks
GS null CHO CAT-S cells were inoculated into vented, baffled Erlenmeyer flasks and subjected to differing feeding strategies as outlined in 2.2.2 Feed Strategy Protocols. The flasks were prepared containing the appropriate volume of basal media (CD-CHO in FS-A, FS-B and FS-C, M4C-M16 in FS-D) and the medium allowed to equilibrate prior to inoculation. Shake flasks were maintained in Multitron standard incubators (Infors HT, Switzerland) at 35.5°C, 6% CO2, 70% relative humidity and shaken at 140rpm with an orbital throw of 25mm. FS-D varied in that it was maintained at 36.5°C and 5% CO2.

At Inoculation, day 0, the GS null CHO CAT-S cells were counted using the trypan blue exclusion method on Vi-CELLTM XR Cell viability analyser (Beckman Coulter, High Wycombe, UK) and the volume of cells required was calculated to inoculate at a seeding density of 0.7 x 106 cells/mL in the FS-A, FS-B and FS-C flasks and 1.0 x 106 cells/mL in the FS-D flasks. Where required the appropriate volume of media was removed aseptically prior to inoculation with the cells, in order to achieve the correct volume. 
Samples were taken daily, cell viability was calculated using the trypan blue exclusion method on Vi-CELLTM XR Cell viability analyser (Beckman Coulter, High Wycombe, UK). Additional analysis was conducted to test for glucose g/L and lactate g/L using the YSI 2900D Biochemistry Analyzer (YSI Incorporated, OH, USA). Following analysis, the samples were centrifuged at 13,000rpm (16,060g) for 5 minutes in a Biofuge pico (Heraeus). Supernatant samples were collected and centrifuged pellets were retained, both were stored at -80°C.
[bookmark: _Toc481073042]
[bookmark: _Toc16448968]2.2	Cell Culture
[bookmark: _Toc16448969]2.2.1	Cell Line
The CHO cell line used in this research is a GS null CHO CAT-S cell line obtained from MedImmune (Cambridge, UK) and was generated by transfecting a vector lacking heterologous product genes, but containing a glutamine synthase (GS) selection marker. This cell line does not produce any mAbs and only expresses recombinant GS in order to allow the cells to grow in glutamine free media under MSX selection. The cells were revived in 50mL basal media, supplemented with 50µM MSX from a 50mM stock in a 250mL Erlenmeyer vented, non-baffled flask. The cells were subcultured every 3-4 days at a seeding density of 0.3 x 106 cells/mL and were grown in 500-2000mL Erlenmeyer, vented, non-baffled flasks with a target culture volume of 100-800mL, increasing in volume as required. The flasks were maintained in Multitron standard incubators (Infors HT, Switzerland) at 35.5°C, 6% CO2, 70% relative humidity and shaken at 140rpm with an orbital throw of 25mm. FS-D varied in that it was maintained at 36.5°C and 5% CO2. 

[bookmark: _Ref523914204][bookmark: _Ref523914236][bookmark: _Ref523915194][bookmark: _Toc16448970]2.2.2	Feed Strategy Protocols
Four feed strategies were utilised throughout this research and are laid out in Table 2‑1. CD-CHO media and associated CD-CHO EfficientFeedTM A and CD-CHO EfficientFeedTM B, were obtained from Invitrogen (Life Technologies Ltd, Paisley, UK); M4C-M16 and M4C-F2 Liquid Feed, were obtained from MedImmune (Cambridge, UK). The chemical composition of all media are defined but proprietary information.

[bookmark: _Ref522794075][bookmark: _Toc16449054]Table 2‑1 – Feed strategies used in both bioreactor and shake flask experiments.
	Feed Strategy
	Base Media
	Feed
	Feed Days
	Percentage of initial volume (%)
	Glucose maintained between 5g/L and 8g/L.

Antifoam added as needed.

	FS-A
	CD-CHO
	None
	None
	N/A
	

	FS-B
	CD-CHO
	CD-CHO EfficientFeedTM A
	0
	15
	

	
	
	
	3, 6 & 9
	10
	

	FS-C
	CD-CHO
	CD-CHO EfficientFeedTM A
	0
	7.5
	

	
	
	
	3, 6 & 9
	5
	

	
	
	CD-CHO EfficientFeedTM B 
	0
	7.5
	

	
	
	
	3, 6 & 9
	5
	

	FS-D
	M4C-M16
	M4C-F2 Liquid Feed
	2, 4, 6, 8, 10 & 12
	6.35
	


[bookmark: _Toc481073043]
[bookmark: _Toc16448971]2.3	Analytical Techniques
[bookmark: _Ref523914322][bookmark: _Toc16448972]2.3.1	Differential Scanning Calorimetry (DSC)
DSC experiments were conducted with a NanoDSC (TA instruments, Elstree, UK). The DSC contains a 300µL reference cell and a 300µL sample cell. The reference cell was filled with the blank media sample and the sample cell was filled with the media sample plus the protein sample to a concentration of 1mg/mL. Both reference and sample were degassed for 1 hour prior to being loaded into the cells. Both cells were kept under a positive pressure of 3atm. The cells were equilibrated for 600 seconds to reach the initial experimental temperature of 30°C. The IgG1 was heated at a rate of 1°C per minute until a temperature of 100°C was reached. 

IgG1 (MedImmune, Cambridge, UK) for DSC analysis was prepared utilising papain cleavage. The papain (PanReac AppliChem, Darmstadt, Germany) was activated by adding 1200µg to 0.1M Tris-HCL pH 8.0 (Fisher Chemical), containing 2mM EDTA (Fisher Scientific) and 1.5mM dithiothreitol (Sigma-Aldrich). 1mg of IgG1 was added to the solution for every 10µg of papain and incubated at 37°C for 3 hours. Digestion was terminated by the addition of iodoacetamide (GBiosciences, Missouri, USA) to make a final concentration of 20mM and stored on ice for 1 hour. The solution was dialysed overnight against PBS (Sigma-Aldrich, Dorset, UK) at 4°C and purified using protein A chromatography. The 5mL HiTrap® MAbSelect SuRe column (GE Healthcare Life Sciences, Buckinghamshire, UK) was equilibrated with PBS. The IgG1 sample was diluted with PBS at a 1:1 ratio and applied to the column. The column was washed with PBS containing 0.5M NaCl (Sigma-Aldrich) followed by standard PBS. The antibodies were eluted with 0.1M Citric acid (Fisher Scientific) at a pH of 2.75 and neutralised with 100µL of 1M Tris, pH 9.0 per mL of eluate. Stock concentration was increased by size filter centrifugation, 5kDa filters (Appleton Woods Ltd) centrifuged at 10,000rpm (5,970g) for 6 minutes in a benchtop centrifuge. Protein concentration was measured using UV spectroscopy (Jenway 6305).

[bookmark: _Ref523914425][bookmark: _Toc16448973]2.3.2	ValitaTMTITER IgG Assay
500μL of supernatant was added to fresh CD-CHO (Invitrogen, Life Technologies Ltd, Paisley, UK), or fresh M4C-M16 (MedImmune, Cambridge, UK) in the FS-D samples, for a dilution of 1:3. The ValitaTMTITER IgG assay (University of Sheffield, UK) was prepared; the ValitaTM MAb 96 well plate and ValitaTM MAb Buffer were brought to room temperature, 60μL of ValitaTM MAb Buffer was added to each of the plate wells to be used, 60μL of sample was added to the ValitaTM MAb Buffer and the liquid contents of the wells thoroughly mixed. The ValitaTM MAb 96 Well plate was then incubated in dark conditions for 30 minutes. The plate was read in the PHERAstar Plus plate reader (BMG Labtech, Aylesbury. UK). The resulting readings were compared against predetermined calibration curves.

[bookmark: _Toc16448974]2.3.3	Protein A Chromatography
Protein A HPLC (PA ImmunoDetection® Sensor Cartridge for Perfusion ImmunoassayTM Technologie Applied Biosystems, Thermofisher, UK) was conducted on samples to identify protein concentration at mg/mL. 500µL of sample was injected into the PA ImmunoDetection® Sensor Cartridge using a sample loop of twice the injection volume. The sensor cartridge was washed with 10mM phosphate, 0.15M NaCl pH7.2 until a baseline was reached. Elution buffer (0.15M NaCl, pH2-3) was flowed through the PA ImmunoDetection® Sensor Cartridge until the IgG peak of interest was completely eluted. Detection of the IgG peak occurred using UV detection (280nm). The IgG peak was integrated and the analyte IgG mass in the sample from the standard curve was interpolated. The resulting readings were compared against predetermined calibration curves using the formula:
	Concentration
	=
	Mass from Standard Curve
	÷
	Sample Volume
	x
	Dilution Factor




[bookmark: _Ref523915248][bookmark: _Toc16448975]2.3.4 	Scanning Electron Microscopy (SEM)
20μL of sample was loaded onto aluminium studs and dried overnight. The dried samples were sputter coated in conductive gold in a 0.04 millibar argon atmosphere. Samples were then loaded into an Inspect f50 (FEI, Japan) where they were imaged in a high vacuum environment.

[bookmark: _Ref523915293][bookmark: _Toc16448976]2.3.5 	SDS-PAGE
Sample preparation solution was prepared with 250µL NuPAGE® LDS Sample Buffer 4X (Invitrogen), 100µL NuPAGE® Sample Reducing Agent (10X) (Invitrogen) and 650µL MilliQ water. 10µL of sample was added to 90µL of sample preparation solution and heated to 70°C for 10 minutes. Gel electrophoresis was performed using NuPAGETM 10% Bis-Tris Mini Gels (Novex). NuPAGE® MOPS SDS Running Buffer (Novex, Life Technologies) containing 500µL NuPAGETM® Antioxidant (Invitrogen) was added to the upper buffer chamber of an XCell SureLock® Mini-Cell (Novex, Life Technologies) and run at 200V for 50 minutes. The gel was rinsed in deionised water and stained with GelCode® Blue Stain Reagent (Thermo Scientific).

[bookmark: _Ref529893099][bookmark: _Ref523915295][bookmark: _Toc16448977]2.3.6	Sub-Visible Particle Analysis
1mL of spent media was sampled and centrifuged at 13,000rpm (16,060g) for 5 minutes in a Biofuge pico (Heraeus), to remove larger cell debris and particles. Supernatant was retained and stored at -80°C. Horizon 0.4µm polycarbonate filter plates (HaloLabs, Philadelphia, USA) were loaded into the Horizon Sub Visible Particle Instrument (HaloLabs, Philadelphia, USA) and background membrane images were acquired. 50µL of undiluted sample was loaded onto the top of the well membrane in a laminar flow hood (MedImmune, Cambridge, UK) and the particles were fixed to the surface of the membrane by pulling the liquid through the membrane using a vacuum applied to the underside of the plate (HaloLabs, Philadelphia, USA). This process was repeated with 50µL of MilliQ water to wash the membrane. Residual liquid was removed by sitting the membrane plate on top of filter paper and pulling the vacuum through the plate on to the filter paper (HaloLabs, Philadelphia, USA). The prepared plate was loaded into the Horizon Sub Visible Particle Instrument (HaloLabs, Philadelphia, USA) and images were acquired, followed by automated analysis.

[bookmark: _Toc481073044][bookmark: _Toc16448978]2.4	Statistical Analysis
[bookmark: _Toc16448979]2.4.1	Spearman's Rank
The strength of the correlations between variables was evaluated using Spearman’s Rank correlation test. This is a non-parametric test used to measure the strength of the association between two variables. When rs = 1, it indicates a perfect positive correlation and when rs = -1, it indicates a perfect negative correlation. Correlations with p-values less than 0.05 were considered significant. The formula used to calculate Spearman’s Rank is shown below:
[image: ]


Where D is the difference in the ranks given to the two variables and n is the number of variables in each category.

[bookmark: _Toc16448980]2.4.2 	Stepwise Regression
Linear regression analysis is the most widely used of all statistical techniques and is the study of linear, additive relationships between variables [191]. The most classical way of handling variable selection is statistical models. The aim of statistical model selection is to minimize the number of predictors which account for the maximum variance in the dependable variable. All methods involve optimizing the model by including all relevant variables and disregarding variables that only contribute a marginal increase in the predictive power of the model [192]. Regression models are the most simple and straightforward way of doing model selection either by starting from a null (only an intercept) and introducing variables one by one; this is the forward step. Or, starting from the full model (all variables) and deleting them one by one; this is the backward step. Stepwise regression considers both. Usually the selection within each step is made according to some criterion [193].

Forward addition starts only with the intercept and then performs “n” regressions with the intercept and each variable one at a time. The variable that contributed the most to the explanation of the response variable is added to the model. The next step is to perform “n-1” regressions with the intercept, the first variable added to the model and the variable with the highest significance form the remaining pool. The process is repeated until none of the remaining variables have a significant contribution to the model, given that the contributing variables are already in the model. The main drawback to forward addition is the possibility of one of the included variables becoming insignificant following the addition of newer variables [192].

Backward elimination starts by constructing a model that includes all the variables. The least significant variable is then dropped from the model and the remaining variables are re-evaluated. The least significant variable is again dropped and the process is repeated until there are no more variables to be eliminated, all remaining variables are significant. The drawback of backward elimination is that sometimes variables are dropped that would be significant when added to the final reduced model [192].

Stepwise regression is a mixture of the forward and backward selection techniques. Stepwise regression is a form of model selection that is used to minimize the number of predictors that account for the maximum variance in the dependent variable. It is a semi-automated process that uses a mixture of forward and backward techniques to add or remove variables based on the t-statistics of the estimated coefficients. This method optimizes the model selection process by including all relevant variables and disregarding variables that only contribute a marginal increase in the predictive power of the model, identifying the most useful models or predicting the dependent variable [192]. Stepwise regression has two levels of significance: one for adding variables and one for removing variables. The criterion for adding a variable to the model should be more rigorous than the criterion for keeping a variable in the model so the process does not get into an infinity loop [194]. Stepwise selection is an algorithm for picking a “good” (useful) model [195]. Properly utilised, stepwise regression can be useful for sifting through large numbers of potentially independent variables and fine-tuning a model by adding and removing variables [191].



Chapter 2 – Materials and Methods







[bookmark: _Ref523914542][bookmark: _Ref523914609][bookmark: _Ref523914758][bookmark: _Ref523914856][bookmark: _Ref523914894][bookmark: _Ref523914969][bookmark: _Ref523915027][bookmark: _Ref523915086][bookmark: _Ref523915453][bookmark: _Ref523915557][bookmark: _Ref523996761][bookmark: _Ref524002737][bookmark: _Toc16448981]Effects of Spent Media on Stability of IgG1

[bookmark: _Toc481073019][bookmark: _Toc16448982]3.0	Summary
IgG1 loss was measured in samples taken from the end of the cell culture process across three feed strategies. Following incubation at 37°C, for multiple time points, IgG1 loss was measured and ranged from 3.98% to 57.75%.

In order to see if the observed loss was a result of IgG1 being spiked into samples of media taken from the end of the run, additional analysis was conducted on samples taken from earlier in the run. The results of this analysis indicate that IgG1 loss can potentially occur in media at earlier stages in the cell culture process. This could result in the loss of IgG1 that is being released into the exogenous media at earlier stages of the process.

Additional analysis was conducted to identify the thermal and kinetic stability of four IgG1s in the end stage media samples. These results indicated potential instability in the CH2 domain and high stability in the CH3 domain. Denoting that reversible denaturation of the CH2 domain could be more susceptible to exogenous factors in spent media samples where internal components become more exposed.

[bookmark: _Toc16448983]3.1	Introduction
During the manufacturing process protein is secreted from the cell into media which also contains ions, nutrients (vitamins, amino acids, sugars, trace elements), host cell proteins, dissolved oxygen and a block co-polymer of ethylene and propylene oxide. Simethicone based antifoam emulsion is added as required during gas sparging of bioreactors. The cellular suspension is held at neutral pH, above 30°C, for several days until a sufficient amount of protein has been produced, which is then harvested [154]. 

The culture medium is an important component of the cell culture process within the biopharmaceutical industry. It is usually developed by selecting a commercially available, well-established and chemically defined basal formulation and supplementing it with additives specific to the cell lines or protein construct [40]. Additional elements that can be included in feed formulations are: glucose and glutamine, lipid preparations, product enhancers such as butyrate, acid, base or buffers to restore pH, antioxidants or growth factors and silicone-based surfactants to reduce shear stress and foaming [40]. Certain components such as phosphate may need to be added at increased concentrations to support elevated cell concentrations. Asparagine, arginine and cysteine are among those amino acids that are most often utilised as additives. Others, such as alanine, proline and isoleucine, tend to vary greatly in use between cell lines or even individual clones [40], often alanine is produced by cells as a nitrogen dump; as such, alanine would not need to be added exogenously when working with cells such as these.

It is unclear how proteins are affected by the components of the cell culture and thus, how much product is being lost as a result of the media itself. A study was conducted that demonstrated; the longer the protein was held in cell culture the greater the loss of protein to aggregation [154]. However, it is unclear if there are specific components of the media that lead to this aggregation.

The three dimensional structure of a protein is the key to its biological function, it is maintained by a range of interactions such as covalent bonding and electrostatic effects, in addition to the peptide bonds between individual amino acids [36]. For mAbs to remain biologically active they must remain in their native folded state. Unstable proteins are unable to maintain this state and are therefore unable to interact with the molecules that they have been designed to interact with. 

Protein stability can be determined by measuring the energy differences between the native and unfolded states using Differential Scanning Calorimetry (DSC). This can be used to determine the thermal stability which describes the stability of a protein as its free energy of unfolding as a function of temperature only [196]. The second type of stability that we need to consider is the kinetic stability which is used when considering irreversible transitions and specifying the stability of a protein as a function of time, determined by rate constant of a rate-limiting irreversible step, with temperature as a parameter [197].

Kinetic stability relates to Gibbs free energy between folded and unfolded states [198], thermodynamic equilibrium represents the balance between enthalpy (ΔH) and entropy (ΔS). ΔH is the natural tendency for things to fall to lower energy states, while ΔS is the natural tendency for random thermal motion (i.e. heat) to oppose ΔH [199]. The balance between ΔH and ΔS is the change in Gibbs free energy (ΔG), when these two effects balance ΔG = 0 [199]. The lower the change in Gibbs free energy, the less stable the protein is.

The denaturation of certain proteins, such as IgG are harder to analyse in this manner as IgG1 does not undergo reversible equilibrium. Reverse equilibrium occurs after the protein has been unfolded with heat denaturation, as it cools it will refold and can be subjected to a second DSC scan where it will demonstrate an essentially identical thermogram. This is a requirement for standard equilibrium thermodynamic analysis [200]; however, both ΔH and ΔS are fundamentally related to the heat capacity [199] which can be used to show how much heat energy needs to be added to a system to raise the temperature [199], in spite of the IgG1 not undergoing reverse equilibrium. 

The thermogram provides several pieces of information in addition to the Tm, the ΔH can be obtained by using software to integrate the area under the curve. ΔCp can also be obtained from the thermogram, this is a change in the baseline heat capacity. So as the transition peak returns to the baseline, if the baseline heat capacity has increased this indicates that the unfolded protein has a greater heat capacity than the folded protein [199].
The width of the peak can indicate the co-operativity of the protein structure, some proteins exhibit very broad transition peaks because of relatively little co‑operativity in their structures. Failure to observe a transition peak during analysis may indicate that the heating rate is incorrect [201]. Additional computer analysis can be conducted to deconvolute the structure of the denaturation curves, which can be useful if the protein is oligomeric or has domain structure [201].

An immunoglobulin IgG1 is comprised of three domains that should show up as three distinct peaks on the DSC [200]; however, these peaks overlap as the Fab domain produces a relatively wide peak that masks the CH2 and CH3 peaks as can be seen in Figure 3‑1. Ionescu et al. 2008 [202] investigated the nature of IgG1 unfolding and confirmed that the temperature induced unfolding of the Fab and Fc fragments of an intact antibody are independent from each other [202]. Therefore, the unfolding of IgG1 consists of three consecutive steps: one reversible (CH2 domain) and two irreversible (Fab and CH3 domains) [203], with the Fab transition being associated with an apparent higher enthalpy [204]. The larger peak indicates that higher energy input is required to cause unfolding [204]. To obtain a clearer thermogram it is necessary to cleave the Fab and Fc domains. There are many methods available for cleaving IgG1 regions with each method targeting a different area of the molecule. The hinge region is readily accessible for proteolytic attack by enzymes; there are three primary enzymes that are used for this type of digestion with each resulting in different cleavage points [205]. 

[bookmark: _Ref14022101][bookmark: _Toc16449365][image: ]Figure 3‑1 – DSC scan of 1mg/mL of intact IgG(a), heated at a rate of 1C/min.

Since the majority of variability is found in the Fab domain, this region has been well studied [204, 206-209] with Garber and Demerest 2007 [210] confirming IgG1 as the most stable subclass and demonstrating a degree of variability in the Fab region [210]. However, historically, the CH2 domain has also been considered comparatively unstable [211-213]. Of the three domains, CH2 has no direct protein‑protein interaction, being covalently linked by a glycan filling the gap between the two domains [214]. Fiege et al. 2004 [215] was able to demonstrate that the CH2 domain differs from other antibody domains in that, within a single molecule, structurally almost identical domains can exhibit differences in both folding and stability [215].
Although, theoretically, solubility can be predicted by amino acid sequence alone, current methods tend to place less emphasis on the order of the sequence where a specific amino acid change may have a significant impact [152]. Ionescu et al. 2007 [202] found that humanized IgG with the same amino acid sequence in the Fc region demonstrated variations in the Tm of the transition related to glycosylation. In many cases, IgG antibody aggregation is mediated by the CH2 domain [216-219] as the glycan-protein interactions have been established as vital for the stability of the CH2 domain [220]. Deglycosylation is known to destabilize the CH2 domain and abolish binding to low-affinity FcγRs [221-223]. Studies have also demonstrated that the termini of α1-3 and α1-6 arms on the N-glycan are accessible to glycan modifying enzymes [224].

For these reasons, this study has focused on the CH2 domain as this domain is more susceptible to variations in solubility and stability [200, 202, 215, 225] as a result of the interactions with media components.

Papain is a nonspecific, thiol-endopeptidase that has a sulfhydryl group in the active site, which must be in the reduced form for activity. When IgG1 molecules are incubated with papain in the presence of a reducing agent, one or more peptide bonds in the hinge region are split, producing three fragments of similar size: two Fab fragments and one Fc fragment. When Fc fragments are of interest, papain is the enzyme of choice because it yields an intact 50,000-dalton Fc fragment [205].
Following cleavage of the IgG it becomes necessary to purify the fragments so as to isolate the Fc fragment and produce a thermogram such as in Figure 3‑2. The most common method for this is protein A chromatography [138].
[image: ]
[bookmark: _Ref529289765][bookmark: _Toc16449366]Figure 3‑2 – DSC scan of 1mg/mL IgG(a), cleaved using papain digestion and heated at a rate of 1°C/min. 
The IgG is heated at a constant rate and once a certain temperature has been reached, which in this instance is approximately 58°C on the CH2 domain and 72°C on the CH3 domain, the protein begins to unfold endothermically. The heat capacity curve raises sharply, reaching a maximum at the midpoint of the transition (Tm). The curve then falls to a new baseline once the protein molecules have unfolded.

The thermal transition of IgG1 consists of three peaks comprised by the reversible denaturation of the CH2 domain and the cooperatively irreversible denaturation of the Fab fragment and the CH3 domain [202]. Given that the thermal transitions of IgG1 as a whole are irreversible, the unfolding of IgG1 is kinetically driven [226]. As such, it is possible to use the following equation in order to ascertain the period of time that a given sample will remain stable at a range of temperature conditions:

                                                          [227]
Where k determines the theoretical half-life of a protein under given conditions, v (K/min) is the scan rate, Cp is the excess heat capacity, Qt is the total heat capacity and Q is heat evolved at a given temperature.

The activation energy and the Arrhenius constant of the kinetic process can be calculated using the equation to determine the value at different temperatures, then plotting the ln  versus 1/ the activation energy () can be determined from the slope and the Arrhenius constant () from the y-intercept.

								[228]
The estimated half-life () is then calculated using Equation 3.

								[228]
The assumptions behind this mathematical method are that protein unfolding follows irreversible thermal denaturation where the native protein reversibly unfolds to an unfolded state which in turn irreversibly converts to a third state such as an aggregate [228]. A second assumption is that the first step in protein unfolding can be expressed in terms of the Arrhenius equation. This approach has been used for the small enzyme, chitinase with predicted half-lives close to observed behaviour in reality [229].

The aim of the research presented in this chapter was to evaluate the effect that the cell culture environment has on the stability of IgG1, separate from the cells ability to produce the protein. Previous analysis has indicated that the longer duration that the protein is in spent media, the less stable and soluble the protein becomes; however, these studies were conducted on samples taken at the end of the cell culturing process [154]. This research looks at spent media throughout the cell culturing process in order to ascertain the effects of different media combinations on the stability of IgG1.

[bookmark: _Toc481073020][bookmark: _Toc16448984]3.2	Materials and Methods
[bookmark: _Toc16448985]3.2.1	IgG1 
Four IgG1s were provided by MedImmune (Cambridge, UK) in order to test a range of proteins from easy to express IgG1s to IgG1s that have been harder to work with, Table 3‑1 provides details relating to these mAbs. IgG(c) is a bispecific IgG, meaning that it is an artificially constructed protein comprised of fragments of two separate mAbs capable of binding two targets simultaneously [71].


[bookmark: _Ref481074951][bookmark: _Toc16449055]Table 3‑1 – IgG1s provided by MedImmune (Cambridge, UK)
	Name
	Type
	Molecular Weight (Da)
	Batch Concentration
	Buffer

	IgG(a)
	IgG1κ
	144,754
	46.4 mg/mL
	25mM Histidine, 205mM (7%) Sucrose, pH 6.0

	IgG(b)
	IgG1λ YTE
	~148,000
	56.0 mg/mL
	30mM L-Histidine, 170mM Trehalose, pH 5.5

	IgG(c)
	IgG1κ + ScFv
	204,446
	50.0 mg/mL
	25mM His/His HCl, 235mM Sucrose, pH 6.0

	IgG(d)
	IgG1λ
	~148,000
	51.0 mg/mL
	26mM Histidine, 26mM Arginine, 7% Sucrose, pH 6.0



[bookmark: _Ref523914379][bookmark: _Toc16448986]3.2.2	Spent Media
GS null CHO CAT-S cells were inoculated into four separate DASGIP® 7L stirred tank glass bioreactors (Eppendorf, Stevenage, UK) and subjected to differing feeding strategies based on 3L start volumes. CD-CHO media and associated CD-CHO EfficientFeedTM A and CD-CHO EfficientFeedTM B were obtained from Invitrogen (Life Technologies Ltd, Paisley, UK); M4C-M16 medium and M4C-F2 Liquid Feed were obtained from MedImmune (Cambridge, UK). Feed Strategy-A (FS-A) utilised CD‑CHO only, Feed Strategy-B (FS-B) utilised CD-CHO with 15% (of initial 3L volume) EfficientFeedTM A added on day 0 (inoculation) and an additional 10% (of initial 3L volume) of EfficientFeedTM A added on days 3, 6 and 9. Feed Strategy-C (FS-C) utilised CD-CHO with 7.5% (of initial 3L volume) of EfficientFeedTM A and 7.5% (of initial 3L volume) EfficientFeedTM B added on day 0, an additional 5% (of initial 3L volume) of EfficientFeedTM A and 5% (of initial 3L volume) of EfficientFeedTM B were added on days 3, 6 and 9. Feed Strategy-D (FS-D) utilised M4C-M16 medium with 6.35% (of initial 3L volume) M4C-F2 Liquid Feed added on days 2, 4, 6, 8, 10 and 12. Glucose and antifoam were added to all bioreactors as needed.
Samples were taken daily and tested for pH, pCO2 mmHg, pO2 mmHg, mOsm/kg, glucose g/L and lactate g/L using a BioProfile FLEX (Nova Biomedical, Flintshire. UK). Following analysis, the samples were centrifuged at 3,000rpm (537g) for 5 minutes in a Megafuge 1.0 (Heraeus). Supernatant samples were collected and stored at ‑80°C. Each cell culture process was harvested on day 14.

[bookmark: _Ref15833232][bookmark: _Toc16448987]3.2.3	Comparison of ValitaTMTITER and Protein A Chromatography
As ValitaTMTITER is a new method, reproducibility under various process conditions, such as matrix effects or potential artefacts, is more unknown because of the limited history of use in comparison to methods such as Protein A which have had greater bodies of research conducted on them. In addition, ValitaTMTITER was again designed for use on clarified material so initial testing needed to be performed in order to test the validity of the method on unclarified samples.

Comparison with Protein A was then conducted. As Protein A samples were sent to MedImmune (Cambridge, UK) for analysis they were frozen for transportation. In order to ensure that any variations were not the result of freeze-thaw effect, the ValitaTMTITER samples were also frozen and analysed. 2mL of spent media sample was spiked to 80mg/L of IgG1 and incubated for a variety of time points at 37°C. Following incubation 1mL was retained and frozen at -80°C for transportation to MedImmune (Cambridge, UK) for Protein A analysis. The remaining 1mL was diluted at 1:3 in fresh CD-CHO and analysed immediately using ValitaTMTITER, these samples were then frozen at -80°C for one week before being analysed a second time following thaw using ValitaTMTITER. 

Five different diluents of known concentration of IgG1 were spiked into the ValitaTMTITER assay. The concentrations that they were spiked to were 14 mg/L, 23 mg/L, 37 mg/L and 62 mg/L using the method outlined above. Blank media samples were also conducted to look for artefacts.

[bookmark: _Toc16448988]3.2.4 	Determination of IgG1 Concentrations in End Stage Spent Media Sampled Over a 14-day Period
IgG1s (a), (b), (c) and (d) were added to spent media samples to ascertain if the composition of the spent media is causing a loss of IgG1 from day 0 (inoculation) to day 14 (harvest). IgG1 (MedImmune, Cambridge, UK) was added to spent media samples, prepared as described, to a concentration of ~80 mg/L in samples obtained from days 0 and 14 of the cell culture process. Samples were made up to 1mL and vortexed in Eppendorf tubes (Sigma-Aldrich, UK), tubes were sealed to prevent evaporation. Samples were incubated at 37°C (Natural Convection Laboratory Incubator BD 56, Binder GmbH) and measured following 0, 4, 8, 12 and 14 day incubations. Following the incubation period, 1000μL of sample was centrifuged at 13,000rpm (16,060g) for 1 hour in a Biofuge pico (Heraeus) and analysed using the ValitaTMTITER IgG assay (University of Sheffield, UK).

[bookmark: _Toc16448989]3.2.5	Determination of IgG1 Concentrations in Spent Media Sampled Throughout the Cell Culture Process
IgG1s (a), (b), (c) and (d) (MedImmune, Cambridge, UK) were added to spent media samples, prepared as described, to a concentration of ~80 mg/L in samples obtained from days 0 (inoculation), 4, 8, 12 and 14 (harvest) of the cell culture run. Samples were made up to 1mL and vortexed in Eppendorf tubes (Sigma-Aldrich, UK), tubes were sealed to prevent evaporation. Samples were incubated at 37°C (Natural Convection Laboratory Incubator BD 56, Binder GmbH) and measured following 14 days’ incubation. Following the incubation period, 1000μL of sample was centrifuged at 13,000rpm (16,060g) for 1 hour in a Biofuge pico (Heraeus) and analysed using the ValitaTMTITER IgG assay (University of Sheffield, UK).

[bookmark: _Toc16448990]3.2.6	DSC Analysis to Quantify Thermodynamic and Kinetic Stability Changes Between Basal Media and End Stage Spent Media Samples
IgG1s (a), (b), (c) and (d) (MedImmune, Cambridge, UK) was prepared as per 2.3.1 Differential Scanning Calorimetry (DSC) in Materials and Methods and spiked to 1mg/mL in media sampled from day 14 of a cell culture run and CD-CHO only as a control. Samples were run as per the method outlined in 2.3.1 Differential Scanning Calorimetry (DSC) in Materials and Methods. Thermograms were analysed using 2‑stage modelling algorithms in NanoAnalyzeTM. 

[bookmark: _Toc481073021][bookmark: _Toc16448991]3.3	Results and Discussion
[bookmark: _Toc16448992]3.3.1	Comparison of ValitaTMTITER and Protein A Chromatography
Figure 3-3 shows the results of the ValitaTMTITER assay when five different diluents were spiked with known concentrations of IgG1. The concentrations that they were spiked to were 14mg/L, 23mg/L, 37mg/L and 62mg/L. These results demonstrated that there was less variability in the lower concentrations, in addition to PBS as a diluent providing a lower result. Based on these results a dilution of 1:3 into fresh CD-CHO was chosen to be used for analysis as this provided a more consistent result, in addition to a dilution of 1:3 providing a concentration in the lower regions which provided a more reliable result. Unspiked media was also included in the analysis in order to ascertain if components in the media would show up as artefacts. These samples returned an antibody concentration of 0mg/L indicating that media components such as host cell protein (HCP) were not interfering with the results.
[image: ]
[bookmark: _Ref15833158][bookmark: _Toc16449367]Figure 3‑3 – Diluents spiked with known concentrations of IgG1, shown as the histogram, and analysed using the ValitaTMTITER assay in order to test the validity of the assay. 
Symbols show the concentration recorded by the ValitaTMTITER assay of the four spiked concentrations in five different diluents.

