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Abstract
Detergent-mediated virus inactivation (VI) provides a valuable orthogonal strategy for viral clearance particularly for next generation continuous manufacturing. Furthermore, there exists an industry-wide need to replace the conventionally employed detergent, Triton X-100, with eco-friendly alternatives. This study provides a systematic approach to screen detergents as VI agents through the study of VI of three different enveloped viruses for monoclonal antibodies and fusion proteins. We investigated three major aspects of VI namely, the impact of VI agent on the therapeutic quality attributes, clearance of the VI agent and other impurities through subsequent chromatographic steps and lastly the efficacy of VI for the said detergent. Several quality attributes such as charge variance, oxidation, deamidation, glycosylation and aggregation were investigated. Aggregation was a key indicator of stability. Experimental and modeling data was used to decipher the mechanism and kinetics of aggregation for pH sensitive molecules by exploring worst case VI conditions. We found product aggregation and its kinetics to be driven by extrinsic factors such as detergent and protein concentration. Aggregation was also impacted by initial aggregation level as well as intrinsic factors such as the protein sequence and detergent hydrophobicity and critical micelle concentration (CMC). VI efficiency was dependent on the virus tested, duration of incubation as well as detergent CMC and concentration. Dodecyl maltopyranoside (DDM) was found to be a promising candidate for potential application in VI. Knowledge gained here on factors driving product stability and VI provides valuable insight to design, standardize and optimize conditions (concentration, duration of inactivation) for screening of detergent-mediated VI.


Introduction
All mammalian manufacturing processes need to effectively remove potential contaminants, such as viruses, other impurities and product degradants to maintain drug efficacy while ensuring patients safety [1, 2] and compliance with regulatory agencies [3-5]. In addition to testing for presence of viruses in cell lines, viral vectors and reagents, viral clearance (VC) studies are frequently conducted to demonstrate the robustness of the processing stages in removing model and non-specific viruses [3-5]. Currently, Food and Drug Association (FDA) requires demonstration of a minimum total of 6 LRVs (Log Reduction Value) of viral clearance using 2 orthogonal techniques with a minimum of 4 LRVs from one of the methods [5]. While inactivation screening studies can be conducted with surrogates, the final VC validation studies are typically conducted at third party sites and tend to have long turnaround time of 4 to 7 months. Thus delay or failure to comply with VC validation requirements could hinder development, scale-up and commercialization particularly for newer modality therapeutics, atypical process conditions or newer virus inactivation (VI) agents. [6, 7] We propose an efficient and comprehensive strategy to screen VI conditions to reduce risks of VC validation failure to ensure expedited drug delivery to clinical trial patients.
While VC from low pH and chromatography or filtration-based operations has been extensively summarized, detergent-mediated VI has been studied typically for Triton X-100 [8-11]. Traditionally, Triton X-100 (C14H22O(C2H4O)n) has been used for VI in the pharmaceutical industry. It is a nonionic surfactant that has a hydrophilic polyethylene oxide chain and an aromatic hydrocarbon group of 1, 4-(1,1,3,3-tetratmethylbutyl) phenol. However, through stepwise removal of ethylene oxide, Triton X-100 degrades into 4-tert-octylphenol, which is an endocrine disruptor with adverse estrogenic effect on aquatic species, animals and humans. [12, 13] As such, European Chemicals Agency (ECHA) has deemed Triton X-100 to be a substance of very high concern (SVHC) and has mandated its replacement in all manufacturing processes. [14-16] Thus, there has been an industry-wide initiative to replace Triton-X100 in manufacturing processes. Alternatives to Triton X-100 include pH neutral arginine buffer for VI of X-MuLV (Xenotropic Murine Leukemia Virus) and PRV (Pseudorabies virus) [17], caprylate for VI of HSV-1 (Herpes Simplex Virus type 1) and Sindbis virus [18] and Simulsol SL 11W for VI of X-MuLV [19]. Arginine and LDAO have also been used in protein A wash buffers for X-MuLV clearance [20]. 
With the advent of continuous low pH VI, there are concerns over achieving adequate VC without adverse impact on product quality attributes. Since continuous low-pH VI achieves inactivation through mimicking plug flow regime in a tubular reactor, the ideal residence time is critical to ensure adequate VI while avoiding degradation products arising from prolonged or localized exposure to low pH solution conditions. [21-23] Detergent-mediated VI could thus provide an orthogonal means of VC for molecules sensitive to low pH and for next generation continuous bioprocessing with minimal risk of product degradation. 
[bookmark: _Hlk76113883]In addition to removing viruses, a critical criteria for detergent selection is to ensure complete clearance of detergents with minimal impact on product quality. [14] To this effect, we assessed the impact of detergents on several quality attributes such as potency, charge variants, oxidation, deamidation, glycosylation and aggregation. Drug efficacy or potency for the purified drug substance (DS) in the presence of different detergents was evaluated as a measure of product quality. [24] The impact of the detergents on the charge variants of the proteins arising from specific detergent-protein interaction and protein unfolding or aggregation was also assessed. Any protein unfolding, denaturation or aggregation caused by detergents could solvent expose oxidation- or deamidation- prone amino acids of proteins forming products such as iso-aspartic acid thus increasing the risk of immunogenic responses in humans. [25, 26] Methionine oxidation and asparagine or glutamine deamidation of DS was thus also evaluated. Sialic acid, arising from glycosylation of proteins, minimizes protein self-association by shielding aggregation-prone, e.g., hydrophobic sites on protein. [27-29