Figure 3-4 shows the result of the comparison analysis conducted in 3.2.3 Comparison of ValitaTMTITER and Protein A Chromatography with high variability being observed in the ValitaTMTITER results. A general trend indicates that the Protein A assay records a lower concentration that those seen in the ValitaTMTITER assay.
[image: ]
[bookmark: _Ref15833188][bookmark: _Toc16449368]Figure 3‑4 – Comparisons of ValitaTMTITER assay (before and after freeze) and protein A results. 
Samples of spent media were collected on day 0 (inoculation) and day 14 (harvest) of a cell culture run. 1mL of sample was spiked to ~80mg/L with four IgG1s. All samples were incubated for 14 days at 37°C and three analyses conducted on the same sample in order to ascertain the breadth of results.

Based on this analysis, the indication is that Protein A analysis generally returns a lower result than that seen in the ValitaTMTITER assay. There also does not seem to be a substantial difference between the ValitaTMTITER assay results before and after freezing, so the lower results seen in Protein A analysis do not appear to be a consequence of the freeze-thaw effect. When this is taken into account, it is possible to conclude that the ValitaTMTITER assay is best used in order to ascertain trend data; however, in order to ascertain quantitative data additional analysis should be conducted utilising Protein A analysis, as the longer history of using HPLC‑Protein A analysis with mAbs correlated to actual purified yields contributes to the accuracy of this method.

[bookmark: _Toc16448993]3.3.2	Determination of IgG1 Concentrations in End Stage Spent Media Sampled Over a 14-day Period 
IgG1 was spiked into spent media samples to a concentration of ~80mg/L. These samples were taken on day 14 (harvest) of the cell culture process utilising four feeding strategies (FS-A, FS-B, FS-C and FS-D) as outlined in 3.2.2 Spent Media. These were incubated over a 14-day period with IgG1 concentration measured on days 0, 4, 8, 12 and 14 of the incubation period, in order to ascertain the amount of IgG1 lost over time. 

[image: ]
[bookmark: _Ref522202141]Figure 3‑5 – Spent media samples spiked with IgG(a) 
Spent media sampled from day 14 of GS null CHO CAT-S cell culture runs produced using feed strategies A (FS-A), B (FS-B), C (FS-C) and D (FS-D). Samples were spiked with IgG(a) to ~80mg/L and incubated for 14 days at 37°C. IgG(a) concentration (mg/L) was measured at incubation time points of 0, 4, 8, 12 and 14 days (n=6).

Figure 3‑5 demonstrates a downward trend of IgG(a) concentration over time. Of the four feed strategies utilised, FS-C showed the greatest loss at 31.25mg/L (±6.62, n=6), indicating that IgG(a) is predominantly stable. The majority of the loss that occurred in FS-C was in the first eight days of the incubation period.

[image: ]
[bookmark: _Ref522203312][bookmark: _Toc16449369]Figure 3‑6 – Spent media samples spiked with IgG(b)
Spent media sampled from day 14 of GS null CHO CAT-S cell culture runs produced using feed strategies A (FS-A), B (FS-B), C (FS-C) and D (FS-D). Samples were spiked with IgG(b) to ~80mg/L and incubated for 14 days at 37°C. IgG(b) concentration (mg/L) was measured at incubation time points of 0, 4, 8, 12 and 14 days (n=6).

Figure 3‑6 demonstrates a downward trend of IgG(b) concentration over time with a greater variation seen across the four feed strategies. FS-A and FS-B showed the least IgG(b) loss over time, recorded at 23.25mg/L (±13.52, n=6) and 20.9mg/L (±4.08, n=6) respectively. FS-C demonstrated the greatest loss of IgG(b) at 43.8mg/L (±7.43, n=6) with a large proportion of this loss occurring in the first four days of incubation. The results for FS-D are less consistent with a potential outlier on the day 12 readings, nevertheless, IgG(b) loss was recorded at 37.05mg/L (±8.50, n=6).

[image: ]
[bookmark: _Ref522204261][bookmark: _Toc16449370]Figure 3‑7 – Spent media samples spiked with IgG(c)
Spent media sampled from day 14 of GS null CHO CAT-S cell culture runs produced using feed strategies A (FS-A), B (FS-B), C (FS-C) and D (FS-D). Samples were spiked with IgG(c) to ~80mg/L and incubated for 14 days at 37°C. IgG(c) concentration (mg/L) was measured at incubation time points of 0, 4, 8, 12 and 14 days (n=6).

Figure 3‑7 again demonstrates a downward trend in IgG(c) concentration over time. FS-D results were inconsistent again, with a potential outlier at day 8; however, overall these samples demonstrated the most loss at 33.8mg/L (±5.36, n=6). FS-B and FS-C showed losses of 19.55mg/L (±9.73, n=6) and 27.5mg/L (±1.56, n=6) respectively.

[image: ]
[bookmark: _Ref522205044][bookmark: _Toc16449371]Figure 3‑8 – Spent media samples spiked with IgG(d)
Spent media sampled from day 14 of GS null CHO CAT-S cell culture runs produced using feed strategies A (FS-A), B (FS-B), C (FS-C) and D (FS-D). Samples were spiked with IgG(d) to ~80mg/L and incubated for 14 days at 37°C. IgG(d) concentration (mg/L) was measured at incubation time points of 0, 4, 8, 12 and 14 days (n=6).

Figure 3‑8 again shows a downward trend in IgG(d) concentration over time, with a potential outlier in the FS-D results at the day 12 time point. FS-C also shows a substantial portion of the IgG(d) loss occurred in the first 4 days of incubation and indicated a loss of 37.45mg/L (±7.99, n=6). FS-A had the least IgG(d) loss at 22mg/L (±7.88, n=6) and FS-B fell in the middle with a loss of 32.65mg/L (±18.49, n=6). FS-D showed the greatest loss at 46.2mg/L (±18.33, n=6).

The results of this analysis confirm the trend of increased IgG1 loss across all four IgG1s following extended periods of time in spent media as expected from Cromwell, 2006 [154]. The observed variations between the different feeding strategies indicate that the loss is not purely an indication of time as the same loss would been observed across all of the feed strategies. In addition, the observation in the FS-C results that the majority of IgG1 loss occurs in the first eight days of incubation indicates that it is not purely time dependent, as the IgG1 loss would continue in a linear manner as time progressed if it were. The potential outliers that were observed in the FS-D results are possibly related to the ValitaTMTITER assay. As this feed method utilised a different basal media there is the potential that it is more sensitive to the observed inconsistencies laid out in 2.3.2 ValitaTMTITER IgG Assay in Materials and Methods.

The average IgG1 loss recorded in this analysis ranged from 3.18mg/L to 46.2mg/L. While these quantities would seem to be of little consequence in large scale production they account for 3.98% to 57.75% of the initial concentration spiked into the sample. When you scale that up to large scale bioreactor of 20,000L with titres of 3g/L, the 3.98% loss equates to 2,388 grams of product. The results of this study do not directly correlate to production of IgG1 in controlled environments, these results were obtained by addition of IgG1 to samples taken at the end of a cell culture process where conditions are known to be deleterious to IgG1. As such, additional analysis was conducted in order to ascertain if these are only observed in the day 14 spent media samples.
[bookmark: _Toc16448994]3.3.3	Determination of IgG1 Concentrations in Spent Media Sampled Throughout the Cell Culture Process
As day 14 samples contain the highest quantities of cellular debris and metabolites, it was to be expected to see a degree of IgG1 loss following incubation in these conditions. In order to ascertain if this is also observed in samples taken from earlier stages of the cell culture process, IgG1 was added to spent media sampled on days 4, 8, 12 and 14. IgG1 was also added to controls for the CD-CHO medium and M4C-M16 medium, where no additional feeds were added. The purpose of this analysis was to ascertain if compositional changes in the spent media samples resulted in protein loss in addition to time spent in media.
[image: ]
[bookmark: _Ref522273459]Figure 3‑9 – Spent media sampled at different time points of a GS null CHO CAT-S cell culture run utilising feed strategy A (FS-A). 
Samples were spiked with IgG1s (a), (b), (c) and (d) to 80mg/L and measured for IgG1 concentration (mg/L). Concentration was measured upon initial spiking for concentration confirmation and again following 14 days’ incubation at 37°C in order to ascertain concentration change.
Figure 3‑9 demonstrates that IgG1 loss occurred across a majority of the samples taken from the FS-A cell culture run. The day 14 samples do not show the greatest loss on any of the IgG1s, while the day 8 samples spiked with IgG1s (a), (b) and (c) show the most loss and the control sample spiked with IgG(d) also showed greater loss. IgG(a) and IgG(c) appear to be relatively stable in this particular feed strategy.
[image: ]
[bookmark: _Ref522274033][bookmark: _Toc16449372]Figure 3‑10 – Spent media sampled at different time points of a GS null CHO CAT-S cell culture run utilising feed strategy B (FS-B). 
Samples were spiked with IgG1s (a), (b), (c) and (d) to 80mg/L and measured for IgG1 concentration (mg/L). Concentration was measured upon initial spiking for concentration confirmation and again following 14 days’ incubation at 37°C in order to ascertain concentration change.

Figure 3‑10 shows IgG1 loss occurred in all but one of the samples. The greatest loss was seen in the day 8 sample spiked with IgG(b) and the day 12 sample spiked with IgG(d). IgG1s (a) and (c) appear to be the more stable of the IgG1s in this feed strategy, with the least loss observed in the control samples and similar loss observed in the rest of the samples. IgG1s (b) and (c) show greater variability in the amount of IgG1 lost across the different samples.

[image: ]
[bookmark: _Ref522274828][bookmark: _Toc16449373]Figure 3‑11 – Spent media sampled at different time points of a GS null CHO CAT-S cell culture run utilising feed strategy C (FS-C). 
Samples were spiked with IgG1s (a), (b), (c) and (d) to 80mg/L and measured for IgG1 concentration (mg/L). Concentration was measured upon initial spiking for concentration confirmation and again following 14 days’ incubation at 37°C in order to ascertain concentration change.

Figure 3‑11 shows IgG1 loss occurred in all but one of the samples. IgG1s (a), (b) and (c) showed the most loss in the day 14 sample, while IgG(d) showed the most loss in the day 8 sample. IgG(c) showed more loss when added to samples taken later in the cell culture run. This is typically what you would expect to see if IgG1 loss was occurring in line with the build-up of metabolites and cellular debris throughout the cell culture process. This is mostly seen in all four IgG1s when spiked into the FS-C samples, with the exception of the day 8 samples in IgG1s (a), (b) and (d).
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[bookmark: _Ref522275530]Figure 3‑12 – Spent media sampled at different time points of a GS null CHO CAT-s cell culture run utilising feed strategy D (FS-D). 
Samples were spiked with IgG1s (a), (b), (c) and (d) to 80mg/L and measured for IgG1 concentration (mg/L). Concentration was measured upon initial spiking for concentration confirmation and again following 14 days’ incubation at 37°C in order to ascertain concentration change.

Figure 3‑12 indicates loss in IgG1s (b), (c) and (d) with no loss in IgG(a), suggesting that IgG(a) is particularly stable in spent media produced using the FS-D process. IgG(b) showed the greatest loss of IgG1 in the control sample, with IgG1s (c) and (d) showing the greatest loss in the day 14 sample. Contrary to the results from FS-A, FS-B and FS-C, day 8 demonstrated the least IgG1 loss across IgG1s (a), (b) and (c). Given that FS-D is the process utilising M4C-M16 as opposed to the CD-CHO system of the other three feed strategies, this suggests a compositional difference in the FS-D media that allows less IgG1 to be lost in the middle of the cell culture process.

IgG1 loss was observed across the majority of IgG1s with IgG(a) being the most stable. If the IgG1 loss that was recorded was purely related to time spent in media, we would have expected to see similar IgG1 loss in all of the samples regardless of the day of the cell culture process that the samples were collected from. The closest we get to seeing this is in Figure 3‑10 where IgG(c) shows similar IgG1 loss in the samples taken at days 4, 8, 12 and 14 of the cell culture process. Given that this trend is only observed once, the implication is that time cannot be the only factor leading to IgG1 loss.

The results seen in Figure 3‑11 are more in line with what we would expect to see if the IgG1 loss is being caused by a build-up of metabolites within the media. However, as this is only observed in the FS-C samples, this again does not appear to be the sole cause. If the loss was only related to build-up of metabolites, then day 14 samples would more consistently demonstrate the highest IgG1 loss in comparison to samples taken at earlier stages of the cell culture process. In particular, FS-B samples (Figure 3‑10) showed the day 14 samples to be least affected, although this may be a particular peculiarity with the FS-B process. 
This would also be the case if the IgG1 loss were to be the related to cellular debris in the samples. The centrifuge rate of 3000rpm (537g) is the standard protocol for sampling during a bioreactor run; however, this is comparatively low and could potentially result in cellular debris remaining in the sample. If the observed IgG1 loss were the result of this then there would be greater quantities of cellular debris in the day 14 samples and again, the day 14 samples would more consistently demonstrate the highest IgG1 loss. As this is not the case, cellular debris would also not appear to be the sole cause of the observed IgG1 loss. 

There are a number of metabolites within cell culture that are known to affect IgG1 concentrations, for example, the build-up of lactate [225] is well documented as having adverse effects on growth and mAb expression in cell cultures [46]. High levels of lactate could also lead to a shift in the pH of the cell culture. Changes in pH are known to destabilise proteins and thus has the potential to destabilise IgG1 [187].
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[bookmark: _Ref522280259][bookmark: _Toc16449374]Figure 3‑13 – Lactate concentrations (g/L) recorded throughout the cell culture process using four feed strategies, FS-A, FS-B, FS-C and FS-D (n=3).

Lactate concentrations were recorded throughout the cell culture process (Figure 3‑13). Both FS-A and FS-B showed a steady increase throughout the 14-day period reaching 11.29g/L in the FS-A day 14 sample and 11.84g/L in the FS-B day 14 sample. The FS-C samples had a peak in lactate concentration on day 4 of 1.86g/L which reduced following this until day 13 when 0.00g/L was recorded. FS-D lactate concentrations peaked on day 3 at 3.28g/L which reduced and settled on day 6, fluctuating for the rest of the run between 2.00g/L and 1.01g/L. As lactate levels did rise in FS-A and FS-B samples it could account for some of the observed instability. However, FS-C samples did not show any lactate in the day 12 and 14 samples, in addition to showing a substantially reduced amount in the day 8 samples. Given that the FS-C samples showed a steady increase in the amount of IgG1 unaccounted for throughout the cell culture process, for lactate to be the cause of this, we would expect to see a steady increase in lactate concentrations throughout the culture run more in line with the lactate concentrations observed in feed strategies A and B. Thus, lactate concentration cannot be the sole cause of the observed instability. 

[bookmark: _Toc16448995]3.3.4	DSC Analysis to Quantify Thermodynamic and Kinetic Stability Changes Between Basal Media and End Stage Spent Media Samples
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[bookmark: _Ref522200293][bookmark: _Toc16449375]Figure 3‑14 – Representative DSC thermograms for IgG(a) cleaved with papain to remove the Fab region and allow clear delineation of the CH2 and CH3 domains. 
IgG(a) was added to day 14 spent media sampled from three feed strategies (FS-A, FS-B and FS-C) and compared to IgG(a) in CD-CHO only. Samples were heated from 30°C to 100°C at a rate of 1°C/min. In all three feed strategies there was a greater Tm shift on the CH2 domain, ranging from ‑1.41°C to -2.12°C. The CH3 domain Tm shift was between -0.17°C to -0.49°C.

The greatest shifts in Tm occurred on the CH2 domain (Figure 3‑14) for IgG(a). This was seen to the greatest extent in FS-A samples with a Tm shift of -2.12°C (±0.19, n=3), followed by FS-C at -1.90°C (±0.41, n=3) and the least in FS-B at -1.41°C (±0.13, n=3). The CH3 domain exhibited insignificant Tm shifts of -0.17°C (±0.24, n=3), ‑0.42°C (±0.33, n=3) and -0.49°C (±0.25, n=3) in FS-A, FS-B and FS-C respectively. 
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[bookmark: _Ref16456384][bookmark: _Ref522200304][bookmark: _Toc16449376]Figure 3‑15 – Representative DSC thermograms for IgG(b) cleaved with papain to remove the Fab region and allow clear delineation of the CH2 and CH3 domains. 
IgG(b) was added to day 14 spent media sampled from three feed strategies (FS-A, FS-B and FS-C) and compared to IgG(b) in CD-CHO only. Samples were heated from 30°C to 100°C at a rate of 1°C/min. In all three feed strategies there was a greater Tm shift on the CH2 domain, ranging from ‑3.56°C to -4.97°C. The CH3 domain Tm shift was between -0.39°C to -0.90°C.

The greatest shifts in Tm occurred on the CH2 domain (Figure 3‑15) for IgG(b). This was seen to the greatest extent in FS-A samples with a Tm shift of -4.97°C (±0.25, n=3), followed by FS-B at -3.83°C (±0.12, n=3) and the least in FS-C at -3.56°C (±0.22, n=3). The CH3 domain exhibited the lowest Tm shifts of -0.90°C (±0.93, n=3), ‑0.40°C (±0.98, n=3) and -0.39°C (±0.89, n=3) in FS-A, FS-B and FS-C respectively.
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[bookmark: _Ref522200314][bookmark: _Toc16449377]Figure 3‑16 – Representative DSC thermograms for IgG(c) cleaved with papain to remove the Fab region and allow clear delineation of the CH2 and CH3 domains. 
IgG(c) was added to day 14 spent media sampled from three feed strategies (FS-A, FS-B and FS-C) and compared to IgG(c) in CD-CHO only. Samples were heated from 30°C to 100°C at a rate of 1°C/min. In all three feed strategies there was a greater Tm shift on the CH2 domain, ranging from ‑1.77°C to -3.63°C. The CH3 domain Tm shift was between +0.05°C to +0.23°C.

The greatest shifts in Tm occurred on the CH2 domain (Figure 3‑16) for IgG(c). This was seen to the greatest extent in FS-A samples with a Tm shift of ‑3.63°C (±0.21, n=3), followed by FS-C at -3.24°C (±0.18, n=3) and the least in FS-B at -1.77°C (±0.19, n=3). The CH3 domain exhibited insignificant Tm shifts of +0.23°C (±0.89, n=3), +0.74°C (±0.74, n=3) and +0.05°C (±0.71, n=3) in FS-A, FS-B and FS-C respectively.
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[bookmark: _Ref16456399][bookmark: _Ref522200330][bookmark: _Toc16449378]Figure 3‑17 – Representative DSC thermograms for IgG(d) cleaved with papain to remove the Fab region and allow clear delineation of the CH2 and CH3 domains. 
IgG(d) was added to day 14 spent media sampled from three feed strategies (FS-A, FS-B and FS-C) and compared to IgG(d) in CD-CHO only. Samples were heated from 30°C to 100°C at a rate of 1°C/min. In all three feed strategies there was a greater Tm shift on the CH2 domain, ranging from ‑0.84°C to -1.28°C. The CH3 domain Tm shift was between -0.17°C to +0.09°C.

The greatest shifts in Tm occurred on the CH2 domain (Figure 3‑17) for IgG(d). This was seen to the greatest extent in FS-A samples with a Tm shift of -1.28°C (±0.45, n=3), followed by FS-C at -1.08°C (±0.41, n=3) and an insignificant shift in FS-B at ‑0.84°C (±0.41, n=3). The CH3 domain exhibited insignificant Tm shifts of -0.17°C (±0.20, n=3), +0.06°C (±0.70, n=3) and +0.09°C (±0.13, n=3) in FS-A, FS-B and FS-C respectively.

Figure 3‑14, Figure 3‑15, Figure 3‑16 and Figure 3‑17 show representative thermograms that demonstrated a trend of a shift to a lower Tm in the CH2 domain, ranging from ‑0.84°C to -4.97°C (For raw data thermograms see Figure 9‑1, Figure 9‑2, Figure 9‑3 and Figure 9‑4 in Appendix). The CH3 domain remained stable across all three feeding strategies (FS-A, FS-B and FS-C). No Tm shift was observed of greater than -1°C or +1°C in the CH3 domain, indicating that little variability of this domain occurs.

Differences were observed in the amplitude of the peak that do not correlate with the changes in Tm. This is clearly seen in Figure 3-14, Figure 3‑15 and Figure 3-16 where there is high variability in the amplitude of the peaks on the CH3 domain while there is very little variability in the Tm of the same peaks.

Given that the Fc fragment is likely to have similar amino acid sequences, variations in the thermograms were not expected. However, the Tm shift and enthalpy differences have indicated that amino acid sequences are not predictive of Tm and enthalpy during peak transition. Therefore, the hypothesis is that changes in glycosylation could be reflected in the amplitude of the peak changes in glycosylation may require higher energy input to induce unfolding [202]. The total heat absorbed equals the denaturation enthalpy change, even if the denaturation process is irreversible. This denaturation enthalpy will be the enthalpy difference between the native state and the final state [230].
pH has also been proposed by Ionescu et al. 2008 [202] following investigations of rabbit IgG9 where a pH greater than 4 resulted in the first Fc transition being larger in amplitude than the second. However; at pH 3.5, the second peak became approximately 3 times larger than the first [202]. That said, the pH of the samples was measured and controlled throughout the study and the proteins were spiked into the same spent media samples. Therefore, it is unlikely that the amplitude changes in the transition peak are a consequence of pH in this instance.

Only the CH2 domain is glycosylated, which would imply that changes in the amplitude of the CH3 domain would not occur if the enthalpy changes are a result of glycosylation. Ionescu et al. 2008 [202] hypothesised that changes in the glycosylation pattern may not affect the intrinsic stability of the CH2 domain, but rather diminish the stabilisation energy of that domain resulting from CH2-CH2 and/or CH2-CH3 inter-domain interactions.
 
[image: ]
[bookmark: _Ref522200964][bookmark: _Toc16449379]Figure 3‑18 – Change in Tm (ΔTm) in the CH2 domain of four IgG1s between fresh CD-CHO and spent media sampled on day 14 of three cell culture runs utilising feed strategies A, B and C (FS-A, FS-B and FS-C).

Figure 3‑18 shows all four IgGs were less stable in the CH2 domain in the day 14 samples in comparison to the day 0 samples, with IgG(a) and IgG(d) being least affected by the media. The shifts in Tm for IgG(d) were all around the 1°C mark, indicating that this IgG1 is the most stable of the four IgG1s used. IgG(b) showed the greatest variation with FS-A reducing the stability the most by 7.22% and FS-C the least, reducing stability by 5.18%. IgG(c) also demonstrated considerable variation; albeit, with FS-A and FS-C showing similar reductions in stability at 5.43% and 4.85% respectively and FS-B the least at 2.66%.

In order to determine the relative stability of the IgG1 in these conditions at certain temperatures, the k values were calculated. Differences in heat capacity between the initial and final states were corrected using 2-stage modelling in NanoAnalyzeTM by using a base line traced between the initial and final temperatures of the transition. The reversibility of the CH2 domain has been confirmed in the literature [202, 226].
[image: ]Equation
y = a + b*x
Intercept
85.26743 ± 0.15769
Slope
-29243.49476 ± 53.69511
R-Square (COD)
0.99866


[bookmark: _Ref15827933][bookmark: _Ref522721605]Figure 3‑19 – Example plot of k data using results of DSC scan for IgG(c) spiked into spent media sampled on day 14 utilising feed strategy B (FS-B). IgG(c) was heated at a rate of 1°C/min and results were obtained from the unfolding of the CH2 domain.

The first peak for the CH2 domain, is a clean, visually symmetrical peak and sufficiently separated from the CH3 domain to be amenable to the application of analysis suggested by Sanchez-Ruiz [227].

The ln() values were plotted against 1/T, see Figure 3‑19. The first thing to note is that the line is not perfectly straight. There is a point of inflection at the  due to the change in heat capacity associated with protein unfolding altering the water population on exposure of the hydrophobic interior. Similar observations have been made of thermograms for protein folding and cold induced precipitation [188, 231]. The extreme ends of the unfolding peak also have an error associated with them as the heat capacity value approaches zero. To compensate for the inflection and the skewing of the line at the extreme ends of the unfolding peak, the Arrhenius plot was taken from approximately 1°C from the start of the unfolding peak and the   values.

Using this approach, theoretical half-lives for IgG1s (a), (b), (c) and (d) were calculated when added to CD-CHO only and spent media sampled on day 14 using FS-A, FS-B and FS-C. The calculations for the CH2 domain (Table 3‑2) indicate that in the control samples all of the CH2 domains retain kinetic stability for a minimum of 148 days indicating that in CD-CHO only, for the length of time of a typical cell culture process, there are no concerns regarding kinetic instability. In the day 14 samples for FS-A, FS-B and FS-C, the theoretical half-life for IgG(a) was calculated between 1,556 and 131,544 days indicating that it is a particularly stable IgG1. IgG1s (b), (c) and (d) demonstrated variations in their stability, Although, for IgG(b) in all three feed strategies and IgG(d) in FS-B and FS-C, the theoretical half-lives were at a sufficient level to take the IgG1s past the length of a typical cell culture process. The IgG of most concern is IgG(C) which had theoretical half-lives between 5 and 15 days.


[bookmark: _Ref522722533][bookmark: _Toc16449056]Table 3‑2 – Experimental values indicating the theoretical half-life of the CH2 domain of IgG1s (a), (b), (c) and (d) when maintained in spent media sampled on Day 14 of cell culture processes using Feed Strategies A (FS-A), B (FS-B) and C (FS-C). This is compared to IgG1s (a), (b), (c) and (d) when maintained in control sample comprised of CD-CHO only.
	IgG
	Control
	Feed Strategy
	Day 14

	
	Tm
	Slope
	R2
	Half-life at 36°C (days)
	
	Tm
	Slope
	R2
	Half-life at 36°C (days)

	(a)
	68.94 ±0.19
	y=-51873x +150.77
	0.9954
	11887
	A
	66.82 ±0.01
	y=-46703x +136.07
	0.9921
	1556

	
	
	
	
	
	B
	67.53 ±0.06
	y=-54549x +158.78
	0.9869
	22679

	
	
	
	
	
	C
	67.04 ±0.24
	y=-63186x +184.96
	0.9927
	131544

	(b)
	68.85 ±0.19
	y=-47516x +138.14
	0.9916
	2751
	A
	63.88 ±0.09
	y=-35770x +104.91
	0.9806
	24

	
	
	
	
	
	B
	65.02 ±0.08
	y=-36201x +105.79
	0.9831
	39

	
	
	
	
	
	C
	65.29 ±0.13
	y=-34725x +101.57
	0.9883
	23

	(c)
	66.82 ±0.21
	y=-38002x +110.29
	0.9958
	148
	A
	63.19 ±0.01
	y=-34460x +101.10
	0.9985
	15

	
	
	
	
	
	B
	65.05 ±0.21
	y=-29243x +85.267
	0.9987
	5

	
	
	
	
	
	C
	63.58 ±0.07
	y=-29383x +85.698
	0.9962
	6

	(d)
	67.70 ±0.41
	y=-37445x +108.40
	0.9943
	161
	A
	66.42 ±0.29
	y=-30259x +87.812
	0.9982
	11

	
	
	
	
	
	B
	66.86 ±0.01
	y=-31614x +91.533
	0.9884
	22

	
	
	
	
	
	C
	66.62 ±0.02
	y=-34865x +101.16
	0.9938
	53



In addition to the results seen in Table 3‑2, theoretical half-lives were also calculated for the CH3 domain (Table 9‑2 in Appendix), these indicate that this domain is stable at 36°C in excess of 40,000 days in all instances. 

However, the lack of a straight line on the Arrhenius plot for the CH2 domain of IgG1 negates this approaches usefulness for predicting the protein’s half-life at 36°C. Fitting a line to the data can generate a best linear fit with a R2 value close to 1, see Table 3‑2. When the estimated half-life is plotted against the  value (Figure 3‑20) an unacceptable spread of the data suggests this technique is unsuitable for predicting the half-life of the CH2 domain of IgG1.

[image: ]
[bookmark: _Ref15828272][bookmark: _Toc16449380]Figure 3‑20 – Estimated IgG1 half-life against the measured Tm value.

Additionally, the low conformational stability of IgG1 can lead to high numbers of partially unfolded molecules with exposed hydrophobic interiors that lead to the formation of aggregates. Aggregation processes, particularly when induced by temperature, are very complex and demonstrate non-Arrhenius behaviour, this makes extrapolations from temperature induced unfolding difficult to interpret [203].

The protein stability across all four IgG1s showed a reduction in the stability of the CH2 domain, while the CH3 domain appeared to be unaffected by the changes in the media. This is likely to be related to structural differences between the domains. IgG1 is a glycoprotein, with the glycosylation occurring on the CH2 region by N‑linked glycosylation. The CH2 domains have no direct protein-protein interaction, being covalently linked by a glycan filling the gap between the two domains [214]. The CH3 domains bind tightly with each other and as such are more structurally stable than the CH2 domains [232]. As mAbs bind to antigenic structures, a conformational change has to occur to allow interaction with the Fc receptor [215]; a consequence of this is that the CH2 domain requires a degree of flexibility that is afforded to it by the N-linked glycosylation within its structure. 

The CH2 domain is known to display reversible denaturation [226]. The results of this analysis indicate that partial unfolding may occur on this domain during the cell culture run. In conditions where enzymatic activity is absent this would be able to re-assemble into its native state with no lasting impact on the IgG1, IgG(c) appears to be an example of this as it exhibits the lowest kinetic stability but it exhibits the least IgG1 loss when incubated in spent samples for extended periods. This potentially indicates that kinetic stability is the driving action for the reversible denaturation of the CH2 domain. IgG(c) could be demonstrating increased capability for spontaneous partial unfolding and refolding without destabilising the protein to a degree that it fully unfolds or is unable to refold into its native state. 

The variations across the three feed strategies indicate that a potentially opportunistic medium component could be taking advantage of the exposed interior of the CH2 domain, this could either be resulting in proteolytic cleavage or non-covalent bonding with the hydrophobic region. Potentially, these interaction could result in degradation of the protein or sufficient alterations to the interior of the CH2 domain that could result in the IgG1 not being able to accurately refold into its native state. IgG(b) shows low kinetic stability and also demonstrated the greatest loss when incubated in spent media samples. While glycosylation has commonly been reported to increase the solubility and stability of a protein [200, 202, 215, 225], the glycans that make up this interaction are susceptible to removal [215]. As such, this structural component of the CH2 domain may account for its comparative instability by a component within the cell culture media acting upon the glycosylation site. Ionescu 2008 [202] demonstrated that variations in DSC transition peaks for the CH2 domain, are significantly affected by glycosylation. This indicates that different glycosylation patterns between antibodies could be reflected in observable changes in the thermal peaks of the CH2 domain. Different glycosylation patterns may account for the observed differences between IgG(c) and IgG(b) following exposure of the glycosylation site during the reversible denaturation of the CH2 domain. 

[bookmark: _Toc481073023][bookmark: _Toc16448996]3.4	Conclusions
In the first study, IgG1 was added to spent media sampled at the end of a cell culture process and incubated at 37°C for 14 days. The results of this study indicated that following 14 days of incubation, the majority of the samples showed some degree of IgG1 loss. The second study measured IgG1 concentrations when incubated in spent media samples taken from earlier stages of the cell culture process. Reduction of IgG1 concentration occurred in samples taken early in the cell culture process in addition to those taken at the later stages. This implies that changes to media composition occurring throughout the cell culture process may be having a deleterious effect on the IgG1 throughout the 14-day period; while also suggesting that IgG1 expressed early in the cell culture process may be susceptible to this, indicating cumulative effects. In these first two studies IgG(a) and IgG(d) appeared to be most susceptible to these changes leading to greater IgG1 loss.

The third study attempted to quantify the thermal and kinetic stabilities of the IgG1s being analysed, where thermal stability describes the stability of IgG1 as a function of temperature alone and kinetic stability describes the stability of IgG1 as a function of time, with temperature as a parameter. The CH3 domain did not exhibit considerable variations on thermal and kinetic stabilities, indicating that it is a stable component of these IgG1s and is unlikely to be a factor in the mechanisms that are leading to IgG1 loss. The CH2 domain showed a greater variation in both thermal and kinetic stability. All four IgG1s exhibited Tm’s of greater than 63°C in all of the spent media samples. This demonstrates that thermal stability is unlikely to be a concern in the cell culture process were IgG1 is maintained at temperatures between 35.5°C and 36.5°C.

The DSC experiments show that the least thermally stable IgG1 was IgG(c) in FS-A and FS-D day 14 spent media while most combinations of IgG1 and media were thermally stable. This observation does not correspond with the loss of protein in spent media. It would be safe to conclude that thermally-induced unfolding is not the primary reason for loss of protein in cell culture media. The estimated half-life of the CH2 domain of IgG1s suggests that IgG(c) in FS-A and FS-D day 14 spent media could unfold during the timescale of a bioreactor run. The method for undertaking the calculations of the activation energy and Arrhenius constant from DSC data [227] assumes reversible unfolding followed by irreversible aggregation or irreversible incorrect folding which may be untrue for IgG1 CH2 domain. The use of the activation energy and Arrhenius constant from DSC data to predict the IgG1s half-life at lower temperatures [233] was however problematic. The errors associated with fitting a straight line to thermal unfolding data on an Arrhenius plot make the predicted half-life unreliable.

Using the results from these studies, we can conclude that IgG1 loss is occurring when IgG1 is held in spent media. This loss is occurring in spent media taken from earlier in the cell culture process in addition to late stage spent media, indicating that cumulative effects could be occurring, leading to greater product loss in the cell culture process than was previously predicted. While kinetic stability may be contributing to the mechanism leading to IgG1 loss, neither kinetic stability or thermal stability are predictors of IgG1 loss.  

The conditions used in these studies did not mimic the standard cell culture process; additional analysis needs to occur in order to ascertain the extent of this IgG1 loss in controlled environments.





Chapter 3 – Effects of Spent Media on Stability of IgG1







[bookmark: _Ref523914900][bookmark: _Ref523914942][bookmark: _Ref523914989][bookmark: _Ref523915057][bookmark: _Ref523915516][bookmark: _Ref524002599][bookmark: _Toc16448997]Analysis of IgG1 Titres Throughout the Cell Culture Process       

[bookmark: _Toc481073026][bookmark: _Toc16448998]4.0	Summary
Previous studies were conducted in order to ascertain if there is potential for mAb product loss to occur throughout the cell culture process as a result of compositional changes occurring within spent media (Effects of Spent Media on Stability of IgG1). GS null CHO CAT-S cells were grown using four representative feed strategies for typical cell culture processes in industry. At the inoculation stage of this process the cell culture was spiked with known concentrations of IgG1(b) and measured with protein A chromatography daily, to ascertain IgG1 loss throughout the cell culture process. IgG1 loss was observed across the four different feed strategies at spiked IgG1 concentrations ranging from ~50mg/L to ~1500mg/L. Total IgG1 losses between 5.22% to 22.29% were recorded; this indicates a potential for the cell culture process itself to impact mAb stability in the exogenous media, independent of mAb expression. 

[bookmark: _Toc16448999]4.1	Introduction
Previous experiments were conducted to see if the potential for IgG1 loss throughout the cell culture process existed. IgG1 loss was recorded when four IgG1s were incubated in spent media sampled throughout the cell culture process. The research presented in this chapter aims to expand upon the results obtained in Effects of Spent Media on Stability of IgG1 by measuring IgG1 concentrations throughout the cell culture process where the environmental conditions are maintained throughout. Experimenting with a variety of IgG1 concentrations could indicate potential causes of the identified IgG1 loss. Consistent total IgG1 loss, observable across the range of concentrations, could potentially indicate an interaction between IgG1 and cellular debris. At low IgG1 concentrations, such as ~60mg/L, these losses would account for a high proportion of the total IgG1 being produced. At higher IgG1 concentrations, such as 3g/L, the total IgG1 lost would account for a smaller proportion of the total IgG1 produced and thus the total amount of IgG1 lost would be considered less significant. Increased total IgG1 loss at higher concentrations may indicate molecular crowding issues that could result in considerable IgG1 loss at higher concentrations. 

Given that IgG1 titres from a typical bioreactor process are a consequence of the growth patterns laid out in 1.2 Media in Literature Review, early stages of the cell culture process have smaller IgG1 accumulation and thus the total IgG1 loss recorded was compared against known titre data for the specific production run for the IgG1 that was used. This allows for a more accurate prediction of total IgG1 loss throughout the cell culturing process.

[bookmark: _Toc481073027][bookmark: _Toc16449000]4.2	Materials and Methods
[bookmark: _Toc16449001]4.2.1	IgG1
IgG(b) was provided by MedImmune (Cambridge, UK), it was chosen from the four IgG1s analysed in Effects of Spent Media on Stability of IgG1 owing to it demonstrating a consistent reduction in concentration, in addition to its being able to have batch concentrations ranging from 50mg/mL to 150mg/mL. The IgG(b) was formulated at 153.3mg/mL in 30mM L-Histidine, 170mM Trehalose at pH 5.5.

[bookmark: _Toc16449002]4.2.2	Spiked Bioreactors
CD-CHO media and associated CD-CHO EfficientFeedTM A and CD-CHO EfficientFeedTM B, were obtained from Invitrogen (Life Technologies Ltd, Paisley, UK); M4C-M16 media and M4C-F2 Liquid Feed, were obtained from MedImmune (Cambridge, UK) the chemical composition of all media are defined but proprietary information.

The GS null CHO CAT-S cells were inoculated into four separate DASGIP® 7L stirred tank glass bioreactors (Eppendorf, Stevenage, UK) and subjected to differing feed strategies. Feed Strategy-A (FS-A) utilised CD-CHO only, Feed Strategy-B (FS-B) utilised CD-CHO with 15% (of initial 3L volume) EfficientFeedTM A added on day 0 (inoculation) and an additional 10% (of initial 3L volume) of EfficientFeedTM A added on days 3, 6 and 9. Feed Strategy-C (FS-C) utilised CD-CHO with 7.5% (of initial 3L volume) of EfficientFeedTM A and 7.5% (of initial 3L volume) EfficientFeedTM B added on day 0, an additional 5% (of initial 3L volume) of EfficientFeedTM A and 5% (of initial 3L volume) of EfficientFeedTM B were added on days 3, 6 and 9. Feed Strategy-D (FS-D) utilised M4C-M16 media with 6.35% (of initial 3L volume) M4C‑F2 Liquid Feed added on days 2, 4, 6, 8, 10 and 12. Glucose and antifoam were added to all bioreactors as needed (Table 4‑1). Following inoculation of the reactors with cells, purified material (IgG(b)) was spiked into the reactors to a final concentration of ~60mg/L.

Samples were taken daily and analysed for pH, pCO2 mmHg, pO2 mmHg, mOsm/kg, glucose g/L and lactate g/L using a BioProfile FLEX (Nova Biomedical, Flintshire, UK). Following analysis, the samples were centrifuged at 3,000rpm (537g) for 5 minutes in a Megafuge 1.0 (Heraeus). Supernatant samples were collected and stored at ‑80°C.

Protein A HPLC (PA ImmunoDetection® Sensor Cartridge for Perfusion ImmunoassayTM Technologie Applied Biosystems, Thermofisher, UK) was conducted on samples to identify IgG1 concentration at mg/mL. Total IgG1 concentration was calculated taking into account total volume changes resulting from feed, base, glucose, antifoam and sampling. Each cell culture process was harvested on day 14, centrifuged pellets were retained and stored at -80°C.
[bookmark: _Ref522447620][bookmark: _Ref523750714][bookmark: _Ref522447615][bookmark: _Toc16449057]Table 4‑1 – Feed strategies used in both bioreactor and shake flask experiments
	Feed Strategy
	Primary Medium
	Volume
	Feed
	Feed Days
	Volume
	Glucose maintained between 5g/L and 8g/L.

Antifoam added as needed

	
	
	Bioreactor
	Shake Flasks
	
	
	Bioreactor
	Shake Flasks
	

	FS-A
	CD-CHO
	3000mL
	250mL
	None
	None
	N/A
	N/A
	

	FS-B
	CD-CHO
	3000mL
	N/A
	CD-CHO Efficient Feed A
	0
	450mL
	N/A
	

	
	
	
	
	
	3, 6 & 9
	300mL
	N/A
	

	FS-C
	CD-CHO
	3000mL
	200mL
	CD-CHO Efficient FeedTM A
	0
	225mL
	15mL
	

	
	
	
	
	
	3, 6 & 9
	150mL
	10mL
	

	
	
	
	
	CD-CHO Efficient FeedTM B
	0
	225mL
	15mL
	

	
	
	
	
	
	3, 6 & 9
	150mL
	10mL
	

	FS-D
	M4C-M16
	3000mL
	200mL
	M4C-F2 Liquid Feed
	2, 4, 6, 8, 10 & 12
	190.5mL
	12.7mL
	



[bookmark: _Toc16449003]4.2.3	Spiked Shake Flasks
CD-CHO media and associated CD-CHO EfficientFeedTM A and CD-CHO EfficientFeedTM B, were obtained from Invitrogen (Life Technologies Ltd, Paisley, UK); M4C-M16 media and M4C-F2 Liquid Feed, were obtained from MedImmune (Cambridge, UK). The chemical composition of all media are defined but proprietary information. 

The GS null CHO CAT-S cells were inoculated into 25 separate 1000mL, vented, baffled Erlenmeyer shake flasks and subjected to differing feed strategies (Table 4‑1). FS-B was discarded as a variable for the shake flask study. High lactate levels indicated that FS-B would not be a preferred feed strategy for industrial processes and the focus of this study was on feed strategies that more closely mimic in house processes. Following inoculation of the flasks with cells, purified material (IgG(b)) was spiked into the reactors to a range of concentrations; 50mg/L, 60mg/L, 100mg/L, 150mg/L, 200mg/L, 250mg/L, 500mg/L, 750mg/L, 1125mg/L and 1500mg/L. The shake flask cultures were maintained in Multitron standard incubators (Infors, HT, Switzerland), the FS-A and FS-C processes at 36.5°C, 6% CO2, 70% relative humidity, shaken at 140rpm with an orbital throw of 25 mm. The FS-D process was controlled at 35.5°C, 5% CO2, 70% relative humidity, shaken at 140rpm with an orbital throw of 25 mm.

Samples were taken daily and analysed for glucose (g/L) and lactate (g/L) using the YSI 2900D Biochemistry Analyzer (YSI Incorporated, OH, USA). Following analysis, the samples were centrifuged at 13,000rpm (16,060g) for 5 minutes in a Biofuge pico (Heraeus). Supernatant samples were collected, and centrifuged pellets were retained, both were stored at -80°C.

Protein A HPLC (PA ImmunoDetection® Sensor Cartridge for Perfusion ImmunoassayTM Technologie Applied Biosystems, Thermofisher, UK) was conducted on samples to identify IgG1 concentration at mg/mL. Total IgG1 concentration was calculated taking into account total volume changes resulting from feed, base, glucose, antifoam and sampling. Each shake flask culture was harvested of day 14, centrifuged pellets were retained and stored at -80°C.

[bookmark: _Toc16449004]4.3	Results and Discussion
In order to show that similar results were achieved in the bioreactor and shake flask studies the 60mg/L IgG(b) concentration was duplicated in FS-D and FS-A (Figure 4‑1 and Figure 4‑2). When correcting for volume changes in IgG(b) the results showed a similar trend, although the shake flask results were more sensitive owing to the lower volumes being used.

[bookmark: _Ref522446051][bookmark: _Toc16449381][image: ]Figure 4‑1 – Total IgG1 (mg) in cell culture throughout a cell culture run in a 5L bioreactor, corrected for volume changes throughout run. Spiked to ~60mg/L of IgG(b) utilising Feed Strategy-A (FS-A) and Feed Strategy-D (FS-D) n=1.
[bookmark: _Toc481073028]
[image: ]
[bookmark: _Ref522446059][bookmark: _Toc16449382]Figure 4‑2 – Total IgG1 (mg) in cell culture throughout a cell culture run in a 1L vented, baffled shake flask, corrected for volume changes throughout run. Spiked to ~60mg/L of IgG(b) utilising Feed Strategy-A (FS-A) and Feed Strategy-D (FS-D) n=1.

In both Figure 4‑1 and Figure 4‑2 a downward trend of a similar trajectory is observed in FS-A. FS-D demonstrates a downward trend until day 8, where the total amount of IgG1 protein begins to plateau, this is clearer in the bioreactor samples owing to the higher quantities of IgG1 reducing the effects of standard error. While the FS-D results appear to be accumulating IgG1 upon initial visual observations, IgG1 concentrations only appear to be increasing because we are dealing with such low concentrations. A change of only 1mg of product is observed throughout the process, because of this small volume, the standard error is affecting it more. A variation range of 1mg in the bioreactors is less visible because of the scale used in Figure 4‑2, in the shake flasks the observed variation is 1mg out of 4.5mgs and in the bioreactors the observed variation is 1mg out of 40mg. 
[image: ]
[bookmark: _Ref522447126][bookmark: _Toc16449383]Figure 4‑3 – Total IgG1 (mg) in cell culture throughout a cell culture run in bioreactors, corrected for volume changes throughout run. Spiked to ~60mg/L of IgG(b) n=1.

The initial bioreactor study demonstrated a drop in IgG(b) concentration across all four feeding strategies (Figure 4‑3). With FS-D appearing to show the greatest loss from an IgG(b) concentration of ~165mg to ~140mg.

[image: ]
[bookmark: _Ref522447318][bookmark: _Toc16449384]Figure 4‑4 – Percentage change from total IgG1 (mg) in cell culture recorded following inoculation on day 0 of the run in bioreactors, corrected for volume changes throughout run. Spiked to ~60mg/L of IgG(b) n=1.

When correcting for changes in volume throughout the cell culture process, all feed strategies show a percentage in IgG(b) loss from the initial day 0 IgG1 concentration (Figure 4‑4). Feed strategies A and C had similar percentage reductions at 11.35% and 12.01% respectively. FS-B showed the least reduction in IgG(b) at 8.12% and FS‑D showed the highest reduction at 15.77%.

NOTE: FS-A flasks contain greater total IgG1 as they have a greater start volume to maintain appropriate working volumes throughout the process.
a)
b)
c)
d)
e)

[bookmark: _Ref522447819][bookmark: _Toc16449385]Figure 4‑5a-e – Total IgG1 (mg) in cell culture throughout a cell culture process in 1L vented, baffled shake flasks, corrected for volume changes throughout cell culture process. Spiked at a range of concentrations from ~250mg/L to 1500mg/L of IgG(b) across three feed strategies (FS-A, FS-C and FS-D) n=1.

The shake flask study demonstrated a drop in IgG(b) concentrations across all three feed strategies regardless of initial IgG1 concentration, the trend remained similar across all five IgG(b) concentrations (Figure 4‑5a-e). The percentage change also demonstrated a consistent trend (Figure 4‑6a-c), with FS-C showing the greatest reduction in concentration at approximately 36%. FS-A showed a concentration reduction of approximately 23% and FS-D showed a concentration reduction of approximately 21%.


a)
b)
c)

[bookmark: _Ref522448213][bookmark: _Toc16449386]Figure 4‑6a-c – Percentage change from total IgG1 (mg) in cell culture recorded following inoculation on day 0 of the run. Includes both bioreactor and shake flask data. Spiked at a range of concentrations from ~60mg/L to 1500mg/L of IgG(b) n=1.

Calculations were conducted to ascertain how the percentage changes relate to a representative run of IgG(b) (Table 4‑2). FS-D indicated the least reduction at 5.22% overall, FS-C showed the highest reduction at 22.29%. FS-A calculations could only be conducted up to day 11 as the cells died off early using this strategy. However, when considering this in relation to the amount of IgG1 loss that had occurred at day 11 in feed strategies C and D (26.61% and 6.23% respectively) it falls at a similar position between the other two results.
[bookmark: _Ref523751022][bookmark: _Toc16449058]Table 4‑2 – Total loss of IgG1 when compared to IgG(b) batch specific product run. NOTE: FS-A shake flasks cells died on day 11, the theoretical loss has been calculated based on the day 11 representative run concentration.
	Day of Cell Culture
	IgG(b) Concentration mg/L Representative Run
	Feed Strategy A
	Feed Strategy C
	Feed Strategy D

	
	
	% loss per day
	Theoretical Loss (mg/L)
	% loss per day
	Theoretical Loss (mg/L)
	% loss per day
	Theoretical Loss (mg/L)

	0
	0
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00

	1
	14
	1.04
	0.15
	0.64
	0.09
	1.53
	0.21

	2
	28
	1.43
	0.40
	1.42
	0.40
	2.65
	0.74

	3
	47
	1.14
	0.54
	1.12
	0.53
	1.49
	0.70

	4
	101
	1.40
	1.41
	1.35
	1.36
	2.01
	2.03

	5
	180
	1.76
	3.17
	1.88
	3.38
	3.59
	6.46

	6
	374
	2.06
	7.70
	3.39
	12.67
	4.25
	15.91

	7
	571
	2.04
	11.65
	3.70
	21.11
	2.24
	12.77

	8
	802
	1.89
	15.16
	3.94
	31.79
	2.37
	18.98

	9
	1050
	7.15
	75.08
	2.84
	29.80
	0.72
	7.53

	10
	1219
	0.64
	7.80
	0.96
	11.65
	0.00
	0.00

	11
	1233
	0.64
	7.89
	0.96
	11.78
	0.00
	0.00

	12
	1237
	-
	-
	0.27
	3.41
	0.69
	8.51

	13
	1454
	-
	-
	3.64
	52.87
	0.14
	2.07

	14
	1472
	-
	-
	10.00
	147.23
	0.06
	0.93

	Total Theoretical Loss (mg/L)
	130.94
	328.07
	76.85

	Actual % of IgG(b) lost
	10.62%
	22.29%
	5.22%



A Spearman’s Rank order correlation coefficient was computed to assess the relationship between the percentage of IgG1 loss in relation to the Total Cell Number (TCN) x106 cells/mL and Non-Viable Cell Number (nVCN) x106 cells/mL (see Table 9‑6, Table 9‑7 and Table 9‑8 in Appendix. Positive correlation was identified between TCN x106 cells/mL and nVCN x106 cells/mL across all feed strategies, with the greater correlation seen in relation to the number of nVCN x106 cells/mL (Table 4‑3). The amount of IgG1 loss in the cell culture increases as the number of non-viable cells in culture increase.
[bookmark: _Ref522448113][bookmark: _Toc16449059]Table 4‑3 – Spearman’s Rank order correlation coefficient results when comparing the variables of percentage IgG1 loss against TCN x106 cells/mL and nVCN x106 cells/mL.
	
	FS-A
	FS-C
	FS-D

	TCN x106 cells/mL
	rs
	0.86713
	0.83571
	0.675

	
	N
	5
	5
	5

	
	P
	2.59812E-4
	1.04447E-4
	0.00576

	nVCN x106 cells/mL
	rs
	0.97203
	0.95979
	0.89286

	
	N
	5
	5
	5

	
	P
	1.28681E-7
	1.51293E-8
	7.49474E-6



The results for 60mg/L on the FS-A bioreactor (Figure 4‑6a) and FS-C bioreactor (Figure 4‑6b) were noticeably different from those seen in the shake flask results. As such, the experiment was repeated in shake flasks ranging from 50mg/L to 200mg/L in order to ascertain if this was related to the lower concentration or the variation in methods.
[bookmark: _Ref522454549][image: ]
[bookmark: _Ref532898113]Figure 4‑7 – Percentage change from total IgG1 (mg) in cell culture recorded following inoculation on day 0 of the run. Includes both bioreactor and shake flask data. Spiked at a range of concentrations from ~60mg/L to 1500mg/L of IgG(b) using the feed strategy A protocol (FS-A) n=1.
The addition of data from the 60mg/L shake flask follows a very similar trend to the data from the higher concentrations (Figure 4‑7).
[image: ]
[bookmark: _Ref522454681][bookmark: _Toc16449387]Figure 4‑8 – Percentage change from total IgG1 (mg) in cell culture recorded following inoculation on day 0 of the run. Includes both bioreactor and shake flask data. Spiked at a range of concentrations from ~60mg/L to 1500mg/L of IgG(b) using the feed strategy C protocol (FS-C) n=1.

Figure 4‑8 indicates similar losses across all of the shake flask results, with the exception of 50mg/L which showed less of a loss and a final total reduction similar to that seen in the bioreactor.

[image: ]
[bookmark: _Ref522454889][bookmark: _Toc16449388]Figure 4‑9 – Percentage change from total IgG1 (mg) in cell culture recorded following inoculation on day 0 of the run. Includes both bioreactor and shake flask data. Spiked at a range of concentrations from ~60mg/L to 1500mg/L of IgG(b) using the feed strategy D protocol (FS-D) n=1.

Figure 4‑9 indicates that the smallest reductions were seen in the 50mg/L shake flask and is more in line with a slight increase in loss related to concentration of IgG(b). Both FS-A (Figure 4‑7) and FS-C (Figure 4‑8) indicate that there is the potential for lower IgG(b) loss in bioreactors, possibly owing to the more controlled environment. However, FS-D (Figure 4‑9) did not repeat this trend, indicating that this phenomena is perhaps related to the low concentrations of IgG(b) used in the bioreactor experiment.

The bioreactor study was initially conducted in order to ascertain if the IgG1 loss observed in Effects of Spent Media on Stability of IgG1 was also occurring in controlled conditions. Given that these were DASGIP® 7L stirred tank glass bioreactors (Eppendorf, Stevenage, UK); the initial study was conducted at a lower concentration to confirm if IgG1 loss was occurring without using large quantities of product unnecessarily. Ultimately, this was seen to be the case, with the IgG1 loss occurring in all feed strategies, albeit with lower percentage losses than were seen in previous studies (Effects of Spent Media on Stability of IgG1). While a lower percentage loss was expected, the results indicated losses occurring between 8.12% and 15.77%. At low concentrations such as these, it was possible that this loss occurred as a result of the IgG1 sticking to the internal surfaces of the reactor, or that this loss was the maximum that would occur, becoming less significant at higher concentrations. In order to test this, shake flask studies were conducted that were comprised of smaller volumes, thereby allowing for higher concentrations of IgG1 to be used.

The results of the shake flask study indicate that not only is the IgG1 loss occurring at higher concentrations, but it is also occurring at similar rates across all of the concentrations from 21% to 36%. As the IgG1 concentration increases in a production process, the total amount of IgG1 loss would also increase. This has the potential to cause issues in production processes at higher concentrations as there is a possibility of losing up to 36% of the product. However, these results are from a spiked run whereby the total loss of IgG1 is 36%. In a representative run, lower quantities of IgG1 are unaccounted for in the earlier stages of the run, thereby reducing the actual percentage of IgG(b) loss to range from 5.22% to 22.29%. While still potentially significant, this provides a more relevant representation of total product loss within a manufacturing scenario.

Feed Strategy-D in particular can be used to show how this relates into a real production process. The percentage loss recorded throughout the run is cumulative. We can see in FS-D that the average IgG1 reduction is 21%. However, FS-D results indicate that the first 20% of that loss occurred prior to day 8, where the representative concentration was at 802mg/L. The final 1% of loss occurred in the final 6 days where the representative concentration was increasing, meaning that more protein was lost at the beginning of the run when product concentrations were lower as opposed to percentage loss occurring at later states where the product concentrations were higher, as in FS-A and FS-C. This resulted in a reduction in the total percentage of IgG1 lost in the FS-D shake flasks.

When looking at Figure 4‑6a-c in 4.3	Results and Discussion, a visual observation indicated potential similarities between the percentage of IgG1 lost and the number of cells in culture. A Spearman’s Rank order correlation coefficient was computed to assess this relationship. The results of this indicated that a correlation does exist, not just in the total number of cells in culture, but there was also a stronger correlation with the number of non-viable cells in culture. This potentially indicates that the interaction that is causing the IgG1 to drop out of solution is occurring because of cell numbers. This leads to two potential hypotheses, the first is that the IgG1 is interacting with the outside of the cell and being centrifuged out with the cellular debris. An issue with this hypothesis is that if that were the case then the IgG1 loss observed in Effects of Spent Media on Stability of IgG1 would not have been as great as a large amount of cellular debris had been centrifuged out in advance of the spent media samples being spiked with IgG1. Additionally, the observed IgG1 loss would not have been occurring throughout the cell culture process in the way that was recorded as there is less cellular debris in the earlier stages of the run. IgG1 loss associated with cellular debris would have presented as an increase in IgG1 loss in samples taken at later stages of the cell culture run with the greatest IgG1 loss observable in the day 14 samples, which was not the case. While there is still a possibility that the IgG1 is being centrifuged out in the pellet, on this occasion it does not appear to be caused solely by an interaction with the cellular debris. It is more likely that the IgG1 is interacting with itself to form aggregates of sufficient density to be centrifuged out, regardless of the presence of cellular debris.

The second hypothesis is that an intracellular component is being released into the media that is interacting with the IgG1. This may either be leading to aggregation, thus dropping out of solution [126, 188, 189]; or, the IgG1 is being cleaved to such a degree that it has been destroyed by enzymes or proteases. The stronger correlation between non-viable cell numbers supports the theory of intracellular components being released into the media and affecting the IgG1. 
This study was conducted on IgG(b) only, as such, it is possible that this phenomena is only observed with this IgG1. Further analysis needs to be conducted on additional IgG1s to ascertain the full extent of these results. Additionally, particle analysis can be conducted in order to attempt to identify the type of interactions that are leading to the observed reductions of IgG1. By identifying the interactions, we can begin to understand the compositional changes that are occurring in the cell culture media leading to loss of IgG1.

[bookmark: _Toc481073030][bookmark: _Toc16449005]4.4	Conclusions
Analysis was conducted on IgG(b) spiked into controlled cell culture environments at known concentrations. Total IgG(b) mg/L was measured throughout the cell culture process indicating potential IgG1 percentage reductions between 21% and 36%. By comparing these percentages to representative product runs and taking into account lower IgG(b) concentrations at earlier stages of the run, total percentage of product loss was predicted at 5.22% to 22.29%. Correlations were computed between this product loss and cell numbers in culture, specifically with the number of non-viable cells in culture, indicating a potential for intracellular components to be responsible for the identified product loss.

In order to ascertain the potential extent of IgG1 loss, it is recommended that these experiments be repeated on a range of IgG1s. In addition, analysis of the lost IgG1 needs to be conducted in order to establish the nature of the observed IgG1 loss, such as investigating the presence of IgG1 in the pellet fraction after centrifugation.





Chapter 4 – Analysis of IgG1 Titres Throughout the Cell Culture Process






[bookmark: _Ref523998344][bookmark: _Ref523999470][bookmark: _Ref524002529][bookmark: _Toc16449006]Identifying Predictors of IgG1 Loss Occurring Throughout the Cell Culture Process 

[bookmark: _Toc16449007][bookmark: _Toc481073033]5.0	Summary		
Previous studies have demonstrated a potential for IgG1 loss to be occurring throughout the cell culture process. Total IgG1 reductions were recorded from 5.22% to 22.29% when analysing a single IgG1. GS null CHO CAT-S cells were grown utilising three representative feed strategies for typical cell culture in industry. At the inoculation stage of these processes the cell culture was spiked with known concentrations of four IgG1s and measured daily with protein A chromatography to ascertain IgG1 loss throughout the cell culture process.

Reductions in IgG1 concentration were observed across the three feed strategies at concentrations ranging from ~50mg/L to ~3000mg/L. Total IgG1 reductions between 7.14% and 21.50% were recorded with the specific IgG1 being identified as the primary predictor of IgG1 loss. Feed strategy was identified as a secondary predictor with evidence indicating that this is owing to the relationship between feed strategy and cell numbers in culture. IgG1 concentration did not affect the percentage of IgG1 lost throughout the cell culture process.

[bookmark: _Toc16449008]5.1	Introduction
Previous studies have identified a potential for mAb product loss to occur throughout the cell culture process as a result of compositional changes occurring within spent media (Effects of Spent Media on Stability of IgG1 and Analysis of IgG1 Titres Throughout the Cell Culture Process). Analysis conducted in Analysis of IgG1 Titres Throughout the Cell Culture Process demonstrated that this loss is occurring when spiking IgG(b) into GS null CHO CAT-S cell culture produced in environments where conditions are maintained throughout, as is standard in typical cell culture runs. IgG(b) concentration was measured and shown to have reduced by 5.22% to 22.29% of the initial spiked concentration.

A potential link was also identified between the amount of IgG1 unaccounted for and the number of non-viable cells in the cell culture run. Given that the initial study identifying potential product loss (Effects of Spent Media on Stability of IgG1) was conducted on spent media where cellular debris was already centrifuged out, a greater focus has been placed on the intracellular components that have been released into the media. Host cell proteins (HCPs) are naturally secreted into the supernatant throughout the cell culture process. GS null CHO CAT-S cells have demonstrated equivalent HCP compositions to recombinant protein producing cell lines [234], of which ~15% are known to bind to mAbs [142]. A number of the HCPs that have been found to have a detrimental effect on mAbs, occurred in instances where cell viability was below 10% [145], by which time a substantial portion of cells had undergone lysis, releasing intracellular components. 

The previous experiments were conducted to see if IgG1 loss was occurring throughout the cell culture process where the environmental conditions were maintained throughout. The focus in these studies was IgG(b), which has demonstrate a more consistent reduction in concentration than the other IgG1s. This research aims to expand upon this by confirming if this loss in occurring across a range of IgG1s, in addition to a greater range of IgG1 concentrations. Analysis will also be conducted in order to verify the links identified in Analysis of IgG1 Titres Throughout the Cell Culture Process between IgG1 loss and non-viable cell numbers, where it was observed that the amount of IgG1 loss that was recorded in cell culture, increases in line with an increase in the number of non-viable cells in cell culture.
[bookmark: _Toc481073034]
[bookmark: _Toc16449009]5.2	Materials and Methods
[bookmark: _Toc16449010]5.2.1	IgG1 
Four IgG1s were provided by MedImmune (Cambridge, UK) in order to test a range of mAbs from easy to express to IgG1s that have been harder to work with, Table 5‑1 provides details relating to these mAbs. IgG(e) is humanised IgG1 TM, κ antibody with a peptide moiety fused to the N-terminus of the light chain.




[bookmark: _Ref522459014][bookmark: _Toc16449060]Table 5‑1 – IgG1s provided by MedImmune (Cambridge, UK)
	Name
	Type
	Molecular Weight (Da)
	Batch Concentration
	Buffer

	IgG(a)
	IgG1κ
	144,754
	44.9 mg/mL
	25mM Histidine, 235mM sucrose, pH 6.0

	IgG(b)
	IgG1λ YTE
	~148,000
	56.0 mg/mL
	30mM L-histidine, 170mM trehalose, pH 5.5

	IgG(d)
	IgG1λ
	~148,000
	50.0 mg/mL
	25mM Histidine, 25mM Arginine, 7% sucrose, Polysorbate 80, pH 6.0

	IgG(e)
	IgG1 TMκ
	158,798
	100.0 mg/mL
	25mM Histidine/Histidine HCl, 170mM arginine, 0.02% PS80, pH 6.0



5.2.2 [bookmark: _Toc16449011]Spiked Shake Flasks
CD-CHO media and associated CD-CHO EfficientFeedTM A and CD-CHO EfficientFeedTM B, were obtained from Invitrogen (Life Technologies Ltd, Paisley, UK); M4C-M16 media and M4C-F2 Liquid Feed, were obtained from MedImmune (Cambridge, UK). The chemical composition of all media are defined but proprietary information. GS null CHO CAT-S cells were inoculated into 37 separate, vented, baffled Erlenmeyer flasks and subjected to different feed strategies (Table 5‑2). Following inoculation of the flasks with cells, purified material (IgG(a/b/d/e)) was spiked into the reactors to a range of concentrations (Table 5‑2). The flasks were maintained in Multitron standard incubators (Infors, HT, Switzerland), FS-A and FS-C processes at 36.5°C, 6% CO2, 70% relative humidity, shaken at 140rpm with an orbital throw of 25 mm. The FS-D process was maintained at 35.5°C, 5% CO2, 70% relative humidity, shaken at 140rpm with an orbital throw of 25 mm.

Samples were taken daily and analysed for glucose g/L and lactate g/L using the YSI 2900D Biochemistry Analyzer (YSI Incorporated, OH, USA). Following analysis, the samples were centrifuged at 13,000rpm (16,060g) for 5 minutes in a Biofuge pico (Heraeus). Supernatant samples were collected and centrifuged, pellets were retained, both were stored at -80°C.

Protein A HPLC (PA ImmunoDetection® Sensor Cartridge for Perfusion ImmunoassayTM Technologie Applied Biosystems, Thermofisher, UK) was conducted on samples to identify IgG1 concentration at mg/mL. Total IgG1 concentration was calculated taking into account total volume changes resulting from feed, base, glucose, antifoam and sampling. 
[bookmark: _Ref522459022][bookmark: _Ref523752074][bookmark: _Ref524011386][bookmark: _Toc16449061]Table 5‑2 – Feed strategies used in shake flask experiment and IgG1 ((a), (b), (d) or (e)), spiked in at day 0 (inoculation) of a cell culture run to the stated concentration
	Feed Strategy
	Primary Medium
	Start Volume
	Feed
	Feed Days
	Feed - % of start volume
	IgG
	IgG Conc. (mg/L)

	FS-A
	CD-CHO
	100mL
	None
	None
	N/A
	IgG (a)
	250

	
	
	
	
	
	
	
	1500

	
	
	
	
	
	
	
	3000

	
	
	
	
	
	
	IgG (d)
	250

	
	
	
	
	
	
	
	750

	
	
	
	
	
	
	
	1125

	
	
	
	
	
	
	
	1500

	
	
	
	
	
	
	
	3000

	
	
	
	
	
	
	IgG (e)
	250

	
	
	
	
	
	
	
	1500

	
	
	
	
	
	
	
	3000

	FS-C
	CD-CHO
	85mL
	CD-CHO Efficient FeedTM A
	0
	7.5
	IgG (a)
	1500

	
	
	
	
	
	
	
	3000

	
	
	
	
	
	
	IgG (d)
	250

	
	
	
	
	3, 6 & 9
	5
	
	750

	
	
	
	
	
	
	
	1125

	
	
	
	CD-CHO Efficient FeedTM B
	0
	7.5
	
	1500

	
	
	
	
	
	
	
	3000

	
	
	
	
	3, 6 & 9
	5
	IgG (e)
	1500

	
	
	
	
	
	
	
	3000

	FS-D
	M4C-M16
	80mL
	M4C-F2 Liquid Feed
	2, 4, 6, 8, 10 & 12
	6.35
	IgG (a)
	1500

	
	
	
	
	
	
	
	3000

	
	
	
	
	
	
	IgG (d)
	250

	
	
	
	
	
	
	
	750

	
	
	
	
	
	
	
	1125

	
	
	
	
	
	
	
	1500

	
	
	
	
	
	
	
	2000

	
	
	
	
	
	
	
	2500

	
	
	
	
	
	
	
	3000

	
	
	
	
	
	
	IgG (e)
	1500

	
	
	
	
	
	
	
	3000


[bookmark: _Toc481073035][bookmark: _Toc16449012]5.3	Results and Discussion
a)
b)
c)

[bookmark: _Ref522551603][bookmark: _Toc16449389]Figure 5‑1a-c – Percentage of IgG1 loss recorded in shake flasks spiked to concentrations ranging from 250mg/L to 3000mg/L of IgG(d). Shake flasks utilised feed strategies A (FS-A), C (FS-C) and D (FS-D) n=1.

Figure 5‑1a-c shows the recorded percentage reductions for shake flasks spiked with IgG(d). The results of this indicate similar IgG(d) loss regardless of concentration. Figure 5‑1a had reductions ranging from 15.6% to 16.0%, Figure 5‑1b had reductions ranging from 16.9% to 19.0% and Figure 5‑1c had reductions ranging from 15.0% to 18.3%. In addition to indications that IgG1 concentration is not a driving factor in IgG1 loss, all three feed strategies showed similar IgG1 loss as can be seen in Figure 5‑2.

[image: ]
[bookmark: _Ref522552267][bookmark: _Toc16449390][bookmark: _Ref522554285]Figure 5‑2 – Average percentage of IgG1 loss by three feed strategies (FS-A, FS-C and FS-D). 
Average loss was calculated using a total of 53 shake flask results, FS-A=17, FS-C=18 and FS-D=21. IgG1 concentration ranges were from 50mg/L to 3000mg/L across four IgG1s (a), (b), (d) and (e).

In order to produce Figure 5‑2, results from Analysis of IgG1 Titres Throughout the Cell Culture Process were also utilised allowing a greater data set to be used. The average IgG1 unaccounted for throughout the cell culture process utilising strategy FS-A was 17.14% (±1.72, n=17). For FS-C the average reduction was 21.24% (±2.45, n=18) and for FS-D the average reduction was 17.78% (±1.54, n=21).
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[bookmark: _Ref522554234][bookmark: _Toc16449391]Figure 5‑3a-c – Average percentage loss of four IgG1s (IgG(a), IgG(b), IgG(d) and IgG(e)) spiked into cell culture runs utilising three feed strategies (FS-A, FS-C and FS-D). Spiked IgG1 concentrations ranged from ~50mg/L to ~3000mg/L.

Figure 5‑3a-c show a greater variation in the results than was seen in Figure 5‑1a-c and Figure 5‑2, indicating that the type of IgG1 has more bearing on the total amount of IgG1 lost throughout the cell culture process. In all three feed strategies IgG(b) demonstrated the greatest loss which is in line with the results seen in Effects of Spent Media on Stability of IgG1. The least amount of loss observed is in IgG(e), this IgG was not included in previous studies as it was not available at the time.

Stepwise regression analysis was conducted on this data in order to confirm the observed results and identify which of the three predictive variables had the greatest, statistically significant, effects on IgG1 loss; feed strategy, type of IgG1 or IgG1 concentration. No correlation was identified across the 12 IgG1 concentrations used in the study (50mg/L, 100mg/L, 150mg/L, 200mg/L, 250mg/L, 500mg/L, 750mg/L, 1125mg/L, 1500mg/L, 2000mg/L, 2500mg/L and 3000mg/L), indicating that IgG1 concentration has little effect on IgG1 loss in cell culture. Two models were returned as potentially significant (Table 5‑3).
[bookmark: _Ref522607079][bookmark: _Toc16449062]Table 5‑3 – Summary statistics for stepwise regression models describing predictors of IgG1 loss.
	
	Statistics

	Model
	Day
	R2
	Adjusted R2
	Sig. F Change

	1
	Type of IgG1
	2
	.324
	.308
	.000

	
	
	3
	.198
	.180
	.002

	
	
	4
	.194
	.175
	.002

	
	
	5
	.251
	.234
	.000

	
	
	6
	.293
	.277
	.000

	
	
	7
	.230
	.212
	.001

	
	
	8
	.294
	.277
	.000

	
	
	9
	.211
	.193
	.001

	
	
	10
	.273
	.256
	.000

	
	
	11
	.244
	.227
	.001

	
	
	12
	.229
	.209
	.002

	
	
	13
	.155
	.133
	.012

	
	
	14
	.318
	.297
	.001

	2
	Feed strategy
	5
	.334
	.302
	.027

	
	
	6
	.384
	.355
	.017

	
	
	8
	.364
	.334
	.037

	
	
	13
	.253
	.212
	.034

	
	
	14
	.404
	.366
	.042


 
The stepwise option begins with all potential variables in the model and proceeds backwards, removing one variable at a time. At each step, the program analyses the variable currently in the model, it computes the t-statistic for its estimated coefficient, squares it, and reports this as its "F-to-remove" statistic. For each variable not in the model, it computes the t-statistic that its coefficient would have if it were the next variable added, squares it, and reports this as its "F-to-enter" statistic. At the next step, the program automatically enters the variable with the highest F-to-enter statistic, or removes the variable with the lowest F-to-remove statistic, in accordance with certain control parameters that have been specified [191]. 

At each step in the stepwise process, the program must effectively fit a multiple regression model to the variables in the model in order to obtain their F-to-remove statistics and it must effectively fit a separate regression model for each of the variables not in the model in order to obtain their F-to-enter statistics. The computational simplicity of the stepwise regression algorithm re-emphasizes the fact that, in fitting a multiple regression model, the only information extracted from the data is the correlation matrix of the variables and their individual means and standard deviations. The same computational trick is used in all-possible-regressions [191].

The stepwise approach is much faster than other regression methods and is less prone to overfitting the data. Additional information can be identified by observing the order in which variables are added or removed, with the final proposed models being simpler and producing less ranking data which can be too complex to evaluate [191].
Stepwise regression proceeds step by step along a single path, with minimal back-testing. The procedure re-tests variables using the forward backward combination but it is limited to the previous step only and will not revisit variables removed earlier in the process. 

The essential problems with stepwise methods have been summarised as:
1.  R2 values are biased high.
2. The F statistics do not have the claimed distribution.
3. The standard errors of the parameter estimates are too small.
4. Consequently, the confidence intervals around the parameter estimates are too narrow.
5. p-values are too low, due to multiple comparisons, and are difficult to correct.
6. Parameter estimates are biased away from 0.
7. Collinearity problems are exacerbated.

This can mean that parameter estimates are too far from zero and variance estimates for those parameter estimates can also be incorrect, subsequently impacting confidence intervals and hypothesis tests. Improperly used, stepwise regression may converge on a poor model while providing a false sense of security. However, using stepwise regression as a screening method shows better results as has been developed by Wang (2009) [235]. Essentially, the results of stepwise regression can be applied to infer potential trends but caution should be exercised when deriving hard data [193].

The results of the stepwise regression (Table 5‑3) indicate that the amount of IgG1 lost throughout the cell culture process is predominantly a result of the identity of the IgG1. However, there is also evidence that the feed strategy does have some impact, particularly on days 5, 6, 8, 13 and 14. 

Calculations were conducted to ascertain how the percentage changes relate to representative runs of IgG1s (a), (b), (d) and (e) (Table 5‑4). FS-D indicated the least loss overall ranging from 10.08% to 11.89%. FS-A indicated the greatest reduction from 7.27% to 21.50%. Of the FS-A spiked runs only one reached day 14, this is the run that produced the result of 21.50% indicating that the comparatively low results of the other shake flask cultures are the effect of these runs being harvested at an earlier time point. FS-C results fell closer to FS-D ranging from 7.14% to 14.89%. 

Table 5‑3 identifies the potential for some of the reduction in IgG1 to be related to the feed strategy. Analysis of IgG1 Titres Throughout the Cell Culture Process identified Total Cell Number (TCN) and Non-Viable Cell Number (nVCN) (see Table 9‑4 to Table 9‑17 in Appendix) as potentially relating to the observed loss in IgG1. A Spearman’s Rank order correlation coefficient was computed to assess the relationship between the percentage of IgG1 loss in relation to the TCN x106 cells/mL and nVCN x 106 cells/mL across all feed strategies and IgG1s, with the greater correlation seen in relation to the number of nVCN x106 cells/mL (Table 5‑5). The amount of IgG1 loss in the cell culture increases as the number of non-viable cells in culture increases. This is observable across all IgG1s and feed strategies.
[bookmark: _Ref522634819]Table 5‑4 – Total loss of IgG1 when comparing observed loss of protein (%) per day against predicted batch specific product runs. *Cell culture process was harvested early owing to low cell viability, calculations were conducted on samples taken on the day of harvest and compared to predicted IgG1 concentrations for that day.
	IgG
	Feed Strategy
	Observed Percentage of IgG1 loss (%)
	Total Theoretical Loss mg/L
	Corrected Percentage of IgG1 loss (%)

	(a)
	A
	18.93*
	56.49*
	7.27*

	
	C
	21.61
	67.06
	8.01

	
	D
	20.02
	97.59
	11.65

	(b)
	A
	34.21
	316.42
	21.50

	
	C
	28.03
	219.22
	14.89

	
	D
	20.81
	150.72
	10.24

	(d)
	A
	15.91*
	231.84*
	7.86*

	
	C
	18.05
	422.23
	12.27

	
	D
	17.13
	346.75
	10.08

	(e)
	A
	18.91*
	507.93*
	9.68*

	
	C
	17.25
	391.24
	7.14

	
	D
	13.18
	650.95
	11.89


[bookmark: _Ref522623413][bookmark: _Ref523752190][bookmark: _Toc16449063]


Table 5‑5 – Spearman's Rank order correlation coefficient results when comparing the variables of percentage IgG1 loss against TCN x106 cells/mL and nVCN x106 cells/mL. *Correlation is significant at the 0.001 level.
	IgG(a)

	
	FS-A
	FS-C
	FS-D

	TCN x106 cells/mL
	rs
	0.78616
	0.74374
	0.81166

	
	n
	42
	30
	30

	
	p
	0.000*
	0.000*
	0.000*

	nVCN x106 cells/mL
	rs
	0.95869
	0.97797
	0.94848

	
	n
	42
	30
	30

	
	p (3dp)
	0.000*
	0.000*
	0.000*

	IgG(b)

	
	FS-A
	FS-C
	FS-D

	TCN x106 cells/mL
	rs
	0.8105
	0.81754
	0.76117

	
	n
	75
	75
	135

	
	p
	0.000*
	0.000*
	0.000*

	nVCN x106 cells/mL
	rs
	0.93795
	0.87712
	0.80545

	
	n
	75
	75
	135

	
	p (3dp)
	0.000*
	0.000*
	0.000*

	IgG(d)

	
	FS-A
	FS-C
	FS-D

	TCN x106 cells/mL
	rs
	0.84852
	0.79973
	0.70515

	
	n
	60
	75
	105

	
	p
	0.000*
	0.000*
	0.000*

	nVCN x106 cells/mL
	rs
	0.92861
	0.96392
	0.97894

	
	n
	60
	75
	105

	
	p (3dp)
	0.000*
	0.000*
	0.000*

	IgG(e)

	
	FS-A
	FS-C
	FS-D

	TCN x106 cells/mL
	rs
	0.79556
	0.78407
	0.65065

	
	n
	42
	30
	30

	
	p
	0.000*
	0.000*
	0.000*

	nVCN x106 cells/mL
	rs
	0.96088
	0.94397
	0.92958

	
	n
	42
	30
	30

	
	p (3dp)
	0.000*
	0.000*
	0.000*



These results imply that the perceived correlation between IgG1 loss and feed strategy is actually a correlation between IgG1 loss and cell numbers, specifically non-viable cell numbers. The observed link with feed strategy being that feed strategy is designed to produce high cell counts with high viabilities and so the more efficient a feed strategy the lower the number of nVCN (x106 cells/mL). This indicates that one of the potential processes leading to IgG1 loss is related to a component of the cells that is released into the exogenous media following lysis of the cells.

This is particularly prominent in FS-D samples as the FS-D shake flask cultures reach their highest TCN (x106 cells/mL) at approximately day 8 and maintain a cell viability of 80-90% for the remainder of the cell culture process. This accounts for the comparatively low total percentage of IgG1 unaccounted for, as the majority of the cells that will undergo lysis have already done so by day 8 and the HCPs would have been released into the exogenous media at this stage. While, at day 8, approximately 50% of the total mAb titre will have been produced, meaning at the stage where the highest concentrations of HCP are being released into the exogenous media, only 50% of the final product is available for the interaction that is leading to IgG1 loss.

In contrast to this, both FS-A and FS-C have more linear IgG1 reduction corresponding to nVCN (x106 cells/mL) leading to sudden drops in cell viability at day 11 for FS-A and day 13 for FS-C. Comparatively, this leads to greater IgG1 reductions as cells are undergoing lysis and releasing internal HCPs when IgG1 titres are higher. Consequently, more IgG1 is available for the interaction that is leading to IgG1 loss and results in higher percentages of IgG1 being lost. 

Tait et al. 2009 [236] demonstrated that the HCP profile in supernatant is closely related to cell viability; however, studies such as these tend to focus on the harvest as opposed to the effects of HCPs throughout the cell culture process. Methods to measure HCP concentrations do not identify the HCP; instead, it provides information regarding HCP concentrations, which include HCPs that are released when cells have not undergone lysis. Additionally, comprehensive studies have yet to be conducted to explain HCP-mAb interactions as there are technical challenges related to identifying HCP species that are masked by mAbs [142]. As the HCPs of interest in this instance are specifically released at lysis, additional analysis should look at the IgG1 itself in order to understand what mechanism is leading to the observed IgG1 loss. Interactions between HCPs have been identified and can present in a number of ways that are detrimental to mAbs, such as precipitation [146], non-specific interactions of HCPs and mAbs, leading to aggregation, related to the high β-sheet content of mAbs [147] and protease activity [148, 149]. As glycoproteins, recombinant IgG1s are particularly susceptible to proteolytic degradation [145] as they are less resistant to proteolytic clipping than intact IgG1s in their CH2 domain. This was identified in Effects of Spent Media on Stability of IgG1 as a potential area for concern as the domain is in a reversible state of equilibrium where it is partially unfolded and then will return to its native state. In the presence of certain enzymes this partial unfolding results in the exposure of the glycosylation site, a site that is sensitive to proteolytic degradation and can result in the partially unfolded IgG1 being unable to return to its native state.

[bookmark: _Toc481073037][bookmark: _Toc16449013]5.4	Conclusions
Previous studies have indicated potential for loss of IgG1 throughout the cell culture process. This research aimed to expand upon this to ascertain if these losses could be observed across several IgG1s and IgG1 concentrations. IgG1 losses were recorded across a total of 68 different shake flask cultures utilising three feed strategies, four IgG1s and 12 IgG1 concentrations. Analysis indicated that the primary predictor of IgG1 loss was the type of IgG1, with the feed strategy as an additional predictor of IgG1 loss. IgG1 concentration did not affect the percentage of IgG1 lost throughout the cell culture process.

Further investigation into known variations that occur in relation to feed strategy indicated that the number of non-viable cells was a predictor of IgG1 loss. A potential cause of this is the release of HCPs into the exogenous media as a result of cell lysis. It is necessary to conduct additional analysis in order to ascertain the cause of the IgG1 loss, either through aggregation or proteolytic cleavage.






Chapter 5 – Identifying Predictors of IgG1 Loss Occurring Throughout the Cell Culture Process







[bookmark: _Ref523915472][bookmark: _Ref523915537][bookmark: _Ref524002436][bookmark: _Toc16449014]Potential Mechanisms Leading to Observed IgG1 Loss

[bookmark: _Toc16449015][bookmark: _Toc481073040]6.0	Summary
IgG1 loss in Identifying Predictors of IgG1 Loss Occurring Throughout the Cell Culture Process has been recorded throughout the cell culture at ranges from 7.14% to 21.50%. In order to understand the nature of the observed IgG1 loss, the research presented in this chapter has focussed on analysing the supernatant and cellular debris from cell culture processes, in order to identify potential mechanisms that could be leading to the observed IgG1 loss. Scanning Electron Microscopy (SEM) and SDS-PAGE analysis indicated the presence of IgG1 in discarded cellular debris, while also indicating potential for a portion of this unaccounted for IgG1 to be re-solubilised. Sub-visible particle analysis has indicated that the observed IgG1 loss was unlikely to be a result of amyloid-type self‑association.

The utilised analytical methods encountered considerable issues relating to the presence of host cell proteins (HCPs) and cellular debris that prevented more conclusive hypotheses being devised. Recommendations to expand this research were to refine methods to analyse IgG1 present in the cellular debris through the use of fluorescent tagging.

[bookmark: _Toc16449016]6.1	Introduction
The preceding chapters have focused on the potential for IgG1 loss to be occurring throughout the cell culture process by spiking known quantities of IgG1 in immediately after the inoculation stage of a cell culture process and measuring the IgG1 concentration throughout the cell culture process. These experiments established that there is a potential for IgG1 loss to be occurring throughout the cell culture process with percentage losses between 7.14% and 21.50% being recorded. 

A limitation of this research is that it has been working with large amounts of IgG1 being added to the cell culture at the beginning of a cell culture process which is not representative of IgG1 production throughout a cell culture process. In a typical cell culture process, the quantities of IgG1 produced are smaller in the early stages of the run and increase considerably during the stationary phase, from around day 8 of the run. Given that it is not possible to know how much IgG1 is being lost in a typical cell culture process without first being able to know how much IgG1 is being produced, this has raised the question of what is happening to the IgG1 that is dropping out of solution. Is the IgG1 aggregating and being centrifuged out with the pellet or is it being denatured into a fully unfolded state. If it is possible to identify where the unaccounted for IgG1 is going, it could provide a better understanding of how much IgG1 loss is occurring in standard cell culture processes and aid the design of culture processes and media to mitigate such losses

The aim of this research is to investigate the centrifuged pellet and supernatant in order to ascertain potential mechanisms for the observed IgG1 loss, with a view to aiding the development of additional analyses which could provide more accurate data on the amount of product loss that is occurring in typical cell culture process.
[bookmark: _Toc16449017]6.1.1	Scanning Electron Microscopy (SEM) 
The majority of methods for IgG1 detection and aggregation focus on the supernatant as there are a number of limitations when looking at crude material. The main area for concern is the cellular debris as this is of a sufficient size that it clogs most resins and masks detection of smaller molecules. Given that the cellular debris is not routinely analysed there is potential that the IgG1 is being centrifuged out with it into the pellet. The simplest method for attempting to identify IgG1 aggregation is by observing aggregates. The particles are too small for optical light microscopy so Scanning Electron Microscopy (SEM) has been utilised.

SEM is an imaging technique that uses electrons to see in far greater detail than can be seen in optical microscopy (Figure 6‑1). Electrons have a smaller wavelength than visible light which results in a higher diffraction limit. Electrons are generated by a Field Emission Gun (FEG) which uses an extremely strong electrostatic field to pull electrons from a metallic surface into a free vacuum. An anode, placed near the gun, accelerates the electrons towards the sample and they are passed over a condenser lens. This uses magnetic fields to converge the electron beam in a raster pattern across the sample surface to scan the topography of the sample and build a larger image from a small electron spot size. As the electrons interact with the samples they are deflected by the nucleus of the atoms in the sample, back towards the incident source where they are detected by the backscatter electron detector.

[bookmark: _Ref522811668][bookmark: _Toc16449392]Figure 6‑1 – Diagram of SEM [237] (adapted from nanoimages.com)
Electrons are emitted by the Field Emission Gun (FEG) and condensed on to the sample via a range of lens’ and electromagnetic fields. Following interaction with the nucleus of the atoms in the sample, the electrons are deflected back towards the electron source where they are detected by the Backscattered Electron Detector [238]. 

[bookmark: _Toc16449018]6.1.2	Gel Electrophoresis 
Gel electrophoresis is a separation method that uses disposable components, as such, the impact of cellular debris being too large to move through the gel does not lead to expensive replacement parts being required. The principle being that molecules with a net charge migrate along an electric field to the opposite pole. This allows separation of proteins according to size and charge. 

Two types of gel electrophoresis commonly used are SDS-PAGE and Native-PAGE. SDS-PAGE denatures the protein of interest by adding sodium dodecyl sulphate (SDS) which has a hydrophobic tail and a negatively charged sulphate group (CH3(CH2)10CH2OSO3-Na+) and denatures proteins. Disulphide bonds are disrupted by including a reducing agent. The SDS inserts the hydrophobic tail into the protein conferring a strong negative charge. The SDS-proteins migrate towards the anode in the electric field and are separated by molecular sieving with the smaller molecules moving more rapidly.

Native-PAGE does not denature the proteins, separation is based partly on net‑charge and partly on size. Following electrophoresis, these gels can be used for Western blotting. Following electrophoresis, the proteins are transferred to PVDF membranes and treated with antibodies that are known to interact with the protein of interest. This can then be directly labelled in order to detect binding. An advantage of this method is the specificity that it affords.
 
[bookmark: _Toc16449019]6.1.3	Sub-Visible Particle Analysis
While investigating the supernatant does not aid in identifying the quantities of IgG1 loss occurring, it can aid in identifying the mechanisms that are leading to IgG1 loss. By looking at the smaller aggregates that are present in the supernatant we can look at the types of aggregates that are forming, such as globular aggregates or fibrils, to propose mechanisms. The size of the aggregates can also be a potential indicator of stages where IgG1 aggregates may be reaching sufficient density to drop out of solution.
[bookmark: _Toc16449020]6.2	Materials and Methods
[bookmark: _Toc16449021]6.2.1	IgG1 
Five IgG1s were provided by MedImmune (Cambridge, UK) in order to test a range of proteins from easy to express, to IgG1s that have been harder to work with, Table 6‑1 provides details relating to these IgG1s. IgG(c) is a bispecific IgG, meaning that it is an artificially constructed IgG1 comprised of fragments of two separate mAbs capable of binding two targets simultaneously [71]. IgG(e) is humanised IgG1 TM, κ antibody with a peptide moiety fused to the N-terminus of the light chain.
[bookmark: _Ref523915152]Table 6‑1 – IgG1s provided by MedImmune (Cambridge, UK)
	Name
	Type
	Molecular Weight (Da)
	Batch Concentration
	Buffer

	IgG(a)
	IgG1κ
	144,754
	44.9 mg/mL
	25mM Histidine, 235mM sucrose, pH 6.0

	IgG(b)
	IgG1λ YTE
	~148,000
	56.0 mg/mL
	30mM L-histidine, 170mM trehalose, pH 5.5

	IgG(c)
	IgG1κ + ScFv
	204,446
	10.23 mg/mL
	20mM Histidine, 240mM sucrose, pH 6.0

	IgG(d)
	IgG1λ
	~148,000
	50.0 mg/mL
	25mM Histidine, 25mM Arginine, 7% sucrose, Polysorbate 80, pH 6.0

	IgG(e)
	IgG1 TMκ
	158,798
	100.0 mg/mL
	25mM Histidine/Histidine HCl, 170mM arginine, 0.02% PS80, pH 6.0



[bookmark: _Toc16449022]6.2.2	Spiked Bioreactors
M4C-M16 media and M4C-F2 Liquid Feed, were obtained from MedImmune (Cambridge, UK), the chemical composition of both media are defined but proprietary information.  

The GS null CHO CAT-S cells were inoculated into two DASGIP® 7L stirred tank glass bioreactors (Eppendorf, Stevenage, UK) and subjected to Feed Strategy-D (FS-D) which utilised M4C-M16 media with 6.35% (of initial 3L volume) M4C-F2 Liquid Feed added on days 2, 4, 6, 8, 10 and 12. Glucose and antifoam were added to all bioreactors as needed. Following inoculation of the reactors with cells, purified material (IgG(b)) was spiked into the reactors to a final concentration of ~60mg/L.

Samples were taken daily and analysed for pH, pCO2 mmHg, pO2 mmHg, mOsm/kg, glucose g/L and lactate g/L using a BioProfile FLEX (Nova Biomedical, Flintshire, UK). Following analysis, the samples were centrifuged at 3,000rpm (537g) for 5 minutes in a Megafuge 1.0 (Heraeus). Supernatant samples were collected and stored at ‑80°C.

[bookmark: _Toc16449023]6.2.3	Spiked Shake Flasks
CD-CHO media and associated CD-CHO EfficientFeedTM A and CD-CHO EfficientFeedTM B, were obtained from Invitrogen (Life Technologies Ltd, Paisley, UK); M4C-M16 media and M4C-F2 Liquid Feed, were obtained from MedImmune (Cambridge, UK) the chemical composition of all media are defined but proprietary information. 

GS null CHO CAT-S cells were inoculated into separate, vented, baffled Erlenmeyer shake flasks and subjected to differing feed strategies as laid out in 2.2.2 Feed Strategy Protocols in Materials and Methods. Following inoculation of the flasks with cells, purified material (IgG(a/b/c/d/e)) was spiked into the flasks to a range of concentrations. The shake flask cultures were maintained in Multitron standard incubators (Infors, HT, Switzerland), FS-A and FS-C at 36.5°C, 6% CO2, 70% relative humidity, shaken at 140rpm with an orbital throw of 25 mm. FS-D at 35.5°C, 5% CO2, 70% relative humidity, shaken at 140rpm with an orbital throw of 25 mm.

Samples were taken daily and tested for glucose g/L and lactate g/L using the YSI 2900D Biochemistry Analyzer (YSI Incorporated, OH, USA). Following analysis, the samples were centrifuged at 13,000rpm (16,060g) for 5 minutes in a Biofuge pico (Heraeus). Supernatant samples were collected and centrifuged pellets were retained, both were stored at -80°C.

[bookmark: _Toc16449024]6.2.4	IgG1 Detection
Protein A HPLC (PA ImmunoDetection® Sensor Cartridge for Perfusion ImmunoassayTM Technologie Applied Biosystems, Thermofisher, UK) was conducted on samples to identify IgG1 concentration at mg/mL. Total IgG1 concentration was calculated taking into account total volume changes resulting from feed, base, glucose, antifoam and sampling.

[bookmark: _Toc16449025]6.2.5	Scanning Electron Microscopy (SEM)
1mL centrifuged pellets were obtained from two bioreactors maintained in exactly the same conditions with the only variable being that one of the bioreactors had been spiked with IgG(b) to a concentration of ~60mg/L. 1mL centrifuged pellets were obtained from a FS-D shake flask culture which was also spiked with IgG(b) to a concentration of ~60mg/L. Samples were prepared as laid out in 2.3.4 Scanning Electron Microscopy (SEM) in Materials and Methods. Images were obtained using an Inspect F50 (FEI, Japan) and analysed for pixel intensity using NI LabView.

[bookmark: _Toc16449026]6.2.6	Gel Electrophoresis
1mL supernatant samples and the retained cell pellet were obtained from day 14 of the bioreactor process containing no spiked IgG1 as a control. 1mL supernatant samples and the retained cell pellet were obtained from day 14 of the shake flask process spiked with IgG(b) to a concentration of 1500mg/L utilising feed strategies A (FS-A), C (FS-C) and D (FS-D). One of the retained cell pellets was re-suspended in 1mL RIPA buffer (Sigma-Aldrich, UK), vortexed and stored on ice for 15 minutes. The other cell pellet was re-suspended in 1mL PBS (Fisher-Scientific, Loughborough, UK), vortexed and stored at room temperature for 15 minutes. Following storage, samples were centrifuged at 13,000rpm (16,060g) for 2 minutes in a Biofuge pico (Heraeus), to remove the larger particles. Samples were prepared as laid out in 2.3.5 SDS-PAGE in Materials and Methods.

[bookmark: _Toc16449027]6.2.7	Sub-Visible Particle Analysis
Samples were prepared as laid out in 2.3.6 Sub-Visible Particle Analysis in Materials and Methods. 50μL of supernatant was obtained from 43 shake flask cultures (laid out in Table 6‑2) taken on each day of a standard 14 day process.
[bookmark: _Ref523220816][bookmark: _Ref523909944][bookmark: _Toc16449064]Table 6‑2 – Feed strategies used in shake flask experiment with IgG1 ((a), (b), (c) ,(d) or (e)) spiked in at day 0 (inoculation) to the stated IgG Concentration (mg/L)
	Feed Strategy
	Primary Medium
	Start Volume
	Feed
	Feed Days
	Feed - % of Start Volume
	IgG
	IgG Conc. (mg/L)

	FS-A
	CD-CHO
	100mL
	None
	None
	N/A
	IgG (a)
	250

	
	
	
	
	
	
	
	1500

	
	
	
	
	
	
	
	3000

	
	
	
	
	
	
	IgG (b)
	60

	
	
	
	
	
	
	IgG (d)
	250

	
	
	
	
	
	
	
	750

	
	
	
	
	
	
	
	1125

	
	
	
	
	
	
	
	1500

	
	
	
	
	
	
	
	3000

	
	
	
	
	
	
	IgG (e)
	250

	
	
	
	
	
	
	
	1500

	
	
	
	
	
	
	
	3000

	FS-C
	CD-CHO
	85mL
	CD-CHO Efficient FeedTM A
	0
	7.5
	IgG (a)
	1500

	
	
	
	
	
	
	
	3000

	
	
	
	
	
	
	IgG (b)
	50

	
	
	
	
	3, 6 & 9
	5
	
	100

	
	
	
	
	
	
	
	150

	
	
	
	
	
	
	
	200

	
	
	
	CD-CHO Efficient FeedTM B
	0
	7.5
	IgG (d)
	250

	
	
	
	
	
	
	
	750

	
	
	
	
	
	
	
	1125

	
	
	
	
	3, 6 & 9
	5
	
	1500

	
	
	
	
	
	
	
	3000

	
	
	
	
	
	
	IgG (e)
	1500

	
	
	
	
	
	
	
	3000

	FS-D
	M4C-M16 medium
	80mL
	M4C-F2 Liquid Feed
	2, 4, 6, 8, 10 & 12
	6.35
	IgG (a)
	1500

	
	
	
	
	
	
	
	3000

	
	
	
	
	
	
	IgG (d)
	50

	
	
	
	
	
	
	
	100

	
	
	
	
	
	
	
	150

	
	
	
	
	
	
	
	200

	
	
	
	
	
	
	IgG (c)
	250

	
	
	
	
	
	
	
	750

	
	
	
	
	
	
	
	1500

	
	
	
	
	
	
	IgG (d)
	250

	
	
	
	
	
	
	
	750

	
	
	
	
	
	
	
	1125

	
	
	
	
	
	
	
	1500

	
	
	
	
	
	
	
	2000

	
	
	
	
	
	
	
	2500

	
	
	
	
	
	
	
	3000

	
	
	
	
	
	
	IgG (e)
	1500

	
	
	
	
	
	
	
	3000



[bookmark: _Toc16449028]6.3	Results and Discussion
[bookmark: _Toc16449029]6.3.1	Scanning Electron Microscopy (SEM)
SEM images were taken on day 14 cell pellets from bioreactor runs utilising the FS‑D strategy (Figure 6‑2 and Figure 6‑3). Visual analysis indicated a considerable difference between the control sample where no IgG(b) was spiked in and the sample where IgG1 had been spiked in at ~60mg/L. The IgG(b) loss recorded in the bioreactor that provided the samples for Figure 6‑3 was 15.77%, equating to ~26mg of IgG(b).
[image: ]
[bookmark: _Ref522877755][bookmark: _Toc16449393]Figure 6‑2 – SEM image of centrifuged pellet obtained from day 14 of a bioreactor run utilising Feed Strategy D (FS-D). The bioreactor was growing a non-producing cell line where no IgG1 was spiked in. Image taken at x367 magnification.

[image: ]
[bookmark: _Ref522877757][bookmark: _Toc16449394]Figure 6‑3 – SEM image of centrifuged pellet obtained from day 14 of a bioreactor run utilising Feed Strategy D (FS-D). The bioreactor was growing a non-producing cell line with IgG(b) spiked in at ~60mg/L on day 0 of the run. Image taken at x367 magnification.

Figure 6‑2 and Figure 6‑3 were analysed in an attempt to quantify the image variations by calculating the RMS (root mean square). RMS is essentially a measure of the roughness of a surface. It is calculated by conducting a root mean square of the average of the roughness profile ordinates

The RMS for Figure 6‑2 was 36.14 (±0.85, n=5) and for Figure 6‑3 the RMS was 29.08 (±0.73, n=5) when normalised against TCN x106 cells/mL. When run on images taken at x1086 magnification the control sample RMS was 41.29 (±0.85, n=5) (Figure 9‑5 in Appendix) and spiked sample was 25.32 (±0.73, n=5) (Figure 9‑6 in Appendix). This indicates a potential for a downward shift in RMS to be used to quantify the amount of IgG1 lost to the pellet.

The same analysis was conducted on samples taken from a shake flask culture spiked with IgG(b) to a concentration of ~60mg/L on days 0, 3, 6, 9, 11 and 14 (Figure 6‑4). 
[image: ]
[bookmark: _Ref522889863][bookmark: _Toc16449395]Figure 6‑4 – Average RMS based on SEM images of centrifuged pellets obtained an days 0, 3, 6, 9, 11 and 14 of a shake flask run utilising Feed Strategy D (FS-D). 
The bioreactor was growing a non-producing cell line with IgG(b) spiked in at ~60mg/L on day 0 of the process. RMS was normalised against TCN x106 cells/mL.

High RMS on the day 0 samples is a result of the reduced cellular debris at earlier stages of the process. Figures 6‑5, 6‑6, 6‑7, 6‑8, 6‑9 and 6‑10 shows these samples at x1086 magnification, the cellular debris becomes greater following day 6 (Figure 6‑8, Figure 6‑9 and Figure 6‑10) when the TCN x106 cells/mL is increasing (see Table 9‑4, Table 9‑5, Table 9‑6 in Appendix).
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[bookmark: _Ref523910058][bookmark: _Toc16449396]Figure 6‑5 – SEM image of centrifuged pellet obtained from day 0 of a shake flask run utilising Feed Strategy D (FS-D). 
The flask was growing a non-producing cell line with IgG(b) spiked in at ~60mg/L on day 0 of the cell culture process. Image taken at x1086 magnification.

[image: ]Day 3

[bookmark: _Ref523658830][bookmark: _Toc16449397]Figure 6‑6 – SEM image of centrifuged pellet obtained from day 3 of a shake flask run utilising Feed Strategy D (FS-D). 
The flask was growing a non-producing cell line with IgG(b) spiked in at ~60mg/L on day 0 of the cell culture process. Image taken at x1086 magnification.

[image: ]Day 6

[bookmark: _Ref523658832][bookmark: _Toc16449398]Figure 6‑7 – SEM image of centrifuged pellet obtained from day 6 of a shake flask run utilising Feed Strategy D (FS-D). 
The flask was growing a non-producing cell line with IgG(b) spiked in at ~60mg/L on day 0 of the process. Image taken at x1086 magnification.







[image: ]Day 9

[bookmark: _Ref523658835][bookmark: _Toc16449399]Figure 6‑8 – SEM image of centrifuged pellet obtained from day 9 of a shake flask run utilising Feed Strategy D (FS-D). 
The flask was growing a non-producing cell line with IgG(b) spiked in at ~60mg/L on day 0 of the process. Image taken at x1086 magnification.





[image: ]Day 11

[bookmark: _Ref523658836][bookmark: _Toc16449400]Figure 6‑9 – SEM image of centrifuged pellet obtained from day 11 of a shake flask run utilising Feed Strategy D (FS-D). 
The flask was growing a non-producing cell line with IgG(b) spiked in at ~60mg/L on day 0 of the process. Image taken at x1086 magnification.


[image: ]Day 14

[bookmark: _Ref523658837][bookmark: _Toc16449401]Figure 6‑10 – SEM image of centrifuged pellet obtained from day 14 of a shake flask run utilising Feed Strategy D (FS-D). 
The flask was growing a non-producing cell line with IgG(b) spiked in at ~60mg/L on day 0 of the process. Image taken at x1086 magnification.


Preliminary analysis of the SEM images indicate that there is potential for a method to be developed in order to quantify the IgG1 present in the cell pellet. In order to develop this a large number of SEM images would need to be taken in addition to optimisation of the RMS analysis, at the present time there is insufficient data to make any specific claims. Additional analysis should also be conducted to ascertain if a freeze-thaw effect is occurring in these samples. The variations in the images for the control sample (Figure 6‑2) and images from the day 14 bioreactor sample (Figure 6‑3), in addition to the downward trend of RMS associated with the shake flask samples (Figure 6‑4) indicate that a portion of the IgG1 may be being centrifuged out with the cellular debris.

[bookmark: _Toc16449030]6.3.2	Gel Electrophoresis
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[bookmark: _Ref523390408][bookmark: _Toc16449402]Figure 6‑11 – SDS-PAGE gel of IgG(b). 
· Lanes 2-8 = Concentration curve starting at 3mg/mL in Lane 2. 
· Lane 9 = Day 14 control cell pellet from the bioreactor utilising Feed Strategy D (FS-D), containing no spiked IgG(b) and re-suspended in 1mL of RIPA buffer. 
· Lane 10 = Day 14 control cell pellet from the bioreactor utilising FS-D, containing no spiked IgG(b) and re-suspended in 1mL of PBS.
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[bookmark: _Ref523390412][bookmark: _Toc16449403]Figure 6‑12 – SDS-PAGE gel of IgG(b). 
· Lane 1 = Day 14 control supernatant from bioreactor utilising Feed Strategy D (FS-D) containing no spiked IgG(b). 
· Lane 2 = Day 14 cell pellet from shake flask culture utilising Feed Strategy A (FS-A), spiked to 1500mg/mL and re-suspended in 1mL of RIPA buffer. 
· Lane 3 = Day 14 cell pellet from shake flask culture utilising FS-A, spiked to 1500mg/mL and re-suspended in 1mL of PBS. 
· Lane 4 = Day 14 supernatant from shake flask culture utilising FS-A, spiked to 1500mg/mL. 
· Lane 5 = Day 14 pellet from shake flask culture utilising Feed Strategy C (FS-C), spiked to 1500mg/mL and re-suspended in 1mL of RIPA buffer. 
· Lane 6 = Day 14 cell pellet from shake flask culture utilising FS-C, spiked to 1500mg/mL and re-suspended in 1mL of PBS. 
· Lane 7 = Day 14 supernatant from shake flask culture utilising FS-C, spiked to 1500mg/mL. 
· Lane 8 = Day 14 cell pellet from shake flask culture utilising FS-D, spiked to 1500mg/mL and re-suspended in 1mL of RIPA buffer. 
· Lane 9 = Day 14 cell pellet from shake flask culture utilising FS-D, spiked to 1500mg/mL and re-suspended in 1mL of PBS. 
· Lane 10 = Day 14 supernatant from shake flask culture utilising FS-D, spiked to 1500mg/mL.
Figure 6‑11, lanes 2-8 show a concentration curve of IgG1 starting at 3mg/mL. Two bands were observed, the first as at ~50kDa with a second, fainter band observed at ~20kDa. This is how IgG1 typically appears in reduced SDS-PAGE with the ~50kDa band being produced by the heavy chain of the IgG1 and the ~20kDa band being produced by the lighter chain of the IgG1.

Figure 6‑11, lane 9 and Figure 6‑12, lanes 2, 5 and 8 are the control cell pellet (FS-D), FS-A cell pellet, FS-C cell pellet and FS-D cell pellet respectively. For these lanes the cell pellet was re-suspended in RIPA buffer which allow lysis of the cell and protein solubilisation without degrading the protein of interest. The laddering seen in Figure 6‑11, lane 9 is indicative of host cell proteins (HCPs) as this sample did not contain any added IgG1. This sample bears a striking similarity with Figure 6‑12, lane 8 which was also obtained from an FS-D sample. FS-D has routinely shown higher cell numbers throughout cell culture processes, as such the higher proportions of HCPs in the cells are to be expected. Figure 6‑12, lanes 2 and 5 do not demonstrate as much laddering allowing for clearer images of the bands indicating the presence of IgG1. A stronger band is observable at ~50kDa with a fainter band being observed at ~20kDa. These results indicate the presence of IgG1 in the centrifuged cell pellets retained from the shake flask cell cultures spiked with IgG(b) to ~1500mg/mL.  

Figure 6‑11, lane 10 and Figure 6‑12, lanes 3, 6 and 9 are the control cell pellet (FS‑D), FS-A cell pellet, FS-C cell pellet and FS-D cell pellet respectively. For these lanes the cell pellet was re-suspended in PBS in order to ascertain if the IgG1 is resoluble without lysing the cellular debris. Both of the FS-D samples (Figure 6‑11, lane 10 and Figure 6‑12, lane 9) again showed high concentrations of HCPs which were masking the IgG1 bands. In the FS-A and FS-C samples (Figure 6‑12, lanes 3 and 6 respectively) the IgG1 is observable, although the observed bands are fainter than seen in the cell pellets that were re-suspended in RIPA buffer.

Figure 6‑12, lanes 1, 4, 7 and 10 are the control supernatant (FS-D), FS-A supernatant, FS-C supernatant and FS-D supernatant respectively. The FS-A, FS-C and FS-D samples contain considerably higher IgG1 than the cell pellets which is why the IgG1 bands were clearer in these samples. The FS-D samples (Figure 6‑12, lane 1 and 10) demonstrated high HCPs as expected, with the FS-C sample (Figure 6‑12, lane 7) indicating slightly less and the FS-A sample (Figure 6‑12, lane 4) exhibiting the least HCPs. This is in line with expectations of HCP concentration relating to total cell number (TCN) as seen in Identifying Predictors of IgG1 Loss Occurring Throughout the Cell Culture Process.

The presence of IgG1 in the cell pellet samples that have been re-suspended indicates that at least a partial proportion of the observed IgG1 loss can be explained by the IgG1 being removed along with the cellular debris. The presence of bands in the instances where the pellets were re-suspended in PBS may indicate that a proportion of the IgG1 being removed is still soluble, if the IgG1 were not resoluble then IgG1 bands would not have been visible in these lanes. The samples that were re-suspended in RIPA buffer had clearer bands, indicating the potential for a portion of the removed IgG1 to be interacting with the cellular debris as a lysis buffer was required to re-suspend the larger quantity of IgG1. 

Unfortunately, the presence of HCPs means that these samples cannot provide information regarding protease activity. Protease activity is typically observable is SDS-PAGE gels by the presence of laddering; however, as the control samples (Figure 6‑11, lane 9 and 10, Figure 6‑12, lane 1) contain no IgG1 but exhibit laddering potentially associated with HCPs, on this occasion we cannot associate the presence of laddering with protease activity. Western blotting, as a technique more specific to the IgG1 of interest, would be less affected by the presence of HCPs. However, the large number of aggregates in this material has meant that results from Western blotting are inconclusive. The particles are of too large a size to move through the gel in a manner that allows separation of the bands. Future work regarding the observation of the cell pelleted material in gels would require additional method refinement. 

[bookmark: _Toc16449031]6.3.3	Sub-Visible Particle Analysis
Characterisation of the morphology of aggregates has the potential to provide information regarding mechanisms that lead to the observed IgG1 loss. Sub-visible particle analysis was used to image aggregates in supernatant. Following imaging, analysis was conducted to measure the mean feret diameter (µm) and the aspect ratio.
Feret diameter (µm) is the distance between two parallel tangents of a particle, measured between 0° and 180° at a number of intervals. The mean feret is the mean value of the feret diameters (µm). The aspect ratio is a measure of the width of the particle relative to its height, in other words it is the ratio of the minimum feret diameter to the maximum feret diameter of a particle. It is expressed as a unit-less value between 0 and 1, a circle would return a value of 1, while a very long rod would return a value closer to 0.



[bookmark: _Ref523421466][bookmark: _Toc16449404]Figure 6‑13 – Particle analysis of spent media supernatant taken from shake flasks utilising Feed Strategy A (FS-A). 
Samples were taken on the last day of the cell culture process from a control shake flask where no IgG1 was spiked in and flasks spiked with IgG(a) to 3000mg/mL, IgG(b) to 60mg/mL, IgG(d) to 3000mg/mL and IgG(e) to 3000mg/mL. Mean feret diameter (µm) is compared to the aspect ratio, the red boxes indicate the region that you would typically see longer and thinner particles indicative of the formation of fibrils.

Figure 6‑13 compares end stage supernatant samples from shake flasks that utilised the FS-A protocol. The aspect ratios of all five samples range up to 1 indicating a number of more circular particles with the IgG(e) having a larger number of particles in the 0.1 region which is indicative of longer and thinner particles. This is potentially the results of some fibrils forming in this sample, while the implication in the additional four samples is that little to no fibrils have formed. 

[bookmark: _Ref523491002][bookmark: _Toc16449405]Figure 6‑14 – Particle analysis of spent media supernatant taken from shake flasks utilising Feed Strategy C (FS-C). 
Samples were taken on the last day of the cell culture process from a control shake flask where no IgG1 was spiked in and flasks spiked with IgG(a) to 3000mg/mL, IgG(b) to 200mg/mL, IgG(d) to 3000mg/mL and IgG(e) to 3000mg/mL. Mean feret diameter (µm) is compared to the aspect ratio, the red boxes indicate the region that you would typically see longer and thinner particles indicative of the formation of fibrils.

Figure 6‑14 compares end stage supernatant samples from shake flasks that utilised the FS-C protocol. The aspect ratios of all five samples range up to 1 indicating a number of more circular particles with the IgG(a) having a larger number of particles in the 0.1 region which is indicative of longer and thinner particles. This is potentially the results of some fibrils forming in this sample, while the implication in the additional four samples is that little to no fibrils have formed.	

[bookmark: _Ref523491543][bookmark: _Toc16449406]Figure 6‑15 – Particle analysis of spent media supernatant taken from shake flasks utilising Feed Strategy D (FS-D). 
Samples were taken on the last day of the cell culture process from a control shake flask where no IgG1 was spiked in and flasks spiked with IgG(a) to 3000mg/mL, IgG(b) to 200mg/mL, IgG(c) to 1500mg/mL, IgG(d) to 3000mg/mL and IgG(e) to 3000mg/mL. Mean feret diameter (µm) is compared to the aspect ratio, the red boxes indicate the region that you would typically see longer and thinner particles indicative of the formation of fibrils.

Figure 6‑15 compares end stage supernatant samples from shake flasks that utilised the FS-C protocol. The aspect ratios of all five samples range up to 1 indicating a number of more circular particles. None of the samples have more than one particle in the 0.1 region which is indicative of longer and thinner particles. This indicates that little to no fibrils have formed.

552 samples in total were imaged to obtain morphological information on the nature of potential aggregates in the supernatant. Of these 552 samples, 101 samples contained particles approaching 0.1 on the aspect ratio, which could indicate the presence of fibrils. 52 of which contained only 1 particle in this range and only 1 sample exceeded 60 particles in this range. Given that the average number of particles in the samples was 12,636 (± 976), the number of particles approaching 0.1 in the aspect ratio is considered negligible. This indicates that fibrils are not forming in the supernatant, providing evidence against the hypothesis of the observed IgG1 loss being the result of light chain separation followed by amyloid type self-association [185]. If this were to be the predominant cause of the unaccounted for IgG1, a larger proportion of the observed particles would be characterised as fibrils. In these analyses a larger portion of particles have aspect ratios approaching 1 indicating more circular particles.

An issue with this analysis is that data acquired by Telikepalli et al. 2014 [239] using extrinsic fluorescence spectroscopy with an 8-anilino-1 naphthalene sulfonate (ANS) probe, has indicated that aggregates present in the cell pellet, may be more structurally altered compared to aggregates in the supernatant [239]. This suggests that additional analysis needs to be conducted in order to analyse the aggregates in the cell pellet and draw comparisons.

A second issue was observed in this method. Control samples were included where no IgG1 had been spiked into the cell culture process and IgG1 was not produced by the GS null CHO CAT-S cells. Comparisons of these control samples did not indicate variations in overall particle number.
a)
b)
c)

[bookmark: _Ref523494374][bookmark: _Toc16449407]Figure 6‑16 – Total particle counts obtained through sub-visible particle imaging of supernatant sampled throughout cell culture processes. 
The samples were obtained from shake flasks utilising feed strategies A (FS-A), C (FS-C) and D (FS-D). All shake flasks were growing a non-producing cell line with IgG(d) spiked in to a range of concentrations on day 0 of the cell culture process. Control samples (0mg/mL) did not have any IgG1 spiked in.
Figure 6‑16 shows the total particle numbers for samples across the three feed strategies when spiked with IgG(d) to varying concentrations. No variations were observed when comparing control samples to the spiked samples indicating the observed particles may not be IgG1 aggregates. Attempts at statistical analysis produced no discernible correlation between number of particles and any of the variables, other than the day; where the number of particles increases the later the samples were taken from the cell culture.

In order to ascertain the nature of these particles, it is recommended to repeat these analyses using fluorescence tags on the IgG1. This would result in improved specificity for the particles of interest.

[bookmark: _Toc16449032]6.4	Conclusions
Preliminary analyses on the nature of the IgG1 loss have indicated the presence of IgG1 in the centrifuged material. SEM images, when compared against non‑producing cell samples that have not been spiked with IgG1, indicate a variation in the topography of samples related to loss of IgG1. When adding these observations to SDS-PAGE analysis, it can be concluded that IgG1 is present in the centrifuged cell pellet. The SDS-PAGE results also indicate a potential for the removed IgG1 to be re-suspended under the correct conditions. This may indicate that the mechanisms driving the observed IgG1 loss are not the formation of covalent bonds, but rather, the result of precipitation.
The analyses conducted have highlighted a potential issue when attempting to analyse aggregated material. The presence of HCPs and cellular debris is often interfering with the attempts to analyse the centrifuged material. Additional analysis needs to be conducted in order to further this research with a specific focus on the IgG1 that is present in the centrifuged cell pellet. This research would need to focus on specificity within the debris, possibly by the use of fluorescent tagging. Fluorescent tagging often has concerns relating to the potential for changes to occur to the IgG1 that can alter the aggregation profile. However, as the research presented in this thesis has acquired data on the amount of IgG1 unaccounted for in five IgG1s, this provides a baseline to work from. Methods utilising FTIR (Fourier-Transform Infrared Spectroscopy) in particular could be used to further analyse the centrifuged material. 




Chapter 6 – Potential Mechanisms Leading to Observed IgG1 Loss








[bookmark: _Ref524002370][bookmark: _Toc16449033]Conclusions

[bookmark: _Toc16449034]7.1	Conclusions
The aim of this PhD project was to investigate and understand how the media that the cells are being grown in may be affecting mAb behaviour. In order to achieve this, analyses were conducted to investigate potential IgG1 loss that is occurring throughout the cell culture process and comparing this across a variety of media combinations in order to ascertain if this was a predictor of IgG1 loss. Any observed IgG1 loss was investigated in an attempt to understand the nature of this loss with a view to advancing the bioprocessing of IgG1.

Chapters 3, 4 and 5 attempted to quantify the amount of IgG1 unaccounted for. Preliminary analysis indicated that IgG1 loss was occurring when four IgG1s were added to spent media sampled throughout a non-producing cell culture run and incubated at 37°C for a number of time points. The conditions used in this study did not mimic standard cell culture processes and additional analyses were conducted. These analyses involved spiking known concentrations of five IgG1s into the inoculation (day 0) stages of both bioreactor and shake flask non-producing cell culture runs and measuring IgG1 concentrations. When IgG1 losses were corrected to account for IgG1 production throughout the cell culture process, IgG1 losses ranging from 7.14% to 21.50% were recorded. These analyses were conducted on a model system, with the results corrected to provide insight into potential relevance to actual production systems. In order to understand the effects within an actual product run, it is first necessary to develop methods identifying IgG1 that has dropped out of solution.
The predominant predictive factor for IgG1 loss was identified as type of IgG1, with feed strategy being identified as a secondary predictor. Further analysis indicated a relationship between feed strategy and the total number of non-viable cells (nVCN) x 106 cells/mL, indicating that the observed IgG1 loss may be a reaction related to the presence of intracellular materials released following cell lysis, such as HCPs.

Analysis was conducted in an attempt to ascertain the nature of IgG1 loss. A number of potential mechanisms were proposed.

[bookmark: _Toc16449035]7.1.1	Physical Aggregation 
· Unfolding followed by self-association [184].
DSC analysis conducted in Effects of Spent Media on Stability of IgG1 indicated that the IgG1s are partially unfolding on the CH2 domain but not on the CH3 domain; indicating a state of equilibrium whereby the CH2 domain partially unfolds and reversibly folds in certain conditions. The IgG1 that was most prone to this type of unfolding was IgG(c) which exhibited lower IgG1 loss. This indicates that while the partial unfolding is occurring, it is not self-associating. If it were self-associating, IgG(c) would have demonstrated the greatest IgG1 loss. As it is, IgG(b) demonstrated the greater IgG1 loss while exhibiting a comparatively kinetically stable CH2 domain.



· Light chain separation followed by amyloid type self-association [185]
Amyloid type self-association is related to the formation of fibrils. Potential Mechanisms Leading to Observed IgG1 Loss investigated the types of aggregates that are observable in supernatant. In these analyses fibrils were not observed in sufficient quantities for this type of interaction to be the cause of the observed IgG1 loss.

[bookmark: _Toc16449036]7.1.2	External Factors
· Temperature [186, 187]
Effects of Spent Media on Stability of IgG1 used DSC analysis to analyse IgG1 stability, this indicated that IgG1 begins to unfold in end stage spent media at temperatures approaching ~60°C, indicating that IgG1 in cell culture, which is maintained between 35°C and 37°C, would not unfold at these temperatures. Additional DSC analysis could be conducted on samples that had been incubated in spent media conditions for 14 days. Initially this was not conducted as the end stage media was already approaching a stage where the media was leaving residue on the DSC and the calculations for 3.3.4 DSC Analysis to Quantify Thermodynamic and Kinetic Stability Changes Between Basal Media and End Stage Spent Media Samples should have been able to provide sufficient information to predict the behaviour. However, the calculations were found to be inconclusive and real-time experiments may be more efficient.

· pH [187]
pH in cell culture is routinely monitored, while an increase in pH is known to occur in relation to an increase in lactic acid, the results of Effects of Spent Media on Stability of IgG1 indicate that IgG1 loss is not related to increases in lactic acid. This indicates that IgG1 loss in this instance is not a consequence of variations in pH.

· Protein Concentration [186]
Effects of Spent Media on Stability of IgG1 and Analysis of IgG1 Titres Throughout the Cell Culture Process especially investigated the quantities of IgG1 unaccounted for in relation to IgG1 concentration. No link was found between amount of IgG1 unaccounted for and IgG1 concentration.

[bookmark: _Toc16449037]7.1.3	Chemically Induced Protein Aggregation
Six mechanisms for chemically induced protein aggregation were put forth:
· Precipitation followed by non-covalent bonding [188].
· Covalent crosslinking – disulphide bonding [126].
· Covalent crosslinking – non-disulphide bonding [189].
· Non-covalent crosslinking with a co-solute – electrostatic.
· Non-covalent crosslinking with a co-solute – hydrogen bonding and water displacement.
· Proteolytic breakdown [190].
Investigations to understand whether these mechanisms were responsible for the IgG1 loss proved to be inconclusive. Preliminary analysis using SDS-PAGE in Potential Mechanisms Leading to Observed IgG1 Loss indicated that covalent crosslinking is not the cause of the observed IgG1 loss. IgG1 was observed in the centrifuged cell pellet re-suspended in PBS, covalent bonding would have prevented the IgG1 in these samples from being re-suspended. Non-covalent bonding is a potential cause as non-covalent bonds can be easily broken and would allow re-suspension, indicating that precipitation is a potential cause of the observed IgG1 loss. Attempts to analyse proteolytic cleavage, were masked by the presence of additional exogenous material such as HCPs. Additionally, the reversible denaturation of the CH2 domain identified in Effects of Spent Media on Stability of IgG1 alludes to a potential for the domain to be susceptible to proteolytic cleavage when unfolded which could prevent return to the native state and ultimately lead to aggregation.

[bookmark: _Toc16449038]7.2	Future Work
IgG1 loss throughout the cell culture process has been identified as an area for improvement. Of the proposed aggregation mechanisms, chemically induced mechanisms have been identified as the more likely mechanisms leading to the observed IgG1 loss. Recommendations for additional research are to focus on the centrifuged material which has been demonstrated to contain a portion of the unaccounted for IgG1. This IgG1 showed signs that it may have aggregated via mechanisms related to non-covalent interactions and thus may be reversible. Further studies on this need to focus on specificity regarding the IgG1 of interest, as HCPs and extracellular materials have been observed as masking current methods of analysis such as, HCPs interacting with mAbs to form complexes [142]. Western blotting (or immunoblotting) is a widely used method to detect proteins as well as posttranslational modifications on proteins, using antibody based probes to obtain specific information about target proteins from complex samples. It works on the same principals as the gel electrophoresis used for the SDS-PAGE in 6.1.2 Gel Electrophoresis. It is the same separation method where the molecules with a net charge migrate along an electric field to the opposite pole allowing separation of proteins according to size and charge. The primary difference from SDS-PAGE is that Native-PAGE does not denature the proteins, separation is based partly on net-charge and partly on size. Following electrophoresis, these gels can be used for Western blotting. Following electrophoresis, the proteins are transferred to PVDF membranes and treated with antibodies that are known to interact with the protein of interest. This can then be directly labelled in order to detect binding. 

An advantage of this method is specificity. Investigations can be conducted that will show if the IgG1 is interacting with itself, in which case we will see doubling of the particle sizes in the form of dimers, tetramers and hexamers [240]. More random size distributions may indicate interactions with other components of the cell media such as HCPs or cellular debris.

During the course of this thesis, preliminary examinations for Western blotting were conducted using the following method. Sample preparation solution was prepared with 250µL NativePAGETM 4X Sample Buffer (Invitrogen), 10µL NativePAGETM 10% DDM (Invitrogen), 2.5µL NativePAGETM 5% G-250 Sample additive (Invitrogen) and 700µL MilliQ water. 10µL of sample was added to 90µL of sample preparation solution. Gel electrophoresis was performed using NativePAGETM 3-12% Bis-Tris Mini Gels (Invitrogen). 1X Dark Blue Cathode Buffer (Invitrogen) was placed in the upper cathode buffer chamber, with 1 NativePAGETM Anode Buffer (Invitrogen) in the lower anode buffer chamber of an XCell SureLock® Mini-Cell (Novex, Life Technologies) and run at 125V for 100 minutes switching the Dark Blue Cathode Buffer to Light Blue Cathode Buffer (Invitrogen) after 40 minutes. The gel was then rinsed in deionised water before being transferred to a PVDF membrane using the iBlot Semi Dry protocol (Invitrogen). Membranes were blocked with 5% w/v nonfat dried milk/TBS-T (Invitrogen) and then probed with Goat Anti-Human IgG (H+L) HRP (1:1000, EMD Millipore Corp, MA, USA) secondary antibody, followed by imaging and analysis.

This analysis was conducted in the same manner as the SDS-PAGE analysis, 1mL supernatant samples and the retained cell pellet were obtained from day 14 of the bioreactor process containing no spiked IgG1 as a control. 1mL supernatant samples and the retained cell pellet were obtained from day 14 of the shake flask process spiked with IgG(b) to a concentration of 1500mg/L utilising feed strategies A (FS-A), C (FS-C) and D (FS-D). One of the retained cell pellets was re-suspended in 1mL RIPA buffer (Sigma-Aldrich, UK), vortexed and stored on ice for 15 minutes. The other cell pellet was re-suspended in 1mL PBS (Fisher-Scientific, Loughborough, UK), vortexed and stored at room temperature for 15 minutes. Following storage, samples were centrifuged at 13,000rpm (16,060g) for 2 minutes in a Biofuge pico (Heraeus), to remove the larger particles.
Unfortunately, the results were inconclusive and require optimisation. The first results showed blurring of the lines suggesting overloading, however reductions in the load had the result that the lines were barely visible. A way to combat this is to investigate a variety of secondary antibodies, in order to find a more appropriate one for the IgG1 of interest. In particular; one that is more sensitive, allowing the running of lower loads; or, running the gels in a cold environment as this allows for improved separation of the lines.  Examples of potential antibodies are peroxidase conjugated F(ab′)2 (Jackson Immunoresearch Labs Inc) which recognises light chains and anti-Fcγ (Jackson Immunoresearch Labs Inc) which recognises the Fc portion of the heavy chain [241].

In order to analyze aggregates of a specific therapeutic protein in biological fluids the main obstacle that must be overcome is that such fluids contain extremely high quantities of proteins and other biological components, which have a camouflaging effect for most conventional analytical techniques such as DLS. While DLS is arguably the most successful technique to size nanoparticles in simple solvents, it is incompatible with biological fluids given that the particles of interest should be dispersed in a solution free of other light scattering components [242].

Accurate sizing of the IgG1 aggregates could provide important information regarding the types of aggregates being formed. In addition, it would be beneficial to confirm the presence of IgG1 in the cellular debris and ascertain if resuspension is possible. Fluorescent tagging provides a viable option to examine this. Unfortunately, it was not possible to conduct fluorescent tagging within the scope of this thesis owing to concerns around changes to aggregation profiles. However, using the data in this thesis, one could repeat the experiments which showed consistent losses using fluorescent tags and examine the results for statistical variations in the aggregation profile. Filipe et al. 2012 [243] tested the fluorescent dyes, Alexa Fluor® 488, 546, 555, 594 and 700, with A488 demonstrating the least changed aggregation behavior for the particular IgG for the chosen stress methods [244]. However, during optimization studies it was noticed that the heat induced aggregation kinetics of the A488-IgG was slightly different from the unlabeled IgG. At the same temperature, the evolution of the aggregate size distribution was the same, but the A488-IgG had the tendency to arrive faster to these aggregation states. Thus, in order to obtain stressed formulations of labelled IgG with a similar aggregate size distribution as the unlabeled IgG, the heating time of A488-IgG was a few minutes shorter than the one used for unlabeled IgG. A comparable aggregate size distribution for heated A488-IgG and unlabeled IgG was achieved [243], however, this highlights the types of changes in aggregation profile that would need to be investigated in order to confirm the aggregation profiles.

While many techniques that rely on light scattering or direct observation are capable of accurately determining the sizes of particles in a monodisperse sample, they may fail to yield the correct size distribution of a polydisperse sample or even the correct shape of a wide unimodal distribution [200].

Single-particle tracking (SPT) is capable of addressing these issues and is commonly used in analytical and biological settings in order to calculate the diffusivity of single particles or an ensemble of particles in a fluid environment. Conventional SPT instrument setups consisting of a video camera and an optical microscope are limited to observation of particles that are larger than the diffraction limit (∼1 μm) [200].

This is a potential technology for targeting the nanoparticles to the specific disease areas which could improve efficacy and ultimately treatment times [245, 246]. Unfortunately, very few treatments using these methods have made it to clinical trials with the primary concerns being related to immunogenic responses to foreign materials [247]. However, if it can be confirmed that there are limited changes to the aggregation profiles [243, 246]; for the purposes of studying particles in biological materials that will not be administered, fluorescent tagging could be a valuable asset.

Silmore et al. 2019 [246] developed a Bayesian method for determining the size distributions of colloidal dispersions of nanoparticles using SPT data. By employing the appropriate statistical model for each observable particle in a typical SPT experiment, MApNTA is able to generate size distributions that are more accurate than methods that use mean square displacement data alone. MApNTA is a general-purpose tool that can be used to analyze SPT data and efficiently infer size distributions of monodisperse and polydisperse samples alike. As such, MApNTA could be useful for routine characterization of complex nanoparticle dispersions [246].
By using fluorescent tags, it is certain that the particle that you are tracking is the IgG1 of interest and the issues that occurred with other methods such as DLS and Western Blotting are mitigated. It would also be possible to observe the centrifuged material for the presence of the IgG1 and resuspend the centrifuged material to observe if the IgG1 becomes present in the solute, in addition to the IgG1 remaining within the cellular debris. Furthermore, variations in fluorescence intensity could provide information regarding the quantity of IgG1 that is able to be resolubilised. With regards to the solubilised material, it would then be possible to purify and characterize using Mass Spectrometry in order to see if it has returned to its native state [248].

The data from fluorescence particle tracking would allow for a more comprehensive review of the destination of the lost IgG1. This, in turn, would provide more complete evidence for the mechanisms that have led to the IgG1 loss and ultimately could provide solutions for reducing IgG1 loss.

Development of methods specifically focussing on the centrifuged material would allow for additional analysis of actual cell culture processes and allow for more accurate analysis of IgG1 loss, in addition to potentially producing a method for use in cell line development that would be able to identify problematic IgG1s at an earlier stage in bioprocessing. 




Conclusions
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	Trade name
	International Non-proprietary Name (INN)
	Company
	Target
	Type
	Year of first EU EMA approval
	Year of first FDA approval
	Cell line
	Therapeutic indication(s)

	Amjevita®
	Adalimumab
	Amgen Europe
	TNFα
	Human IgG1
	2017
	2016
	CHO
	Arthritis; juvenile rheumatoid arthritis; psoriatic arthritis; rheumatoid colitis; ulcerative Crohn’s disease; psoriasis; spondylitis; ankylosing

	Zinplava™
	Bezlotoxumab
	Merck Sharp & Dohme Limited
	C. difficile
 toxin B
	Human monoclonal antitoxin antibody
	2017
	2016
	CHO
	Enterocolitis; pseudomembranous

	Bavencio®
	Avelumab
	Merck Sharp & Dohme Limited
	PD-L1
	Human IgG1/κ
	Not approved
	2017
	CHO
	Metastatic Merkel cell
 carcinoma

	Dupixent®
	Dupilumab
	Regeneron Pharmaceuticals Inc
	IL-4Rα
	Human IgG4
	Not approved
	2017
	CHO
	Asthma; dermatitis

	Imfinzi®
	Durvalumab
	Astrazeneca UK
	PD-L1
	Human IgG1/κ
	Not approved
	2017
	CHO
	Metastatic urothelial carcinoma

	Ocrevus™
	Ocrelizumab
	Genentech (Roche)
	CD20
	Humanized IgG1κ
	Not approved
	2017
	CHO
	Multiple sclerosis

	Siliq
	Brodalumab
	Valeant Pharmaceuticals international
	IL-17RA
	Human IgG2/κ
	Not approved
	2017
	CHO
	Psoriasis

	Cinqair™
	Reslizumab
	Teva Pharmaceuticals Limited
	IL-5
	Human IgG4/κ
	2016
	2016
	NSO
	Asthma

	Lartruvo
	Olaratumab
	Eli Lilly
	PDGFR-α
	Human IgG1
	2016
	2016
	CHO
	Sarcoma

	Darzalex®
	Daratumumab
	Janssen-Cilag
	CD38
	Human IgG1/κ
	2016
	2015
	CHO
	Multiple myeloma

	Empliciti
	Elotuzumab
	Bristol-Myers Squibb
	SLAMF7
	Human IgG1
	2016
	2015
	NS0
	Multiple myeloma

	Portrazza
	Necitumumab
	Eli Lilly
	EGFR
	Human IgG1
	2016
	2015
	NS0
	Carcinoma, non-small-cell lung

	Inflectra
	Infliximab
	Hospira UK Limited
	TNFα
	Chimeric human-murine IgG1
	2013
	2016
	Sp2/0-Ag14
	Spondylitis; ankylosing; arthritis; rheumatoid colitis; ulcerative arthritis; psoriatic Crohn’s Disease; psoriasis

	Anthim®
	Obiltoxaximab
	Elusys Therapeutics INC
	PA component of B. anthracis toxin
	Chimeric (mouse/human) IgG1/κ
	Not approved
	2016
	NS0
	Anthrax infection

	Tecentriq®
	Atezolizumab
	Genentech (Roche)
	PD-L1
	Human IgG1
	Not approved
	2016
	CHO
	Metastatic non-small cell lung cancer

	Cosentyx™
	Secukinumab
	Novartis Europharm
	interleukin-17A
	Human IgG1/κ
	2015
	2015
	CHO
	Arthritis; psoriatic psoriasis; spondylitis; ankylosing

	Nucala
	Mepolizumab
	GlaxoSmithKline
	IL-5
	Human IgG1/κ
	2015
	2015
	CHO
	Asthma

	Opdivo
	Nivolumab
	Bristol-Myers Squibb Pharma
	PD-1
	Human IgG4
	2015
	2015
	CHO
	Carcinoma; non-small-cell lung carcinoma; renal cell Hodgkin disease melanoma

	Praluent
	Alirocumab
	sanofi-aventis groupe
	PCSK9
	Human IgG1
	2015
	2015
	CHO
	Dyslipidemias

	Praxbind®
	Idarucizumab
	Boehringer Ingelheim International GmbH
	dabigatran etexilate
	Human FaB
	2015
	2015
	CHO
	Hemorrhage

	Repatha®
	Evolocumab
	Amgen
	LDL-C / PCSK9
	Human IgG2
	2015
	2015
	CHO
	Dyslipidemias; hypercholesterolemia

	Unituxin
	Dinutuximab
	United Therapeutics Europe
	GD2
	Human IgG1/κ
	2015 (1)
	2015
	Sp2/0
	Neuroblastoma

	Blincyto®
	Bevacizumab
	Amgen Europe
	CD19
	BiTEs
	2015
	2014
	CHO
	Precursor cell lymphoblastic leukemia-lymphoma

	Keytruda®
	Pembrolizumab
	Merck Sharp & Dohme Limited
	PD-1
	Human IgG4
	2015
	2014
	CHO
	Melanoma

	Cyramza
	Ramucirumab
	Eli Lilly
	VEGF
	Human IgG1
	2014
	2014
	NS0
	Stomach neoplasms

	Entyvio®
	Vedolizumab
	Takeda Pharma
	Integrin-α4β7
	HumanizedIgG1
	2014
	2014
	CHO
	Colitis; ulcerative Crohn’s disease

	Sylvant®
	Siltuximab
	Janssen-Cilag International
	cCLB8
	Chimeric IgG1κ
	2014
	2014
	CHO
	Giant lymph node hyperplasia

	Lemtrada®
	Alemtuzumab
	Sanofi
	CD52
	Humanized IgG1
	2013
	2014
	CHO
	Multiple sclerosis

	Kadcyla®
	Trastuzumab emtansine
	Roche
	HER2
	Humanized IgG1 as ADC
	2013
	2013
	CHO
	Breast cancer

	Perjeta®
	Pertuzumab
	Roche
	HER2
	Humanized IgG1
	2013
	2012
	CHO
	Breast cancer

	Remsima®
	Infliximab
	Celltrion Healthcare
	TNF-alpha
	Chimeric IgG1 Ab
	2013
	Not approved
	CSC-Ps0006
	Spondylitis; ankylosing arthritis; rheumatoid colitis; ulcerative Crohn’s disease; arthritis; psoriatic psoriasis

	Gazyvaro®
	Obinutuzumab
	Roche
	CD20
	Humanized IgG1
	Not approved
	2013
	CHO
	CLL

	Adcetris®
	Brentuximab
	Seattle Genetics
	CD30 (conjugateof Mab and MMAE)
	Chemeric IgG1 as ADC (antibody drug conjugate)
	2012
	2011
	CHO
	Hodgkin lymphoma (HL), systemic anaplastic large cell lymphoma (ALCL)

	ABthrax®
	Raxibacumab
	HGS (Human Genome Sciences Inc.)
	Bacillus anthracis protective antigen
	Human IgG1
	Not approved
	2012
	NS0
	Prevention and treatment of inhalation anthrax

	Benlysta®
	Belimumab
	HSG, GSK
	BLyS
	Human IgG1
	2011
	2011
	NS0
	Systemic lupus erythematosus (SLE)

	Vervoy®
	Ipilimumab
	BMS
	CTLA-4
	Human IgG1
	2011
	2011
	CHO
	Melanoma

	Xgeva®
	Denosumab
	Amgen
	RANKL
	Human IgG2
	2011
	2011
	CHO
	Prevention of SREs in patients with bone metastases from solid tumours

	Prolia®
	Denosumab
	Amgen
	RANKL
	Human IgG2
	2010
	2010
	CHO
	Osteoporosis

	Arzerra®
	Ofatumumab
	Genmab and GSK
	CD20
	Human IgG1
	2010
	2009
	NS0
	Chronic lymphocytic leukemia

	Scintimun® (Diagnostic)
	Besilesomab
	CIS Bio
	NCA-95
	Murine IgG1
	2010
	Not approved
	Hybridoma
	In vivo diagnosis of inflammation / infection sites via scintigraphic imaging —> non-therapeutic

	RoActemra®
	Tocilizumab
	Chugai (Roche)
	IL-6 receptor
	Humanized IgG1
	2009
	2010
	CHO
	Rheumatoid arthritis

	Ilaris®
	Canakinumab
	Novartis
	IL-1ß
	Human IgG1
	2009
	2009
	Sp2/0
	Cryopyrin-associated periodic syndromes including familial cold autoinflammatory syndrome and Muckle-Wells syndrome; tumor necrosis factor receptor associated periodic syndrome (TRAPS); hyperimmunoglobulin D Syndrome (HIDS)/mevalonate kinase deficiency (MKD) and familial mediterranean fever (FMF)

	Simponi®
	Golimumab
	Centocor Ortho Biotech (Johnson & Johnson)
	TNFa
	Human IgG1
	2009
	2009
	Sp2/0
	Rheumatoid arthritis; psoriatic arthritis; ankylosing spondylitis

	Stelara®
	Ustekinumab
	Centocor Ortho Biotech (Johnson & Johnson)
	IL-12 / IL-23
	Human IgG1
	2009
	2009
	Sp2/0
	Plaque psoriasis

	Cimzia®
	Certolizumab pegol
	UCB
	TNFa
	Humanized IgG Fab fragment
	2009
	2008
	E. coli
	Chron’s disease; rheumatoid arthritis

	Removab®
	Catumaxomab
	Fresenius
	EpCAM and CD3
	Trifunctional MAb IgG2a / IgG2b
	2009
	Not approved
	Rat-Mouse hybrid hybridoma
	Malignant ascites in patients with EpCAM-positive carcinomas

	Soliris®
	Eculizumab
	Alexion Pharmaceuticala
	Complement C5
	Humanized IgG2/4
	2007
	2007
	NS0
	Paroxysmal nocturnal hemoglobinuria

	Lucentis®
	Ranibizumab
	Genentech (Roche)
	VEGF-A
	Humanized IgG1 Fab fragment
	2007
	2006
	E. coli
	Neovascular (wet) age-related macular degeneration; macular edema following retinalvein occlusion

	Vectibix®
	Panitumumab
	Amgen
	EGFR
	Human IgG2
	2007
	2006
	CHO
	Metastatic colorectal carcinoma

	Tysabri®
	Natalizumab
	Biogen Idec and Elan
	VLA-4
	Humanized IgG4
	2006
	2004
	Murine myeloma
	Multiple sclerosis (relapsing); Crohn’s disease

	Proxinium®
	Catumaxomab
	Viventia (Eleven Biotherapeutics)
	EpCAM
	Humanized MAb
	2005
	2005
	CHO
	Head and neck cancer

	Avastin®
	Bevacizumab
	Genentech (Roche)
	VEGF
	Humanized IgG1
	2005
	2004
	CHO
	Metastatic colorectal cancer; non-small cell lung cancer; metastatic breast cancer; hlioblastoma multiforme; metastatic renal cell carcinoma

	Xolair®
	Omalizumab
	Genentech (Roche) and Novartis
	IgE
	Humanized IgG1
	2005
	2003
	CHO
	Asthma

	Erbitux®
	Cetuximab
	ImClone (Eli Lilly), Merck Serono and BMS
	EGFR
	Chimeric IgG1
	2004
	2004
	Sp2/0
	Head and neck cancer; colorectal cancer

	Raptiva®
	Efalizumab
	Merck Serono, Genentech (Roche)
	CD11a
	Humanized IgG1
	2004 (2)
	2003 (2)
	CHO
	Psoriasis

	Zevalin®
	Ibritumomab tiuxetan
	Biogen Idec
	CD20
	Murine IgG1
	2004
	2002
	CHO
	Non-Hodgkin’s lymphoma

	NeutroSpec® (Diagnostic)
	Fanolesomab
	Palatin
	CD15
	Murine MAb
	Not approved
	2004
	Hybridoma
	Imaging of equivocal appendicitis –> non-therapeutic

	Humira®
	Adalimumab
	Abbott
	TNFα
	Human IgG1
	2003
	2002
	CHO
	Rheumatoid arthritis; juvenile idiopathic arthritis; psoriatic arthritis; ankylosing spondylitis; Crohn’s disease, plaque psoriasis

	Bexxar®
	Tositumomab and iodine 131 tositumomab
	Corixa and GSK
	CD20
	Murine IgG2a
	Not approved
	2003
	Hybridoma
	Non-Hodgkin’s lymphoma

	Campath®
	Alemtuzumab
	Millennium Pharmaceuticals and Genzyme
	CD52
	Humanized IgG1
	2001
	2001
	CHO
	B-cell chronic lymphocytic leukemia

	Herceptin®
	Trastuzumab
	Genentech(Roche)
	HER-2
	Humanized IgG1
	2000
	1998
	CHO
	Breast cancer; metastatic gastric or gastroesophageal junction adenocarcinoma

	Mylotarg®
	Gemtuzumab ozogamicin
	Wyeth
	CD33
	Humanized IgG4 / toxin conjugate
	Not approved
	2000 (3)
	NS0
	Acute myeloic leucemia (AML)

	Remicade®
	Infliximab
	Centocor Ortho Biotech (Johnson & Johnson)
	TNFα
	Chimeric IgG1
	1999
	1998
	Sp2/0
	Crohn’s disease; ulcerative colitis; rheumatoid arthritis; ankylosing spondylitis; psoriatic arthrits; plaque psoriasis

	Synagis®
	Palivizumab
	MedImmune, Abbott
	F-protein of RS virus
	Humanized IgG1
	1999
	1998
	NS0
	Respiratory syncytial virus (RSV)

	Daclizumab
	Necitumumab
	Roche
	CD25 (a chain of IL2 receptor)
	Humanized IgG1
	1999 (4)
	1997 (4)
	Sp2/0
	Reversal of transplantation rejection

	Simulect®
	Basiliximab
	Novartis
	CD25 (a chain of IL2 receptor)
	Chimeric IgG1
	1998
	1998
	NS0
	Reversal of transplantation rejection

	Rituxan® MabThera®
	Rituximab
	Biogen Idec, Genentech (Roche)
	CD20
	Chimeric IgG1
	1998
	1997
	CHO
	Non-Hodgkin’s lymphoma; chronic lymphocytic leukemia; rheumatoid arthritis

	Humaspect® (Diagnostic)
	Votumumab
	Organon Teknica
	Cytokeratintumor-associated antigen
	
	1998 (5)
	Not approved
	Human lympho-blastoid cell line transformed with EBV
	Detection of carcinoma of thecolon or rectum –> non-therapeutic

	LeukoScan® (Diagnostic)
	Sulesomab
	Immunomedics
	NCA90
	Murine Fab fragment
	1997
	Not approved
	NS0
	Diagnostic imaging forosteomyelitis –> non-therapeutic

	CEA-scan® (Diagnostic)
	Arcitumomab
	Immunomedics
	Human CEA (carcinoembryonic antigen)
	Murine Fab fragment
	1996 (6)
	1996
	Hybridoma
	Detection of colorectal cancer –> non-therapeutic

	MyoScint® (Diagnostic)
	Imiciromab
	Centocor
	Human cardiac myosin
	Murine Fab fragment
	Not approved
	1996 (7)
	Murine ascites
	Myocardial infarction imaging agent –> non-therapeutic

	ProstaScint® (Diagnostic)
	Capromab
	Cytogen
	Tumor surface antigen PSMA
	Murine MAb
	Not approved
	1996
	Hybridoma
	Detection of prostate adenocarcinoma –> non-therapeutic

	Verluma® (Diagnostic)
	Nofetumomab
	Boehringer Ingelheim, NeoRx
	Carcinoma-associated antigen
	Murine Fab fragment
	Not approved
	1996
	Hybridoma
	Diagnostic imaging of small-celllung cancer –> non-therapeutic

	ReoPro®
	Abciximab
	Centocor Ortho Biotech (Johnson & Johnson), Elli Lily
	GPIIb/IIIa
	Chimeric IgG1 Fab
	1995 (8)
	1994
	Sp2/0
	High risk angioplasty (prevention of blood clots)

	OncoScint®
	Satumomab
	Cytogen
	TAG-72
	Murine MAb
	Not approved
	1992
	Hybridoma
	Detection of colorectal and ovarian cancers –> non-therapeutic

	Orthoclone OKT3®
	Muromonab-CD3
	Centocor Ortho Biotech (Johnson & Johnson)
	CD3
	Murine IgG2a
	1986 (8)
	1986
	Hybridoma
	Transplantation rejection
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[bookmark: _Ref524001562][bookmark: _Toc16449408]Figure 9‑1 – DSC thermograms for IgG(a) cleaved with papain to remove the Fab region and allow clear delineation of the CH2 and CH3 domains. 
IgG(a) was added to day 14 spent media sampled from three feed strategies (FS-A, FS-B and FS-C) and compared to IgG(a) in CD-CHO medium only. Samples were heated from 30°C to 100°C at a rate of 1°C/min. In all three feed strategies there was a greater Tm shift on the CH2 domain, ranging from -1.41°C to -2.12°C. The CH3 domain Tm shift was between -0.17°C to -0.49°C.
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[bookmark: _Ref524001563][bookmark: _Toc16449409]Figure 9‑2 – DSC thermograms for IgG(b) cleaved with papain to remove the Fab region and allow clear delineation of the CH2 and CH3 domains. 
IgG(b) was added to day 14 spent media sampled from three feed strategies (FS-A, FS-B and FS-C) and compared to IgG(b) in CD-CHO medium only. Samples were heated from 30°C to 100°C at a rate of 1°C/min. In all three feed strategies there was a greater Tm shift on the CH2 domain, ranging from -3.56°C to -4.97°C. The CH3 domain Tm shift was between -0.39°C to -0.90°C.
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[bookmark: _Ref524001564][bookmark: _Toc16449410]Figure 9‑3 – DSC thermograms for IgG(c) cleaved with papain to remove the Fab region and allow clear delineation of the CH2 and CH3 domains. 
IgG(c) was added to day 14 spent media sampled from three feed strategies (FS-A, FS-B and FS-C) and compared to IgG(c) in CD-CHO medium only. Samples were heated from 30°C to 100°C at a rate of 1°C/min. In all three feed strategies there was a greater Tm shift on the CH2 domain, ranging from -1.77°C to -3.63°C. The CH3 domain Tm shift was between +0.05°C to +0.23°C.
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[bookmark: _Ref524001566][bookmark: _Toc16449411]Figure 9‑4 – DSC thermograms for IgG(d) cleaved with papain to remove the Fab region and allow clear delineation of the CH2 and CH3 domains. 
IgG(d) was added to day 14 spent media sampled from three feed strategies (FS-A, FS-B and FS-C) and compared to IgG(d) in CD-CHO medium only. Samples were heated from 30°C to 100°C at a rate of 1°C/min. In all three feed strategies there was a greater Tm shift on the CH2 domain, ranging from -0.84°C to -1.28°C. The CH3 domain Tm shift was between -0.17°C to +0.09°C.







[bookmark: _Ref524001632]Table 9‑2 – Experimental values indicating the theoretical half-life of the CH3 domain of IgG1s (a), (b), (c) and (d) when maintained in spent media sampled on Day 14 of cell culture processes using Feed Strategies A (FS-A), B (FS-B) and C (FS-C). This is compared to IgG1s (a), (b), (c) and (d) when maintained in control sample comprised of CD-CHO medium only.
	IgG
	Control
	Feed       Strategy
	Day 14

	
	Tm
	Slope
	R2
	Half-life at 36°C (days)
	
	Tm
	Slope
	R2
	Half-life at 36°C (days)

	(a)
	79.59 ±0.23
	y=-44409x +124.56
	0.9955
	93,863
	A
	79.42 ±0.01
	y=-42536x +119.35
	0.9830
	40,177

	
	
	
	
	
	B
	79.17 ±0.23
	y=-46234x +130.04
	0.9849
	143,326

	
	
	
	
	
	C
	79.10 ±0.04
	y=-242475x +676.95
	0.9912
	>200,000

	(b)
	76.09 ±0.93
	y=-123110x +351.34
	0.9874
	>200,000
	A
	75.19 ±0.04
	y=-61135x +174.65
	0.9966
	>200,000

	
	
	
	
	
	B
	75.69 ±0.08
	y=-73654x +210.38
	0.9897
	>200,000

	
	
	
	
	
	C
	75.70 ±0.04
	y=-76685x +219.09
	0.9875
	>200,000

	(c)
	79.98 ±0.72
	y=-66624x +187.78
	0.9915
	>200,000
	A
	80.21 ±0.38
	y=-45945x +128.84
	0.9889
	186,848

	
	
	
	
	
	B
	80.72 ±0.63
	y=-66520x +187.26
	0.9110
	>200,000

	
	
	
	
	
	C
	80.03 ±0.07
	y=-52509x +147.52
	0.9901
	>200,000

	(d)
	81.69 ±0.19
	y=-68018x +190.93
	0.9901
	>200,000
	A
	81.52 ±0.33
	y=-58379x +163.38
	0.9878
	>200,000

	
	
	
	
	
	B
	81.75 ±0.60
	y=-66217x +185.88
	0.9901
	>200,000

	
	
	
	
	
	C
	81.78 ±0.07
	y=-53789x +150.52
	0.9955
	>200,000





[bookmark: _Toc16449066]Table 9‑3 – Total Cell Numbers (TCN) x106 cells/mL for bioreactor runs - Control and IgG(b) 60mg/L.
	Feed Strategy
	Day
	Control
	IgG(b) 60mg/L
	Mean
	Std Dev
	Std Error

	A
	0
	0.75
	0.72
	0.74
	0.02
	0.02

	
	1
	1.53
	1.27
	1.40
	0.18
	0.13

	
	2
	2.51
	2.18
	2.35
	0.23
	0.17

	
	3
	4.53
	4.24
	4.39
	0.21
	0.15

	
	4
	7.03
	7.40
	7.22
	0.26
	0.19

	
	5
	10.09
	10.43
	10.26
	0.24
	0.17

	
	6
	11.61
	12.02
	11.82
	0.29
	0.21

	
	7
	12.18
	12.43
	12.31
	0.18
	0.13

	
	8
	11.84
	11.62
	11.73
	0.16
	0.11

	
	9
	11.25
	11.93
	11.59
	0.48
	0.34

	
	10
	11.22
	11.56
	11.39
	0.24
	0.17

	
	11
	11.37
	11.15
	11.26
	0.16
	0.11

	
	12
	10.37
	11.03
	10.70
	0.47
	0.33

	
	13
	10.09
	11.81
	10.95
	1.22
	0.86

	
	14
	10.20
	0.00
	5.10
	7.21
	5.10

	B
	0
	0.80
	0.76
	0.78
	0.03
	0.02

	
	1
	1.22
	1.10
	1.16
	0.08
	0.06

	
	2
	2.09
	1.78
	1.94
	0.22
	0.16

	
	3
	3.83
	3.58
	3.71
	0.18
	0.13

	
	4
	6.62
	5.82
	6.22
	0.57
	0.40

	
	5
	10.55
	10.09
	10.32
	0.33
	0.23

	
	6
	13.84
	14.04
	13.94
	0.14
	0.10

	
	7
	13.50
	14.50
	14.00
	0.71
	0.50

	
	8
	14.85
	14.72
	14.79
	0.09
	0.06

	
	9
	14.48
	15.52
	15.00
	0.74
	0.52

	
	10
	13.16
	14.88
	14.02
	1.22
	0.86

	
	11
	13.21
	14.52
	13.87
	0.93
	0.65

	
	12
	12.84
	14.70
	13.77
	1.32
	0.93

	
	13
	12.06
	14.40
	13.23
	1.65
	1.17

	
	14
	12.21
	14.33
	13.27
	1.50
	1.06

	C
	0
	0.81
	0.74
	0.78
	0.05
	0.04

	
	1
	1.28
	0.95
	1.12
	0.23
	0.17

	
	2
	2.36
	2.11
	2.24
	0.18
	0.13

	
	3
	4.24
	3.53
	3.89
	0.50
	0.36

	
	4
	7.84
	6.12
	6.98
	1.22
	0.86

	
	5
	14.00
	10.99
	12.50
	2.13
	1.50

	
	6
	18.94
	16.83
	17.89
	1.49
	1.06

	
	7
	18.78
	19.30
	19.04
	0.37
	0.26

	
	8
	19.69
	21.17
	20.43
	1.05
	0.74

	
	9
	17.87
	20.93
	19.40
	2.16
	1.53

	
	10
	16.68
	19.24
	17.96
	1.81
	1.28

	
	11
	16.48
	18.49
	17.49
	1.42
	1.01

	
	12
	16.39
	19.02
	17.71
	1.86
	1.32

	
	13
	16.39
	18.64
	17.52
	1.59
	1.13

	
	14
	16.28
	20.64
	18.46
	3.08
	2.18

	D
	0
	1.34
	1.36
	1.35
	0.01
	0.01

	
	1
	2.91
	2.84
	4.41
	0.05
	0.04

	
	2
	5.98
	5.74
	7.76
	0.17
	0.12

	
	3
	9.78
	9.85
	13.21
	0.05
	0.04

	
	4
	16.56
	16.12
	17.92
	0.31
	0.22

	
	5
	19.72
	19.88
	21.92
	0.11
	0.08

	
	6
	23.96
	23.06
	23.09
	0.64
	0.45

	
	7
	23.12
	23.31
	23.75
	0.13
	0.09

	
	8
	24.19
	22.91
	21.71
	0.91
	0.64

	
	9
	20.51
	22.73
	23.08
	1.57
	1.11

	
	10
	23.43
	21.45
	22.06
	1.40
	0.99

	
	11
	22.66
	19.44
	21.22
	2.28
	1.61

	
	12
	23.00
	19.23
	19.75
	2.67
	1.89

	
	13
	20.27
	17.88
	19.63
	1.69
	1.20

	
	14
	21.37
	18.24
	9.12
	2.21
	1.57


[bookmark: _Ref529720142]
[bookmark: _Toc16449067]Table 9‑4 – Viable Cell Numbers (VCN) x106 cells/mL for bioreactor runs - Control and IgG(b) 60mg/L.
	Feed Strategy
	Day
	Control (%)
	IgG(b) 60mg/L (%)
	Mean
	Std Dev
	Std Error

	A
	0
	0.73
	0.70
	0.72
	0.02
	0.02

	
	1
	1.48
	1.24
	1.36
	0.17
	0.12

	
	2
	2.45
	2.14
	2.30
	0.22
	0.16

	
	3
	4.45
	4.17
	4.31
	0.20
	0.14

	
	4
	6.94
	7.26
	7.10
	0.23
	0.16

	
	5
	9.94
	10.24
	10.09
	0.21
	0.15

	
	6
	11.45
	11.83
	11.64
	0.27
	0.19

	
	7
	11.95
	12.07
	12.01
	0.08
	0.06

	
	8
	11.50
	11.01
	11.26
	0.35
	0.25

	
	9
	10.66
	10.82
	10.74
	0.11
	0.08

	
	10
	10.26
	8.93
	9.60
	0.94
	0.67

	
	11
	9.60
	4.79
	7.20
	3.40
	2.41

	
	12
	6.31
	3.19
	4.75
	2.21
	1.56

	
	13
	4.00
	1.98
	2.99
	1.43
	1.01

	
	14
	2.05
	0.00
	1.03
	1.45
	1.03

	B
	0
	0.78
	0.73
	0.76
	0.04
	0.03

	
	1
	1.18
	1.08
	1.13
	0.07
	0.05

	
	2
	2.03
	1.74
	1.89
	0.21
	0.15

	
	3
	3.76
	3.52
	3.64
	0.17
	0.12

	
	4
	6.55
	5.70
	6.13
	0.60
	0.43

	
	5
	10.40
	9.93
	10.17
	0.33
	0.24

	
	6
	13.65
	13.80
	13.73
	0.11
	0.08

	
	7
	13.30
	14.28
	13.79
	0.69
	0.49

	
	8
	14.46
	14.32
	14.39
	0.10
	0.07

	
	9
	14.00
	14.98
	14.49
	0.69
	0.49

	
	10
	12.60
	14.00
	13.30
	0.99
	0.70

	
	11
	12.34
	13.25
	12.80
	0.64
	0.46

	
	12
	11.47
	12.69
	12.08
	0.86
	0.61

	
	13
	9.73
	11.34
	10.54
	1.14
	0.81

	
	14
	8.51
	8.37
	8.44
	0.10
	0.07

	C
	0
	0.79
	0.72
	0.76
	0.05
	0.04

	
	1
	1.25
	0.93
	1.09
	0.23
	0.16

	
	2
	2.31
	2.07
	2.19
	0.17
	0.12

	
	3
	4.19
	3.49
	3.84
	0.49
	0.35

	
	4
	7.78
	5.98
	6.88
	1.27
	0.90

	
	5
	13.84
	10.85
	12.35
	2.11
	1.50

	
	6
	18.80
	16.65
	17.73
	1.52
	1.08

	
	7
	18.64
	19.05
	18.85
	0.29
	0.21

	
	8
	19.20
	20.79
	20.00
	1.12
	0.80

	
	9
	17.68
	20.64
	19.16
	2.09
	1.48

	
	10
	16.40
	18.92
	17.66
	1.78
	1.26

	
	11
	16.19
	17.97
	17.08
	1.26
	0.89

	
	12
	15.98
	18.40
	17.19
	1.71
	1.21

	
	13
	15.81
	17.93
	16.87
	1.50
	1.06

	
	14
	15.42
	19.55
	17.49
	2.92
	2.07

	D
	0
	1.30
	1.32
	1.31
	0.01
	0.01

	
	1
	2.84
	2.78
	4.31
	0.04
	0.03

	
	2
	5.84
	5.62
	7.56
	0.16
	0.11

	
	3
	9.50
	9.55
	12.84
	0.04
	0.03

	
	4
	16.12
	15.71
	17.48
	0.29
	0.21

	
	5
	19.25
	19.39
	21.27
	0.10
	0.07

	
	6
	23.15
	22.17
	21.89
	0.69
	0.49

	
	7
	21.60
	21.99
	22.00
	0.28
	0.19

	
	8
	22.01
	21.20
	22.24
	0.57
	0.41

	
	9
	23.27
	20.70
	20.90
	1.82
	1.29

	
	10
	21.09
	19.60
	19.86
	1.05
	0.74

	
	11
	20.11
	17.55
	18.56
	1.81
	1.28

	
	12
	19.57
	16.77
	16.76
	1.98
	1.40

	
	13
	16.74
	15.21
	15.98
	1.08
	0.76

	
	14
	16.74
	14.80
	7.40
	1.37
	0.97


[bookmark: _Ref529720713]
[bookmark: _Toc16449068]Table 9‑5 – Viability (%) for bioreactor runs - Control and IgG(b) 60mg/L.
	Feed Strategy
	Day
	Control (%)
	IgG(b) 60mg/L (%)
	Mean
	Std Dev
	Std Error

	A
	0
	97.30
	97.60
	97.45
	0.21
	0.15

	
	1
	97.10
	97.60
	97.35
	0.35
	0.25

	
	2
	97.80
	97.90
	97.85
	0.07
	0.05

	
	3
	98.20
	98.40
	98.30
	0.14
	0.10

	
	4
	98.70
	98.10
	98.40
	0.42
	0.30

	
	5
	98.50
	98.20
	98.35
	0.21
	0.15

	
	6
	98.60
	98.40
	98.50
	0.14
	0.10

	
	7
	98.10
	97.00
	97.55
	0.78
	0.55

	
	8
	97.20
	95.10
	96.15
	1.48
	1.05

	
	9
	94.70
	90.70
	92.70
	2.83
	2.00

	
	10
	81.40
	77.20
	79.30
	2.97
	2.10

	
	11
	84.40
	43.00
	63.70
	29.27
	20.70

	
	12
	60.80
	28.90
	44.85
	22.56
	15.95

	
	13
	39.60
	16.80
	28.20
	16.12
	11.40

	
	14
	20.10
	0.00
	10.05
	14.21
	10.05

	B
	0
	96.90
	96.00
	96.45
	0.64
	0.45

	
	1
	97.20
	98.50
	97.85
	0.92
	0.65

	
	2
	97.30
	97.60
	97.45
	0.21
	0.15

	
	3
	98.10
	98.30
	98.20
	0.14
	0.10

	
	4
	98.90
	98.00
	98.45
	0.64
	0.45

	
	5
	98.60
	98.50
	98.55
	0.07
	0.05

	
	6
	98.70
	98.30
	98.50
	0.28
	0.20

	
	7
	98.50
	98.40
	98.45
	0.07
	0.05

	
	8
	97.40
	97.30
	97.35
	0.07
	0.05

	
	9
	96.70
	96.60
	96.65
	0.07
	0.05

	
	10
	95.80
	94.10
	94.95
	1.20
	0.85

	
	11
	93.40
	91.30
	92.35
	1.48
	1.05

	
	12
	89.30
	86.30
	87.80
	2.12
	1.50

	
	13
	80.70
	78.80
	79.75
	1.34
	0.95

	
	14
	69.70
	58.40
	64.05
	7.99
	5.65

	C
	0
	97.40
	96.60
	97.00
	0.57
	0.40

	
	1
	98.00
	97.90
	97.95
	0.07
	0.05

	
	2
	97.50
	98.20
	97.85
	0.49
	0.35

	
	3
	98.90
	98.70
	98.80
	0.14
	0.10

	
	4
	99.10
	97.80
	98.45
	0.92
	0.65

	
	5
	98.80
	98.70
	98.75
	0.07
	0.05

	
	6
	99.20
	98.90
	99.05
	0.21
	0.15

	
	7
	99.30
	98.70
	99.00
	0.42
	0.30

	
	8
	97.50
	98.20
	97.85
	0.49
	0.35

	
	9
	98.90
	98.60
	98.75
	0.21
	0.15

	
	10
	98.30
	98.40
	98.35
	0.07
	0.05

	
	11
	98.30
	97.20
	97.75
	0.78
	0.55

	
	12
	97.50
	96.80
	97.15
	0.49
	0.35

	
	13
	96.40
	96.20
	96.30
	0.14
	0.10

	
	14
	94.70
	94.70
	94.70
	0.00
	0.00

	D
	0
	97.20
	97.30
	97.25
	0.07
	0.05

	
	1
	97.80
	97.90
	97.85
	0.07
	0.05

	
	2
	97.80
	97.90
	97.55
	0.07
	0.05

	
	3
	97.20
	96.90
	97.10
	0.21
	0.15

	
	4
	97.30
	97.60
	97.60
	0.21
	0.15

	
	5
	97.60
	97.50
	97.05
	0.07
	0.05

	
	6
	96.60
	96.10
	94.75
	0.35
	0.25

	
	7
	93.40
	94.30
	92.65
	0.64
	0.45

	
	8
	91.00
	92.50
	90.30
	1.06
	0.75

	
	9
	88.10
	91.10
	90.55
	2.12
	1.50

	
	10
	90.00
	91.40
	90.10
	0.99
	0.70

	
	11
	88.80
	90.30
	87.70
	1.06
	0.75

	
	12
	85.10
	87.20
	84.90
	1.48
	1.05

	
	13
	82.60
	85.00
	81.65
	1.70
	1.20

	
	14
	78.30
	81.10
	40.55
	1.98
	1.40




[bookmark: _Ref529719606][bookmark: _Toc16449069]Table 9‑6 – Total Cell Numbers (TCN) x106 cells/mL for Shake Flask run 1 - IgG(b) 60mg/L, 250mg/L, 500mg/L, 750mg/L, 115mg/L and 1500mg/L.
	Feed Strategy
	Day 
	IgG(b) 64mg/L
	IgG(b) 250mg/L
	IgG(b) 500mg/L
	IgG(b) 750mg/L
	IgG(b) 1125mg/L
	IgG(b) 1500mg/L
	Mean
	Std Dev
	Std Error

	A
	0
	
	0.80
	0.75
	0.77
	0.82
	0.77
	0.78
	0.03
	0.01

	
	1
	
	1.27
	1.14
	1.15
	1.21
	1.09
	1.17
	0.07
	0.03

	
	2
	
	3.72
	3.85
	3.07
	4.05
	3.83
	3.70
	0.37
	0.17

	
	3
	
	6.42
	5.50
	5.28
	5.46
	5.39
	5.61
	0.46
	0.21

	
	4
	
	9.06
	8.43
	7.65
	7.42
	9.58
	8.43
	0.91
	0.41

	
	5
	
	12.41
	11.34
	11.98
	11.75
	12.19
	11.93
	0.41
	0.18

	
	6
	
	13.75
	11.86
	12.84
	11.36
	15.11
	12.98
	1.50
	0.67

	
	7
	
	13.76
	13.45
	13.76
	11.75
	16.04
	13.75
	1.53
	0.68

	
	8
	
	14.48
	15.45
	16.71
	15.67
	16.62
	15.79
	0.92
	0.41

	
	9
	
	14.98
	17.89
	15.98
	15.62
	13.78
	15.65
	1.51
	0.67

	
	10
	
	13.99
	15.65
	13.81
	13.40
	12.37
	13.84
	1.19
	0.53

	
	11
	
	12.99
	13.41
	11.63
	11.17
	10.96
	12.03
	1.10
	0.49

	
	12
	
	
	
	
	
	
	
	
	

	
	13
	
	
	
	
	
	
	
	
	

	
	14
	
	
	
	
	
	
	
	
	

	C
	0
	
	0.82
	0.83
	0.80
	0.82
	0.83
	0.82
	0.01
	0.01

	
	1
	
	1.23
	0.97
	0.97
	0.87
	0.92
	0.99
	0.14
	0.06

	
	2
	
	4.01
	3.84
	3.92
	4.18
	3.28
	3.85
	0.34
	0.15

	
	3
	
	6.00
	5.59
	7.26
	6.02
	7.17
	6.41
	0.76
	0.34

	
	4
	
	8.02
	7.75
	7.28
	8.90
	7.84
	7.96
	0.59
	0.27

	
	5
	
	13.04
	14.35
	14.59
	12.70
	13.01
	13.54
	0.87
	0.39

	
	6
	
	20.77
	18.77
	18.78
	19.60
	20.92
	19.77
	1.04
	0.47

	
	7
	
	20.37
	22.04
	18.45
	21.37
	22.84
	21.01
	1.70
	0.76

	
	8
	
	17.23
	18.96
	24.61
	20.83
	22.09
	20.74
	2.84
	1.27

	
	9
	
	19.42
	20.03
	17.00
	18.50
	20.74
	19.14
	1.45
	0.65

	
	10
	
	18.61
	20.31
	17.61
	18.21
	21.57
	19.26
	1.64
	0.73

	
	11
	
	17.80
	20.58
	18.21
	17.91
	22.40
	19.38
	2.04
	0.91

	
	12
	
	17.36
	18.32
	20.52
	19.97
	19.83
	19.20
	1.31
	0.59

	
	13
	
	24.81
	25.75
	20.84
	24.87
	21.87
	23.63
	2.14
	0.96

	
	14
	
	34.76
	28.38
	28.31
	28.93
	37.68
	31.61
	4.34
	1.94

	D
	0
	1.39
	1.22
	1.31
	1.23
	1.19
	1.16
	1.25
	0.09
	0.03

	
	1
	2.03
	2.04
	2.13
	2.27
	2.12
	2.20
	2.13
	0.09
	0.04

	
	2
	7.24
	6.35
	6.87
	8.50
	7.12
	7.92
	7.33
	0.77
	0.31

	
	3
	10.46
	11.68
	11.82
	11.78
	10.82
	11.33
	11.31
	0.56
	0.23

	
	4
	18.17
	16.37
	15.43
	15.68
	16.65
	16.67
	16.50
	0.97
	0.39

	
	5
	25.79
	21.98
	23.22
	21.77
	24.34
	23.60
	23.45
	1.51
	0.61

	
	6
	20.92
	25.46
	24.44
	25.00
	29.48
	28.30
	25.60
	3.03
	1.24

	
	7
	24.75
	30.79
	33.56
	30.91
	30.18
	26.52
	29.45
	3.23
	1.32

	
	8
	28.11
	31.28
	21.57
	30.43
	32.13
	27.41
	28.49
	3.85
	1.57

	
	9
	23.10
	22.29
	20.87
	30.40
	23.41
	31.55
	25.27
	4.52
	1.85

	
	10
	24.11
	24.28
	22.16
	26.63
	23.63
	24.84
	24.27
	1.47
	0.60

	
	11
	25.11
	26.26
	23.45
	22.85
	23.84
	18.12
	23.27
	2.81
	1.15

	
	12
	22.86
	25.60
	27.88
	28.94
	23.03
	28.46
	26.13
	2.72
	1.11

	
	13
	22.75
	23.09
	23.55
	23.74
	26.00
	22.53
	23.61
	1.26
	0.51

	
	14
	22.80
	23.43
	25.32
	22.84
	26.81
	25.14
	24.39
	1.62
	0.66













[bookmark: _Ref529719620]
[bookmark: _Toc16449070]Table 9‑7 – Viable Cell Numbers (VCN) x106 cells/mL for Shake Flask run 1 - IgG(b) 60mg/L, 250mg/L, 500mg/L, 750mg/L, 115mg/L and 1500mg/L.
	Feed Strategy
	Day
	IgG(b) 64mg/L
	IgG(b) 250mg/L
	IgG(b) 500mg/L
	IgG(b) 750mg/L
	IgG(b) 1125mg/L
	IgG(b) 1500mg/L
	Mean
	Std Dev
	Std Error

	A
	0
	
	0.79
	0.73
	0.74
	0.80
	0.75
	0.76
	0.03
	0.01

	
	1
	
	1.23
	1.11
	1.09
	1.16
	1.04
	1.13
	0.07
	0.03

	
	2
	
	3.64
	3.72
	3.02
	3.93
	3.72
	3.61
	0.34
	0.15

	
	3
	
	6.34
	5.39
	5.21
	5.37
	5.31
	5.52
	0.46
	0.21

	
	4
	
	8.97
	8.34
	7.53
	7.33
	9.46
	8.33
	0.91
	0.41

	
	5
	
	12.31
	11.21
	11.83
	11.61
	12.06
	11.80
	0.42
	0.19

	
	6
	
	13.57
	11.74
	12.65
	11.24
	14.94
	12.83
	1.48
	0.66

	
	7
	
	13.58
	13.29
	13.58
	11.57
	15.84
	13.57
	1.52
	0.68

	
	8
	
	14.00
	14.72
	15.97
	12.14
	15.49
	14.46
	1.50
	0.67

	
	9
	
	0.84
	0.85
	0.90
	0.93
	0.93
	0.89
	0.04
	0.02

	
	10
	
	0.89
	0.93
	0.89
	0.86
	0.89
	0.89
	0.02
	0.01

	
	11
	
	0.94
	1.00
	0.88
	0.78
	0.85
	0.89
	0.08
	0.04

	
	12
	
	
	
	
	
	
	
	
	

	
	13
	
	
	
	
	
	
	
	
	

	
	14
	
	
	
	
	
	
	
	
	

	C
	0
	
	0.79
	0.79
	0.75
	0.80
	0.81
	0.79
	0.02
	0.01

	
	1
	
	1.20
	0.94
	0.95
	0.83
	0.87
	0.96
	0.14
	0.06

	
	2
	
	3.88
	3.76
	3.80
	4.07
	3.23
	3.75
	0.31
	0.14

	
	3
	
	5.90
	5.46
	7.12
	5.94
	7.03
	6.29
	0.74
	0.33

	
	4
	
	7.94
	7.67
	7.17
	8.76
	7.75
	7.86
	0.58
	0.26

	
	5
	
	12.89
	14.23
	14.48
	12.56
	12.90
	13.41
	0.88
	0.39

	
	6
	
	20.58
	18.62
	18.63
	19.42
	20.72
	19.59
	1.02
	0.46

	
	7
	
	20.25
	21.89
	18.35
	21.22
	22.71
	20.88
	1.68
	0.75

	
	8
	
	17.11
	18.81
	24.47
	20.74
	21.92
	20.61
	2.83
	1.27

	
	9
	
	19.28
	19.88
	16.83
	18.37
	20.60
	18.99
	1.46
	0.65

	
	10
	
	18.29
	19.92
	17.30
	17.93
	21.24
	18.93
	1.61
	0.72

	
	11
	
	17.30
	19.96
	17.77
	17.48
	21.87
	18.88
	1.99
	0.89

	
	12
	
	15.88
	16.75
	19.09
	18.71
	18.61
	17.81
	1.41
	0.63

	
	13
	
	6.86
	7.85
	10.64
	6.98
	13.65
	9.20
	2.92
	1.31

	
	14
	
	10.49
	9.03
	8.04
	8.27
	11.67
	9.50
	1.55
	0.69

	D
	0
	1.37
	1.20
	1.29
	1.20
	1.17
	1.13
	1.23
	0.09
	0.04

	
	1
	1.98
	1.97
	2.06
	2.22
	2.07
	2.14
	2.07
	0.10
	0.04

	
	2
	7.09
	6.22
	6.73
	8.32
	7.01
	7.75
	7.19
	0.74
	0.30

	
	3
	10.25
	11.44
	11.58
	11.58
	10.65
	11.16
	11.11
	0.55
	0.22

	
	4
	17.93
	16.18
	15.20
	15.50
	16.42
	16.46
	16.28
	0.95
	0.39

	
	5
	25.46
	21.64
	22.92
	21.50
	24.06
	23.30
	23.15
	1.50
	0.61

	
	6
	23.45
	25.02
	23.97
	24.54
	28.95
	27.79
	25.62
	2.23
	0.91

	
	7
	23.55
	29.45
	31.99
	29.32
	28.80
	25.19
	28.05
	3.10
	1.27

	
	8
	27.04
	29.99
	20.45
	29.18
	30.85
	26.15
	27.28
	3.79
	1.55

	
	9
	21.67
	21.03
	19.89
	28.95
	22.12
	29.88
	23.92
	4.33
	1.77

	
	10
	21.95
	22.58
	20.43
	24.80
	21.77
	23.10
	22.44
	1.47
	0.60

	
	11
	22.23
	24.13
	20.97
	20.65
	21.41
	16.31
	20.95
	2.59
	1.06

	
	12
	20.16
	22.73
	24.73
	25.43
	20.20
	25.05
	23.05
	2.41
	0.98

	
	13
	18.81
	19.42
	19.82
	19.53
	21.49
	18.94
	19.67
	0.97
	0.40

	
	14
	17.54
	18.56
	19.49
	17.88
	20.95
	19.75
	19.03
	1.28
	0.52













[bookmark: _Ref529719623][bookmark: _Toc16449071]Table 9‑8 – Viability (%) for Shake Flask run 1 - IgG(b) 60mg/L, 250mg/L, 500mg/L, 750mg/L, 115mg/L and 1500mg/L.
	Feed Strategy
	Day
	IgG(b) 64
mg/L
	IgG(b) 250
mg/L
	IgG(b) 500
mg/L
	IgG(b) 750
mg/L
	IgG(b) 1125
mg/L
	IgG(b) 1500
mg/L
	Mean
	Std Dev
	Std Error

	A
	0
	
	98.90
	97.60
	95.30
	98.10
	97.10
	97.40
	1.35
	0.60

	
	1
	
	96.90
	97.00
	95.50
	96.30
	94.90
	96.12
	0.91
	0.41

	
	2
	
	97.72
	96.88
	98.34
	96.84
	97.25
	97.41
	0.63
	0.28

	
	3
	
	98.73
	98.06
	98.58
	98.24
	98.44
	98.41
	0.27
	0.12

	
	4
	
	99.00
	99.00
	98.50
	98.80
	98.80
	98.82
	0.20
	0.09

	
	5
	
	99.20
	98.90
	98.80
	98.80
	98.90
	98.92
	0.16
	0.07

	
	6
	
	98.60
	99.00
	98.50
	98.90
	98.90
	98.78
	0.22
	0.10

	
	7
	
	98.70
	98.80
	98.70
	98.50
	98.70
	98.68
	0.11
	0.05

	
	8
	
	96.70
	95.30
	95.60
	77.40
	93.20
	91.64
	8.06
	3.60

	
	9
	
	5.60
	4.80
	5.60
	5.90
	6.70
	5.72
	0.68
	0.31

	
	10
	
	6.40
	6.10
	6.60
	6.40
	7.20
	6.54
	0.41
	0.18

	
	11
	
	7.20
	7.40
	7.60
	6.90
	7.70
	7.36
	0.32
	0.14

	
	12
	
	
	
	
	
	
	
	
	

	
	13
	
	
	
	
	
	
	
	
	

	
	14
	
	
	
	
	
	
	
	
	

	C
	0
	
	96.20
	95.70
	94.60
	97.70
	97.30
	96.30
	1.25
	0.56

	
	1
	
	97.40
	96.40
	97.70
	95.50
	94.50
	96.30
	1.33
	0.59

	
	2
	
	96.89
	97.76
	96.82
	97.45
	98.45
	97.47
	0.67
	0.30

	
	3
	
	98.28
	97.77
	98.14
	98.57
	98.01
	98.15
	0.30
	0.13

	
	4
	
	99.00
	98.90
	98.40
	98.40
	98.80
	98.70
	0.28
	0.13

	
	5
	
	98.80
	99.20
	99.20
	99.00
	99.20
	99.08
	0.18
	0.08

	
	6
	
	99.10
	99.20
	99.20
	99.10
	99.10
	99.14
	0.05
	0.02

	
	7
	
	99.40
	99.30
	99.40
	99.30
	99.40
	99.36
	0.05
	0.02

	
	8
	
	99.30
	99.20
	99.40
	99.50
	99.20
	99.32
	0.13
	0.06

	
	9
	
	99.30
	99.30
	99.00
	99.30
	99.30
	99.24
	0.13
	0.06

	
	10
	
	98.25
	98.15
	98.30
	98.45
	98.45
	98.32
	0.13
	0.06

	
	11
	
	97.20
	97.00
	97.60
	97.60
	97.60
	97.40
	0.28
	0.13

	
	12
	
	91.50
	91.40
	93.00
	93.70
	93.80
	92.68
	1.16
	0.52

	
	13
	
	27.70
	30.50
	51.10
	28.10
	62.40
	39.96
	15.88
	7.10

	
	14
	
	30.20
	31.80
	28.40
	28.60
	31.00
	30.00
	1.48
	0.66

	D
	0
	98.00
	98.30
	98.40
	97.70
	97.90
	97.10
	97.90
	0.47
	0.19

	
	1
	97.80
	96.50
	96.50
	97.60
	97.90
	97.20
	97.25
	0.63
	0.26

	
	2
	97.95
	98.02
	98.04
	97.85
	98.44
	97.87
	98.03
	0.22
	0.09

	
	3
	98.01
	97.94
	98.01
	98.33
	98.37
	98.50
	98.19
	0.23
	0.10

	
	4
	98.70
	98.80
	98.50
	98.80
	98.60
	98.70
	98.68
	0.12
	0.05

	
	5
	98.70
	98.50
	98.70
	98.80
	98.90
	98.70
	98.72
	0.13
	0.05

	
	6
	99.10
	98.30
	98.10
	98.20
	98.20
	98.20
	98.35
	0.37
	0.15

	
	7
	95.20
	95.70
	95.30
	94.90
	95.40
	95.00
	95.25
	0.29
	0.12

	
	8
	96.20
	95.90
	94.80
	95.90
	96.00
	95.40
	95.70
	0.51
	0.21

	
	9
	93.80
	94.30
	95.30
	95.20
	94.50
	94.70
	94.63
	0.56
	0.23

	
	10
	91.15
	93.10
	92.35
	92.80
	92.15
	92.35
	92.32
	0.67
	0.27

	
	11
	88.50
	91.90
	89.40
	90.40
	89.80
	90.00
	90.00
	1.13
	0.46

	
	12
	88.20
	88.80
	88.70
	87.90
	87.70
	88.00
	88.22
	0.44
	0.18

	
	13
	82.70
	84.10
	84.20
	82.30
	82.60
	84.10
	83.33
	0.89
	0.36

	
	14
	76.90
	79.20
	77.00
	78.30
	78.10
	78.60
	78.02
	0.91
	0.37














[bookmark: _Toc16449072]Table 9‑9 – Total Cell Numbers (TCN) x106 cells/mL for shake flask run 2 - Control and IgG(d) 250mg/L, 750mg/L, 1125mg/L, 1500mg/L, 200mg/L, 2500mg/L and 3000mg/L.
	Feed Strategy
	Day
	Control
	IgG(d) 250
mg/L
	IgG(d) 750
mg/L
	IgG(d) 1125
mg/L
	IgG(d) 1500
mg/L
	IgG(d) 2000
mg/L
	IgG(d) 2500
mg/L
	IgG(d) 3000
mg/L
	Mean
	Std Dev
	Std Error

	A
	0
	0.93
	0.88
	0.84
	0.89
	0.81
	
	
	0.87
	0.87
	0.04
	0.02

	
	1
	1.64
	1.77
	1.55
	1.39
	1.61
	
	
	1.54
	1.58
	0.13
	0.05

	
	2
	2.34
	2.66
	2.25
	1.88
	2.41
	
	
	2.21
	2.29
	0.26
	0.10

	
	3
	4.67
	4.54
	4.44
	3.69
	3.69
	
	
	3.81
	4.14
	0.46
	0.19

	
	4
	7.00
	7.55
	7.15
	6.49
	6.53
	
	
	6.42
	6.86
	0.45
	0.18

	
	5
	10.63
	10.03
	10.38
	9.88
	10.12
	
	
	9.83
	10.15
	0.31
	0.13

	
	6
	13.63
	13.06
	13.24
	12.75
	12.04
	
	
	13.14
	12.98
	0.54
	0.22

	
	7
	11.13
	9.02
	11.46
	10.61
	8.75
	
	
	12.86
	10.64
	1.55
	0.63

	
	8
	12.32
	12.50
	11.05
	13.26
	11.85
	
	
	13.68
	12.44
	0.95
	0.39

	
	9
	12.38
	11.58
	11.08
	12.94
	10.56
	
	
	13.01
	11.92
	1.01
	0.41

	
	10
	12.44
	10.66
	11.10
	12.62
	9.26
	
	
	12.34
	11.40
	1.32
	0.54

	
	11
	13.02
	14.21
	12.86
	12.25
	12.20
	
	
	12.28
	12.80
	0.77
	0.31

	
	12
	
	
	
	
	
	
	
	
	
	
	

	
	13
	
	
	
	
	
	
	
	
	
	
	

	
	14
	
	
	
	
	
	
	
	
	
	
	

	C
	0
	0.86
	0.76
	0.81
	0.84
	0.85
	
	
	0.80
	0.82
	0.04
	0.02

	
	1
	1.56
	1.25
	1.20
	1.40
	1.61
	
	
	1.30
	1.38
	0.17
	0.07

	
	2
	2.25
	1.73
	1.59
	1.95
	2.37
	
	
	1.79
	1.95
	0.31
	0.13

	
	3
	3.30
	3.22
	3.79
	3.32
	3.14
	
	
	2.93
	3.28
	0.29
	0.12

	
	4
	5.75
	5.39
	5.49
	5.46
	5.49
	
	
	5.02
	5.43
	0.24
	0.10

	
	5
	10.81
	10.51
	10.60
	10.30
	10.79
	
	
	9.97
	10.50
	0.32
	0.13

	
	6
	17.39
	17.21
	15.32
	16.36
	15.95
	
	
	15.11
	16.22
	0.95
	0.39

	
	7
	12.11
	13.58
	10.29
	15.79
	11.17
	
	
	12.16
	12.52
	1.94
	0.79

	
	8
	19.83
	14.22
	15.21
	14.37
	13.83
	
	
	14.99
	15.41
	2.22
	0.91

	
	9
	18.16
	14.20
	15.03
	14.19
	14.14
	
	
	14.44
	15.03
	1.57
	0.64

	
	10
	16.49
	14.17
	14.85
	14.01
	14.45
	
	
	13.88
	14.64
	0.97
	0.40

	
	11
	15.04
	14.32
	12.62
	13.49
	14.49
	
	
	15.02
	14.16
	0.95
	0.39

	
	12
	14.12
	13.16
	15.63
	16.58
	16.57
	
	
	14.06
	15.02
	1.44
	0.59

	
	13
	14.48
	15.61
	12.89
	13.30
	14.19
	
	
	13.20
	13.95
	1.02
	0.42

	
	14
	13.34
	18.05
	16.31
	15.44
	16.44
	
	
	17.87
	16.24
	1.73
	0.71

	D
	0
	1.23
	1.05
	1.00
	0.90
	1.06
	1.37
	1.15
	0.85
	1.08
	0.17
	0.06

	
	1
	3.29
	2.89
	2.58
	2.43
	2.57
	2.72
	2.59
	2.67
	2.71
	0.27
	0.09

	
	2
	5.34
	4.72
	4.16
	3.95
	4.08
	4.06
	4.03
	4.48
	4.35
	0.48
	0.17

	
	3
	8.07
	7.88
	7.64
	7.89
	7.79
	7.85
	7.73
	7.51
	7.80
	0.17
	0.06

	
	4
	13.49
	13.21
	13.63
	12.10
	12.33
	13.19
	12.04
	11.15
	12.64
	0.87
	0.31

	
	5
	19.83
	19.02
	17.97
	19.96
	18.48
	18.84
	19.21
	18.60
	18.99
	0.67
	0.24

	
	6
	22.39
	29.38
	20.74
	23.37
	21.28
	21.10
	24.94
	22.79
	23.25
	2.83
	1.00

	
	7
	22.54
	21.03
	23.34
	21.71
	20.59
	22.09
	25.06
	20.14
	22.06
	1.60
	0.57

	
	8
	26.06
	22.03
	24.04
	22.47
	22.61
	25.90
	24.29
	20.57
	23.50
	1.92
	0.68

	
	9
	26.12
	22.63
	23.35
	20.70
	24.70
	22.13
	23.00
	21.61
	23.03
	1.73
	0.61

	
	10
	26.18
	23.23
	22.66
	18.93
	26.78
	18.36
	21.71
	22.65
	22.56
	3.00
	1.06

	
	11
	23.20
	18.11
	22.87
	21.58
	19.32
	19.40
	21.10
	22.52
	21.01
	1.88
	0.66

	
	12
	25.43
	19.50
	20.75
	20.53
	22.55
	24.47
	16.62
	20.11
	21.25
	2.83
	1.00

	
	13
	18.46
	16.79
	16.96
	22.70
	21.51
	24.03
	15.52
	20.36
	19.54
	3.08
	1.09

	
	14
	22.00
	19.70
	17.63
	23.91
	26.97
	23.51
	20.95
	25.88
	22.57
	3.13
	1.11














[bookmark: _Toc16449073]Table 9‑10 – Viable Cell Numbers (VCN) x106 cells/mL for shake flask run 2 - Control and IgG(d) 250mg/L, 750mg/L, 1125mg/L, 1500mg/L, 200mg/L, 2500mg/L and 3000mg/L.
	Feed Strategy
	Day
	Control
	IgG(d) 250
mg/L
	IgG(d) 750
mg/L
	IgG(d) 1125
mg/L
	IgG(d) 1500
mg/L
	IgG(d) 2000
mg/L
	IgG(d) 2500
mg/L
	IgG(d) 3000
mg/L
	Mean
	Std Dev
	Std Error

	A
	0
	0.89
	0.83
	0.80
	0.83
	0.77
	
	
	0.82
	0.82
	0.04
	0.02

	
	1
	1.60
	1.71
	1.50
	1.34
	1.55
	
	
	1.48
	1.53
	0.12
	0.05

	
	2
	2.3
	2.58
	2.19
	1.84
	2.32
	
	
	2.14
	2.23
	0.24
	0.10

	
	3
	4.62
	4.49
	4.39
	3.64
	3.65
	
	
	3.75
	4.09
	0.46
	0.19

	
	4
	6.95
	7.46
	7.09
	6.44
	6.45
	
	
	6.36
	6.79
	0.44
	0.18

	
	5
	10.55
	9.93
	10.27
	9.80
	10.03
	
	
	9.72
	10.05
	0.31
	0.13

	
	6
	13.47
	12.91
	13.12
	12.62
	11.94
	
	
	12.99
	12.84
	0.52
	0.21

	
	7
	10.99
	8.89
	11.26
	10.43
	8.63
	
	
	12.73
	10.49
	1.54
	0.63

	
	8
	12.04
	12.29
	10.77
	13.02
	11.68
	
	
	13.48
	12.21
	0.97
	0.39

	
	9
	6.50
	6.45
	5.74
	6.93
	6.09
	
	
	7.12
	6.47
	0.51
	0.21

	
	10
	0.96
	0.61
	0.71
	0.84
	0.49
	
	
	0.76
	0.73
	0.17
	0.07

	
	11
	1.28
	0.99
	0.75
	0.73
	0.78
	
	
	0.71
	0.87
	0.22
	0.09

	
	12
	
	
	
	
	
	
	
	
	
	
	

	
	13
	
	
	
	
	
	
	
	
	
	
	

	
	14
	
	
	
	
	
	
	
	
	
	
	

	C
	0
	0.84
	0.74
	0.78
	0.80
	0.81
	
	
	0.75
	0.79
	0.04
	0.02

	
	1
	1.52
	1.22
	1.17
	1.35
	1.55
	
	
	1.25
	1.34
	0.16
	0.07

	
	2
	2.19
	1.69
	1.56
	1.90
	2.29
	
	
	1.74
	1.90
	0.29
	0.12

	
	3
	3.25
	3.17
	3.72
	3.26
	3.08
	
	
	2.88
	3.23
	0.28
	0.11

	
	4
	5.69
	5.31
	5.40
	5.40
	5.40
	
	
	4.95
	5.36
	0.24
	0.10

	
	5
	10.73
	10.42
	10.51
	10.20
	10.71
	
	
	9.86
	10.41
	0.33
	0.14

	
	6
	17.28
	17.10
	15.23
	16.28
	15.84
	
	
	15.04
	16.13
	0.93
	0.38

	
	7
	12.01
	13.49
	10.14
	15.68
	11.05
	
	
	12.03
	12.40
	1.96
	0.80

	
	8
	19.66
	14.08
	15.11
	14.21
	13.70
	
	
	14.90
	15.28
	2.21
	0.90

	
	9
	17.89
	13.99
	14.85
	13.99
	13.98
	
	
	14.28
	14.83
	1.54
	0.63

	
	10
	16.12
	13.89
	14.59
	13.76
	14.25
	
	
	13.65
	14.38
	0.92
	0.38

	
	11
	14.64
	13.91
	12.31
	13.16
	14.19
	
	
	14.76
	13.83
	0.94
	0.38

	
	12
	13.49
	12.61
	14.63
	15.86
	15.84
	
	
	13.21
	14.27
	1.39
	0.57

	
	13
	13.3
	13.92
	11.38
	12.22
	12.67
	
	
	12.16
	12.61
	0.90
	0.37

	
	14
	10.37
	14.43
	13.21
	12.52
	13.57
	
	
	15.67
	13.30
	1.80
	0.73

	D
	0
	1.17
	1.02
	0.96
	0.87
	1.02
	1.30
	1.10
	0.82
	1.03
	0.16
	0.06

	
	1
	3.19
	2.82
	2.48
	2.34
	2.48
	2.61
	2.49
	2.57
	2.62
	0.27
	0.09

	
	2
	5.2
	4.61
	4.00
	3.80
	3.94
	3.91
	3.87
	4.32
	4.21
	0.48
	0.17

	
	3
	7.87
	7.68
	7.42
	7.70
	7.63
	7.65
	7.54
	7.34
	7.60
	0.17
	0.06

	
	4
	13.24
	12.91
	13.37
	11.84
	12.04
	12.93
	11.74
	10.95
	12.38
	0.86
	0.30

	
	5
	19.45
	18.63
	17.60
	19.58
	18.15
	18.53
	18.89
	18.27
	18.64
	0.66
	0.23

	
	6
	21.92
	28.77
	20.24
	22.90
	20.82
	20.60
	24.32
	22.33
	22.74
	2.78
	0.98

	
	7
	20.99
	19.59
	21.33
	20.16
	18.99
	20.51
	23.28
	18.56
	20.43
	1.49
	0.53

	
	8
	24.59
	20.53
	22.45
	20.97
	20.94
	24.30
	22.73
	19.09
	21.95
	1.91
	0.68

	
	9
	24.02
	20.55
	21.22
	18.89
	22.20
	20.28
	21.03
	19.58
	20.97
	1.59
	0.56

	
	10
	23.44
	20.56
	19.98
	16.80
	23.45
	16.25
	19.32
	20.07
	19.98
	2.64
	0.93

	
	11
	20.03
	15.03
	19.59
	18.31
	16.25
	16.63
	17.94
	18.95
	17.84
	1.74
	0.62

	
	12
	20.6
	15.68
	16.44
	16.53
	18.04
	19.78
	13.08
	16.41
	17.07
	2.38
	0.84

	
	13
	13.68
	11.84
	12.40
	16.50
	16.25
	18.85
	11.91
	15.58
	14.63
	2.56
	0.91

	
	14
	14.92
	12.58
	11.13
	15.03
	18.73
	16.91
	14.37
	18.30
	15.25
	2.65
	0.94














[bookmark: _Toc16449074]Table 9‑11 – Viability (%) for shake flask run 2 - Control and IgG(d) 250mg/L, 750mg/L, 1125mg/L, 1500mg/L, 200mg/L, 2500mg/L and 3000mg/L.
	Feed Strategy
	Day
	Control
	IgG(d) 250
mg/L
	IgG(d) 750
mg/L
	IgG(d) 1125
mg/L
	IgG(d) 1500
mg/L
	IgG(d) 2000
mg/L
	IgG(d) 2500
mg/L
	IgG(d) 3000
mg/L
	Mean
	Std Dev
	Std Error

	A
	0
	96.2
	94.80
	95.80
	94.00
	95.50
	
	
	94.80
	95.18
	0.80
	0.33

	
	1
	97.25
	95.95
	96.50
	96.05
	95.90
	
	
	95.80
	96.24
	0.55
	0.22

	
	2
	98.3
	97.10
	97.20
	98.10
	96.30
	
	
	96.80
	97.30
	0.77
	0.31

	
	3
	98.9
	99.00
	99.00
	98.70
	98.70
	
	
	98.40
	98.78
	0.23
	0.09

	
	4
	99.2
	98.90
	99.10
	99.30
	98.80
	
	
	99.10
	99.07
	0.19
	0.08

	
	5
	99.3
	99.00
	98.90
	99.20
	99.00
	
	
	98.80
	99.03
	0.19
	0.08

	
	6
	98.8
	98.90
	99.10
	98.90
	99.10
	
	
	98.80
	98.93
	0.14
	0.06

	
	7
	98.7
	98.60
	98.30
	98.30
	98.60
	
	
	98.90
	98.57
	0.23
	0.10

	
	8
	97.8
	98.30
	97.50
	98.20
	98.60
	
	
	98.50
	98.15
	0.42
	0.17

	
	9
	52.75
	52.00
	51.95
	52.45
	51.90
	
	
	52.35
	52.23
	0.34
	0.14

	
	10
	7.7
	5.70
	6.40
	6.70
	5.20
	
	
	6.20
	6.32
	0.86
	0.35

	
	11
	9.9
	6.90
	5.80
	5.90
	6.40
	
	
	5.80
	6.78
	1.59
	0.65

	
	12
	
	
	
	
	
	
	
	
	
	
	

	
	13
	
	
	
	
	
	
	
	
	
	
	

	
	14
	
	
	
	
	
	
	
	
	
	
	

	C
	0
	97
	97.20
	95.30
	94.60
	95.30
	
	
	94.20
	95.60
	1.24
	0.51

	
	1
	96.95
	97.50
	96.60
	96.00
	95.85
	
	
	95.70
	96.43
	0.71
	0.29

	
	2
	96.9
	97.80
	97.90
	97.40
	96.40
	
	
	97.20
	97.27
	0.56
	0.23

	
	3
	98.4
	98.30
	98.00
	98.10
	98.00
	
	
	98.40
	98.20
	0.19
	0.08

	
	4
	98.8
	98.50
	98.40
	98.90
	98.40
	
	
	98.70
	98.62
	0.21
	0.09

	
	5
	99.3
	99.20
	99.20
	99.10
	99.20
	
	
	98.90
	99.15
	0.14
	0.06

	
	6
	99.4
	99.40
	99.40
	99.50
	99.30
	
	
	99.60
	99.43
	0.10
	0.04

	
	7
	99.2
	99.30
	98.60
	99.30
	99.00
	
	
	99.00
	99.07
	0.27
	0.11

	
	8
	99.2
	99.10
	99.40
	98.90
	99.10
	
	
	99.40
	99.18
	0.19
	0.08

	
	9
	98.50
	98.60
	98.80
	98.55
	98.85
	
	
	98.85
	98.69
	0.16
	0.07

	
	10
	97.8
	98.10
	98.20
	98.20
	98.60
	
	
	98.30
	98.20
	0.26
	0.11

	
	11
	97.3
	97.20
	97.60
	97.60
	97.90
	
	
	98.30
	97.65
	0.40
	0.16

	
	12
	95.6
	95.80
	93.60
	95.70
	95.60
	
	
	94.00
	95.05
	0.98
	0.40

	
	13
	91.8
	89.20
	88.30
	91.80
	89.30
	
	
	92.10
	90.42
	1.67
	0.68

	
	14
	77.7
	80.00
	81.00
	81.10
	82.50
	
	
	87.70
	81.67
	3.36
	1.37

	D
	0
	95.4
	97.10
	95.40
	96.20
	96.30
	95.30
	95.60
	96.70
	96.00
	0.68
	0.24

	
	1
	96.45
	97.35
	95.70
	96.25
	96.45
	95.75
	95.90
	96.60
	96.31
	0.54
	0.19

	
	2
	97.5
	97.60
	96.00
	96.30
	96.60
	96.20
	96.20
	96.50
	96.61
	0.61
	0.22

	
	3
	97.5
	97.50
	97.10
	97.60
	97.90
	97.50
	97.60
	97.70
	97.55
	0.23
	0.08

	
	4
	98.2
	97.80
	98.10
	97.90
	97.70
	98.00
	97.50
	98.20
	97.93
	0.25
	0.09

	
	5
	98.1
	97.90
	97.90
	98.10
	98.20
	98.40
	98.40
	98.20
	98.15
	0.19
	0.07

	
	6
	97.9
	97.90
	97.60
	98.00
	97.90
	97.60
	97.50
	98.00
	97.80
	0.20
	0.07

	
	7
	93.1
	93.10
	91.40
	92.90
	92.20
	92.90
	92.90
	92.20
	92.59
	0.60
	0.21

	
	8
	94.4
	93.20
	93.40
	93.30
	92.60
	93.80
	93.60
	92.80
	93.39
	0.57
	0.20

	
	9
	91.95
	90.85
	90.80
	91.00
	90.10
	91.15
	91.30
	90.70
	90.98
	0.53
	0.19

	
	10
	89.5
	88.50
	88.20
	88.70
	87.60
	88.50
	89.00
	88.60
	88.58
	0.55
	0.20

	
	11
	86.3
	83.00
	85.70
	84.80
	84.10
	85.70
	85.00
	84.20
	84.85
	1.07
	0.38

	
	12
	81
	80.40
	79.20
	80.50
	80.00
	80.80
	78.70
	81.60
	80.28
	0.95
	0.34

	
	13
	74.1
	70.50
	73.10
	72.70
	75.50
	78.40
	76.70
	76.50
	74.69
	2.57
	0.91

	
	14
	67.8
	63.90
	63.10
	62.90
	69.40
	71.90
	68.60
	70.70
	67.29
	3.54
	1.25














[bookmark: _Toc16449075]Table 9‑12 – Total Cell Numbers (TCN) x106 cells/mL for shake flask run 3 - IgG(a) 250mg/L, 1500mg/L and 3000mg/L. IgG(c) 250mg/L, 750mg/L and 1500mg/L. IgG(e) 250mg/L, 1500mg/L and 3000mg/L.
	Feed Strategy
	Day
	IgG(a) 250
mg/L
	IgG(a) 1500
mg/L
	IgG(a) 3000
mg/L
	IgG(e) 250
mg/L
	IgG(e) 1500
mg/L
	IgG(e) 3000
mg/L
	
	Mean
	Std Dev
	Std Error

	A
	0
	0.79
	0.63
	0.77
	0.64
	0.65
	0.76
	
	0.71
	0.07
	0.03

	
	1
	0.74
	0.97
	1.08
	0.91
	0.93
	0.97
	
	0.93
	0.11
	0.05

	
	2
	1.35
	1.33
	1.41
	1.25
	1.06
	1.14
	
	1.26
	0.13
	0.05

	
	3
	2.50
	2.68
	2.18
	2.13
	1.88
	1.74
	
	2.19
	0.36
	0.15

	
	4
	6.08
	5.70
	5.36
	5.21
	5.23
	4.55
	
	5.35
	0.52
	0.21

	
	5
	9.65
	8.72
	8.54
	8.28
	8.58
	7.35
	
	8.52
	0.74
	0.30

	
	6
	11.20
	10.32
	10.34
	11.37
	11.76
	8.66
	
	10.61
	1.11
	0.45

	
	7
	10.03
	10.46
	10.41
	9.17
	9.28
	9.75
	
	9.85
	0.55
	0.22

	
	8
	10.22
	10.39
	9.93
	10.30
	10.19
	9.78
	
	10.14
	0.23
	0.09

	
	9
	10.80
	11.09
	8.88
	9.99
	10.64
	10.68
	
	10.35
	0.80
	0.33

	
	10
	12.60
	10.56
	12.39
	11.35
	11.06
	11.49
	
	11.58
	0.78
	0.32

	
	11
	11.62
	9.22
	9.53
	9.24
	9.79
	10.67
	
	10.01
	0.95
	0.39

	
	12
	12.64
	10.01
	9.75
	8.68
	10.29
	9.96
	
	10.22
	1.31
	0.53

	
	13
	13.66
	10.80
	9.97
	8.11
	10.78
	9.24
	
	10.43
	1.88
	0.77

	
	14
	
	
	
	
	
	
	
	
	
	

	Feed Strategy
	Day
	IgG(a) 1500
mg/L
	IgG(a) 3000
mg/L
	IgG(e) 1500
mg/L
	IgG(e) 3000
mg/L
	
	
	
	Mean
	Std Dev
	Std Error

	C
	0
	0.69
	0.61
	0.60
	0.61
	
	
	
	0.63
	0.04
	0.02

	
	1
	0.74
	0.65
	0.68
	0.67
	
	
	
	0.69
	0.04
	0.02

	
	2
	1.22
	0.93
	0.83
	1.01
	
	
	
	1.00
	0.17
	0.08

	
	3
	2.08
	1.89
	1.63
	1.76
	
	
	
	1.84
	0.19
	0.10

	
	4
	6.42
	5.72
	5.06
	5.64
	
	
	
	5.71
	0.56
	0.28

	
	5
	10.76
	9.55
	8.48
	9.52
	
	
	
	9.58
	0.93
	0.47

	
	6
	12.39
	10.35
	14.96
	11.11
	
	
	
	12.20
	2.02
	1.01

	
	7
	13.61
	13.30
	13.51
	12.57
	
	
	
	13.25
	0.47
	0.23

	
	8
	12.36
	9.73
	12.14
	14.05
	
	
	
	12.07
	1.78
	0.89

	
	9
	14.30
	11.53
	12.08
	13.40
	
	
	
	12.83
	1.26
	0.63

	
	10
	13.24
	12.89
	12.76
	14.43
	
	
	
	13.33
	0.76
	0.38

	
	11
	13.42
	13.33
	10.49
	10.84
	
	
	
	12.02
	1.57
	0.79

	
	12
	13.92
	13.85
	12.34
	13.07
	
	
	
	13.29
	0.74
	0.37

	
	13
	14.41
	14.36
	14.18
	15.29
	
	
	
	14.56
	0.50
	0.25

	
	14
	13.62
	13.79
	14.00
	11.90
	
	
	
	13.33
	0.96
	0.48

	Feed Strategy
	Day
	IgG(c) 250
mg/L
	IgG(c) 750
mg/L
	IgG(c) 1500
mg/L
	IgG(a) 1500
mg/L
	IgG(a) 3000
mg/L
	IgG(e) 1500
mg/L
	IgG(e) 3000
mg/L
	Mean
	Std Dev
	Std Error

	D
	0
	1.07
	1.01
	0.92
	0.81
	1.10
	0.91
	1.01
	0.98
	0.10
	0.04

	
	1
	2.00
	2.33
	1.80
	1.73
	2.02
	2.36
	1.77
	2.00
	0.26
	0.10

	
	2
	3.99
	3.79
	3.68
	3.84
	3.78
	3.95
	4.00
	3.86
	0.12
	0.05

	
	3
	7.52
	7.61
	7.13
	7.55
	7.40
	7.64
	7.49
	7.48
	0.17
	0.07

	
	4
	12.49
	13.66
	12.38
	12.53
	12.76
	12.78
	13.72
	12.90
	0.56
	0.21

	
	5
	17.46
	19.71
	17.63
	17.51
	18.11
	17.92
	19.95
	18.33
	1.05
	0.40

	
	6
	23.54
	19.12
	14.60
	19.92
	14.40
	19.13
	14.37
	17.87
	3.52
	1.33

	
	7
	19.09
	18.42
	19.84
	22.19
	18.24
	21.99
	23.52
	20.47
	2.08
	0.79

	
	8
	20.23
	19.94
	22.38
	19.34
	20.54
	25.82
	24.52
	21.82
	2.50
	0.94

	
	9
	22.11
	18.12
	18.69
	21.41
	17.36
	22.73
	18.90
	19.90
	2.13
	0.81

	
	10
	17.11
	20.14
	21.21
	20.67
	17.09
	24.52
	23.82
	20.65
	2.91
	1.10

	
	11
	25.72
	21.00
	19.99
	21.22
	20.07
	18.15
	19.93
	20.87
	2.36
	0.89

	
	12
	27.71
	24.38
	20.70
	23.65
	19.21
	19.23
	19.76
	22.09
	3.24
	1.23

	
	13
	29.69
	27.75
	21.41
	26.08
	18.34
	20.31
	19.58
	23.31
	4.46
	1.69

	
	14
	30.87
	18.43
	21.49
	26.35
	27.02
	24.17
	20.68
	24.14
	4.28
	1.62








[bookmark: _Toc16449076]Table 9‑13 – Viable Cell Numbers (VCN) x106 cells/mL for shake flask run 3 - IgG(a) 250mg/L, 1500mg/L and 3000mg/L. IgG(c) 250mg/L, 750mg/L and 1500mg/L. IgG(e) 250mg/L, 1500mg/L and 3000mg/L.
	Feed Strategy
	Day
	IgG(a) 250
mg/L
	IgG(a) 1500
mg/L
	IgG(a) 3000
mg/L
	IgG(e) 250
mg/L
	IgG(e) 1500
mg/L
	IgG(e) 3000
mg/L
	
	Mean
	Std Dev
	Std Error

	A
	0
	0.79
	0.62
	0.74
	0.61
	0.63
	0.74
	
	0.69
	0.08
	0.03

	
	1
	0.73
	0.93
	1.05
	0.88
	0.89
	0.93
	
	0.90
	0.10
	0.04

	
	2
	1.31
	1.29
	1.36
	1.21
	1.03
	1.10
	
	1.22
	0.13
	0.05

	
	3
	2.45
	2.62
	2.14
	2.08
	1.84
	1.70
	
	2.14
	0.35
	0.14

	
	4
	6.02
	5.64
	5.31
	5.15
	5.18
	4.50
	
	5.30
	0.51
	0.21

	
	5
	9.58
	8.66
	8.47
	8.21
	8.51
	7.29
	
	8.45
	0.74
	0.30

	
	6
	11.09
	10.24
	10.22
	11.25
	11.62
	8.61
	
	10.51
	1.08
	0.44

	
	7
	9.71
	10.28
	10.14
	8.99
	9.02
	9.55
	
	9.62
	0.54
	0.22

	
	8
	10.09
	10.31
	9.82
	10.17
	10.08
	9.67
	
	10.02
	0.24
	0.10

	
	9
	10.58
	10.99
	8.72
	9.76
	10.42
	10.53
	
	10.17
	0.81
	0.33

	
	10
	11.41
	10.34
	11.28
	10.16
	10.26
	11.03
	
	10.75
	0.56
	0.23

	
	11
	8.62
	8.31
	1.06
	5.27
	7.78
	8.95
	
	6.67
	3.04
	1.24

	
	12
	5.31
	4.79
	1.22
	3.29
	4.79
	5.43
	
	4.14
	1.62
	0.66

	
	13
	1.99
	1.27
	1.38
	1.30
	1.80
	1.90
	
	1.61
	0.33
	0.13

	
	14
	
	
	
	
	
	
	
	
	
	

	Feed Strategy
	Day
	IgG(a) 1500
mg/L
	IgG(a) 3000
mg/L
	IgG(e) 1500
mg/L
	IgG(e) 3000
mg/L
	
	
	
	Mean
	Std Dev
	Std Error

	C
	0
	0.66
	0.59
	0.58
	0.58
	
	
	
	0.60
	0.04
	0.02

	
	1
	0.72
	0.64
	0.66
	0.64
	
	
	
	0.67
	0.04
	0.02

	
	2
	1.16
	0.89
	0.80
	0.97
	
	
	
	0.96
	0.15
	0.08

	
	3
	2.04
	1.86
	1.58
	1.73
	
	
	
	1.80
	0.20
	0.10

	
	4
	6.36
	5.68
	5.01
	5.60
	
	
	
	5.66
	0.55
	0.28

	
	5
	10.68
	9.49
	8.43
	9.46
	
	
	
	9.52
	0.92
	0.46

	
	6
	12.28
	10.28
	14.85
	11.02
	
	
	
	12.11
	2.01
	1.00

	
	7
	13.34
	13.00
	13.14
	12.32
	
	
	
	12.95
	0.44
	0.22

	
	8
	12.28
	9.66
	12.05
	13.96
	
	
	
	11.99
	1.77
	0.88

	
	9
	14.19
	11.42
	11.98
	13.30
	
	
	
	12.72
	1.26
	0.63

	
	10
	13.05
	12.73
	12.58
	14.28
	
	
	
	13.16
	0.77
	0.39

	
	11
	13.09
	13.08
	10.20
	10.60
	
	
	
	11.74
	1.56
	0.78

	
	12
	13.32
	13.40
	11.83
	12.58
	
	
	
	12.78
	0.74
	0.37

	
	13
	13.55
	13.71
	13.45
	14.55
	
	
	
	13.82
	0.50
	0.25

	
	14
	11.12
	12.04
	12.04
	10.15
	
	
	
	11.34
	0.90
	0.45

	Feed Strategy
	Day
	IgG(c) 250
mg/L
	IgG(c) 750
mg/L
	IgG(c) 1500
mg/L
	IgG(a) 1500
mg/L
	IgG(a) 3000
mg/L
	IgG(e) 1500
mg/L
	IgG(e) 3000
mg/L
	Mean
	Std Dev
	Std Error

	D
	0
	1.02
	0.97
	0.90
	0.77
	1.06
	0.89
	0.97
	0.94
	0.10
	0.04

	
	1
	1.92
	2.24
	1.74
	1.66
	1.92
	2.27
	1.70
	1.92
	0.25
	0.09

	
	2
	3.86
	3.66
	3.53
	3.72
	3.65
	3.80
	3.87
	3.73
	0.12
	0.05

	
	3
	7.31
	7.38
	6.95
	7.34
	7.17
	7.48
	7.32
	7.28
	0.17
	0.06

	
	4
	12.20
	13.36
	12.13
	12.26
	12.45
	12.50
	13.41
	12.61
	0.54
	0.20

	
	5
	17.09
	19.34
	17.31
	17.17
	17.72
	17.51
	19.49
	17.95
	1.03
	0.39

	
	6
	22.95
	18.65
	14.26
	19.41
	14.01
	18.68
	14.01
	17.42
	3.44
	1.30

	
	7
	17.37
	16.85
	17.62
	19.95
	16.77
	19.78
	21.77
	18.59
	1.92
	0.73

	
	8
	18.81
	18.69
	21.17
	17.90
	19.14
	24.00
	22.73
	20.35
	2.32
	0.88

	
	9
	20.01
	16.59
	17.12
	19.34
	15.80
	20.82
	17.18
	18.12
	1.91
	0.72

	
	10
	15.16
	17.82
	18.96
	18.52
	15.06
	21.86
	21.15
	18.36
	2.64
	1.00

	
	11
	21.77
	17.84
	16.97
	17.45
	16.74
	14.81
	16.63
	17.46
	2.13
	0.80

	
	12
	21.91
	19.63
	16.34
	18.37
	15.08
	14.91
	15.72
	17.42
	2.64
	1.00

	
	13
	22.05
	21.42
	15.70
	19.28
	13.42
	15.01
	14.80
	17.38
	3.48
	1.31

	
	14
	8.45
	10.05
	5.81
	7.65
	8.06
	7.52
	12.62
	8.59
	2.18
	0.82








[bookmark: _Toc16449077]Table 9‑14 – Viability (%) for shake flask run 3 - IgG(a) 250mg/L, 1500mg/L and 3000mg/L. IgG(c) 250mg/L, 750mg/L and 1500mg/L. IgG(e) 250mg/L, 1500mg/L and 3000mg/L.
	Feed Strategy
	Day
	IgG(a) 250
mg/L
	IgG(a) 1500
mg/L
	IgG(a) 3000
mg/L
	IgG(e) 250
mg/L
	IgG(e) 1500
mg/L
	IgG(e) 3000
mg/L
	
	Mean
	Std Dev
	Std Error

	A
	0
	99.10
	98.50
	95.90
	96.20
	97.20
	98.20
	
	97.52
	1.30
	0.53

	
	1
	98.70
	96.10
	97.20
	96.00
	95.70
	96.10
	
	96.63
	1.13
	0.46

	
	2
	96.80
	96.60
	96.50
	96.40
	97.40
	95.80
	
	96.58
	0.52
	0.21

	
	3
	98.10
	97.70
	98.10
	97.40
	98.10
	97.50
	
	97.82
	0.33
	0.13

	
	4
	98.65
	98.50
	98.65
	98.25
	98.70
	98.35
	
	98.52
	0.18
	0.07

	
	5
	99.20
	99.30
	99.20
	99.10
	99.30
	99.20
	
	99.22
	0.08
	0.03

	
	6
	99.00
	99.20
	98.90
	98.90
	98.90
	99.40
	
	99.05
	0.21
	0.08

	
	7
	96.90
	98.30
	97.50
	98.10
	97.20
	98.00
	
	97.67
	0.55
	0.23

	
	8
	98.70
	99.20
	98.90
	98.70
	98.90
	98.90
	
	98.88
	0.18
	0.07

	
	9
	97.90
	99.10
	98.20
	97.70
	97.90
	98.60
	
	98.23
	0.53
	0.22

	
	10
	90.50
	97.90
	91.00
	89.50
	92.80
	96.00
	
	92.95
	3.33
	1.36

	
	11
	74.20
	90.10
	11.10
	57.00
	79.50
	83.90
	
	65.97
	29.14
	11.90

	
	12
	44.35
	50.90
	12.50
	36.50
	48.10
	52.25
	
	40.77
	14.96
	6.11

	
	13
	14.50
	11.70
	13.90
	16.00
	16.70
	20.60
	
	15.57
	3.02
	1.23

	
	14
	
	
	
	
	
	
	
	
	
	

	Feed Strategy
	Day
	IgG(a) 1500
mg/L
	IgG(a) 3000
mg/L
	IgG(e) 1500
mg/L
	IgG(e) 3000
mg/L
	
	
	
	Mean
	Std Dev
	Std Error

	C
	0
	95.80
	97.00
	96.40
	95.30
	
	
	
	96.13
	0.74
	0.37

	
	1
	96.80
	97.60
	95.90
	94.80
	
	
	
	96.28
	1.20
	0.60

	
	2
	95.50
	95.30
	96.10
	96.30
	
	
	
	95.80
	0.48
	0.24

	
	3
	98.30
	98.70
	97.30
	98.30
	
	
	
	98.15
	0.60
	0.30

	
	4
	98.80
	99.05
	98.40
	98.85
	
	
	
	98.78
	0.27
	0.14

	
	5
	99.30
	99.40
	99.50
	99.40
	
	
	
	99.40
	0.08
	0.04

	
	6
	99.10
	99.30
	99.20
	99.20
	
	
	
	99.20
	0.08
	0.04

	
	7
	98.10
	97.80
	97.30
	98.00
	
	
	
	97.80
	0.36
	0.18

	
	8
	99.40
	99.30
	99.20
	99.30
	
	
	
	99.30
	0.08
	0.04

	
	9
	99.20
	99.10
	99.20
	99.20
	
	
	
	99.18
	0.05
	0.03

	
	10
	98.60
	98.70
	98.60
	99.00
	
	
	
	98.73
	0.19
	0.09

	
	11
	97.50
	98.20
	97.20
	97.90
	
	
	
	97.70
	0.44
	0.22

	
	12
	95.75
	96.85
	96.05
	96.50
	
	
	
	96.29
	0.49
	0.24

	
	13
	94.00
	95.50
	94.90
	95.10
	
	
	
	94.88
	0.63
	0.32

	
	14
	81.70
	87.30
	86.00
	85.30
	
	
	
	85.08
	2.40
	1.20

	Feed Strategy
	Day
	IgG(c) 250
mg/L
	IgG(c) 750
mg/L
	IgG(c) 1500
mg/L
	IgG(a) 1500
mg/L
	IgG(a) 3000
mg/L
	IgG(e) 1500
mg/L
	IgG(e) 3000
mg/L
	Mean
	Std Dev
	Std Error

	D
	0
	95.50
	96.40
	97.30
	94.90
	96.30
	98.30
	95.60
	96.33
	1.16
	0.44

	
	1
	96.10
	96.20
	96.50
	95.80
	94.70
	96.40
	96.20
	95.99
	0.61
	0.23

	
	2
	96.90
	96.50
	96.00
	96.80
	96.50
	96.10
	96.50
	96.47
	0.33
	0.12

	
	3
	97.20
	97.00
	97.40
	97.20
	96.90
	97.80
	97.70
	97.31
	0.34
	0.13

	
	4
	97.55
	97.55
	97.80
	97.65
	97.35
	97.75
	97.70
	97.62
	0.15
	0.06

	
	5
	97.90
	98.10
	98.20
	98.10
	97.80
	97.70
	97.70
	97.93
	0.21
	0.08

	
	6
	97.50
	97.50
	97.70
	97.50
	97.30
	97.70
	97.50
	97.53
	0.14
	0.05

	
	7
	91.00
	91.50
	88.80
	89.90
	92.00
	90.00
	92.60
	90.83
	1.33
	0.50

	
	8
	92.90
	93.70
	94.60
	92.60
	93.20
	93.00
	92.70
	93.24
	0.70
	0.26

	
	9
	90.50
	91.60
	91.60
	90.30
	91.00
	91.60
	90.90
	91.07
	0.55
	0.21

	
	10
	88.60
	88.50
	89.40
	89.60
	88.10
	89.20
	88.80
	88.89
	0.54
	0.20

	
	11
	84.60
	85.00
	84.90
	82.20
	83.40
	81.60
	83.50
	83.60
	1.33
	0.50

	
	12
	79.45
	81.10
	79.10
	78.05
	78.30
	77.75
	79.55
	79.04
	1.15
	0.43

	
	13
	74.30
	77.20
	73.30
	73.90
	73.20
	73.90
	75.60
	74.49
	1.44
	0.54

	
	14
	27.40
	54.50
	27.00
	29.00
	29.80
	31.10
	61.10
	37.13
	14.32
	5.41









[bookmark: _Toc16449078]Table 9‑15 – Total Cell Numbers (TCN) x106 cells/mL for shake flask run 4 - IgG(b) 50mg/L, 100mg/L, 150mg/L and 200mg/L.
	Feed Strategy
	Day
	IgG(b) 50mg/L
	IgG(b) 100mg/L
	IgG(b) 150mg/L
	IgG(b) 200mg/L
	Mean
	Std Dev
	Std Error

	A
	0
	0.75
	
	
	
	
	
	

	
	1
	0.77
	
	
	
	
	
	

	
	2
	1.45
	
	
	
	
	
	

	
	3
	3.49
	
	
	
	
	
	

	
	4
	5.53
	
	
	
	
	
	

	
	5
	9.25
	
	
	
	
	
	

	
	6
	12.63
	
	
	
	
	
	

	
	7
	10.73
	
	
	
	
	
	

	
	8
	12.90
	
	
	
	
	
	

	
	9
	0.00
	
	
	
	
	
	

	
	10
	0.00
	
	
	
	
	
	

	
	11
	0.00
	
	
	
	
	
	

	
	12
	0.00
	
	
	
	
	
	

	
	13
	0.00
	
	
	
	
	
	

	
	14
	0.00
	
	
	
	
	
	

	C
	0
	0.77
	0.76
	0.73
	0.70
	0.74
	0.03
	0.02

	
	1
	0.84
	0.93
	0.58
	0.93
	0.82
	0.17
	0.08

	
	2
	1.57
	1.38
	1.38
	1.59
	1.48
	0.12
	0.06

	
	3
	3.74
	3.50
	3.26
	3.55
	3.51
	0.20
	0.10

	
	4
	5.90
	5.61
	5.14
	5.51
	5.54
	0.31
	0.16

	
	5
	11.70
	11.18
	9.92
	10.36
	10.79
	0.80
	0.40

	
	6
	17.40
	16.58
	15.27
	17.07
	16.58
	0.94
	0.47

	
	7
	14.80
	12.25
	15.06
	13.62
	13.93
	1.28
	0.64

	
	8
	17.78
	15.50
	15.92
	16.20
	16.35
	1.00
	0.50

	
	9
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00

	
	10
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00

	
	11
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00

	
	12
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00

	
	13
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00

	
	14
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00

	D
	0
	1.11
	1.01
	0.93
	0.94
	1.00
	0.08
	0.04

	
	1
	1.53
	1.51
	1.73
	1.60
	1.59
	0.10
	0.05

	
	2
	4.98
	4.75
	4.52
	4.70
	4.74
	0.19
	0.09

	
	3
	9.12
	8.91
	9.52
	9.17
	9.18
	0.25
	0.13

	
	4
	13.25
	13.06
	14.51
	13.63
	13.61
	0.64
	0.32

	
	5
	16.58
	15.58
	16.40
	16.04
	16.15
	0.44
	0.22

	
	6
	22.71
	20.16
	16.30
	17.15
	19.08
	2.93
	1.47

	
	7
	34.50
	23.67
	25.55
	25.70
	27.36
	4.85
	2.43

	
	8
	21.86
	23.21
	28.10
	15.97
	22.29
	4.99
	2.50

	
	9
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00

	
	10
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00

	
	11
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00

	
	12
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00

	
	13
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00

	
	14
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00















[bookmark: _Toc16449079]Table 9‑16 – Viable Cell Numbers (VCN) x106 cells/mL for shake flask run 4 - IgG(b) 50mg/L, 100mg/L, 150mg/L and 200mg/L.
	Feed Strategy
	Day
	IgG(b) 50mg/L
	IgG(b) 100mg/L
	IgG(b) 150mg/L
	IgG(b) 200mg/L
	Mean
	Std Dev
	Std Error

	A
	0
	0.74
	
	
	
	
	
	

	
	1
	0.73
	
	
	
	
	
	

	
	2
	1.41
	
	
	
	
	
	

	
	3
	3.45
	
	
	
	
	
	

	
	4
	5.49
	
	
	
	
	
	

	
	5
	9.17
	
	
	
	
	
	

	
	6
	12.51
	
	
	
	
	
	

	
	7
	10.57
	
	
	
	
	
	

	
	8
	12.64
	
	
	
	
	
	

	
	9
	0.00
	
	
	
	
	
	

	
	10
	0.00
	
	
	
	
	
	

	
	11
	0.00
	
	
	
	
	
	

	
	12
	0.00
	
	
	
	
	
	

	
	13
	0.00
	
	
	
	
	
	

	
	14
	0.00
	
	
	
	
	
	

	C
	0
	0.76
	0.74
	0.71
	0.68
	0.72
	0.03
	0.02

	
	1
	0.82
	0.89
	0.56
	0.89
	0.79
	0.16
	0.08

	
	2
	1.52
	1.35
	1.31
	1.54
	1.43
	0.12
	0.06

	
	3
	3.68
	3.45
	3.19
	3.50
	3.45
	0.20
	0.10

	
	4
	5.83
	5.55
	5.07
	5.45
	5.48
	0.31
	0.16

	
	5
	11.61
	11.10
	9.87
	10.25
	10.71
	0.79
	0.40

	
	6
	17.33
	16.47
	15.18
	16.97
	16.49
	0.94
	0.47

	
	7
	14.67
	12.18
	14.97
	13.47
	13.82
	1.27
	0.64

	
	8
	17.61
	15.35
	15.79
	16.03
	16.20
	0.98
	0.49

	
	9
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00

	
	10
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00

	
	11
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00

	
	12
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00

	
	13
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00

	
	14
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00

	D
	0
	1.08
	0.99
	0.90
	0.92
	0.97
	0.08
	0.04

	
	1
	1.47
	1.44
	1.64
	1.56
	1.53
	0.09
	0.05

	
	2
	4.86
	4.62
	4.40
	4.56
	4.61
	0.19
	0.10

	
	3
	8.93
	8.67
	9.29
	8.95
	8.96
	0.25
	0.13

	
	4
	12.99
	12.71
	14.17
	13.33
	13.30
	0.63
	0.32

	
	5
	16.18
	15.21
	16.02
	15.56
	15.74
	0.44
	0.22

	
	6
	22.20
	19.69
	15.91
	16.81
	18.65
	2.86
	1.43

	
	7
	33.16
	22.82
	24.61
	24.79
	26.35
	4.63
	2.31

	
	8
	20.60
	21.76
	26.61
	15.00
	20.99
	4.77
	2.38

	
	9
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00

	
	10
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00

	
	11
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00

	
	12
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00

	
	13
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00

	
	14
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00















[bookmark: _Ref529720148][bookmark: _Toc16449080]Table 9‑17 – Viability (%) for shake flask run 4 - IgG(b) 50mg/L, 100mg/L, 150mg/L and 200mg/L.
	Feed Strategy
	Day
	IgG(b) 50mg/L
	IgG(b) 100mg/L
	IgG(b) 150mg/L
	IgG(b) 200mg/L
	Mean
	Std Dev
	Std Error

	A
	0
	98.90
	
	
	
	
	
	

	
	1
	94.80
	
	
	
	
	
	

	
	2
	97.20
	
	
	
	
	
	

	
	3
	98.25
	
	
	
	
	
	

	
	4
	99.30
	
	
	
	
	
	

	
	5
	99.20
	
	
	
	
	
	

	
	6
	99.10
	
	
	
	
	
	

	
	7
	98.50
	
	
	
	
	
	

	
	8
	98.00
	
	
	
	
	
	

	
	9
	0.00
	
	
	
	
	
	

	
	10
	0.00
	
	
	
	
	
	

	
	11
	0.00
	
	
	
	
	
	

	
	12
	0.00
	
	
	
	
	
	

	
	13
	0.00
	
	
	
	
	
	

	
	14
	0.00
	
	
	
	
	
	

	C
	0
	99.10
	97.90
	97.70
	96.40
	97.78
	1.11
	0.55

	
	1
	97.50
	95.60
	96.30
	96.10
	96.38
	0.81
	0.40

	
	2
	97.00
	98.10
	95.30
	96.70
	96.78
	1.15
	0.58

	
	3
	97.90
	98.50
	96.90
	97.80
	97.78
	0.66
	0.33

	
	4
	98.80
	98.90
	98.50
	98.90
	98.78
	0.19
	0.09

	
	5
	99.20
	99.30
	99.40
	98.90
	99.20
	0.22
	0.11

	
	6
	99.60
	99.40
	99.40
	99.40
	99.45
	0.10
	0.05

	
	7
	99.10
	99.40
	99.40
	98.90
	99.20
	0.24
	0.12

	
	8
	99.00
	99.00
	99.20
	99.00
	99.05
	0.10
	0.05

	
	9
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00

	
	10
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00

	
	11
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00

	
	12
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00

	
	13
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00

	
	14
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00

	D
	0
	97.30
	97.50
	96.30
	96.90
	97.00
	0.53
	0.26

	
	1
	96.10
	95.60
	95.00
	97.60
	96.08
	1.11
	0.56

	
	2
	97.60
	97.40
	97.40
	97.00
	97.35
	0.25
	0.13

	
	3
	97.80
	97.40
	97.50
	97.40
	97.53
	0.19
	0.09

	
	4
	98.00
	97.40
	97.60
	97.80
	97.70
	0.26
	0.13

	
	5
	97.60
	97.60
	97.70
	97.00
	97.48
	0.32
	0.16

	
	6
	97.80
	97.60
	97.60
	98.00
	97.75
	0.19
	0.10

	
	7
	96.10
	96.40
	96.30
	96.50
	96.33
	0.17
	0.09

	
	8
	94.20
	93.80
	94.70
	94.00
	94.18
	0.39
	0.19

	
	9
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00

	
	10
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00

	
	11
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00

	
	12
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00

	
	13
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00

	
	14
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00





[image: ]
[bookmark: _Ref524001745][bookmark: _Toc16449412]Figure 9‑5 – SEM image of centrifuged pellet obtained from day 14 of a bioreactor run utilising Feed Strategy D (FS-D). 
The bioreactor was growing a non-producing cell line where no IgG1 was spiked in. Image taken at x1086 magnification.




[image: ]
[bookmark: _Ref524001795][bookmark: _Toc16449413]Figure 9‑6 – SEM image of centrifuged pellet obtained from day 14 of a bioreactor run utilising Feed Strategy D (FS-D). 
The bioreactor was growing a non-producing cell line with IgG(b) spiked in at ~60mg/L on day 0 of the cell culture process. Image taken at x1086 magnification.
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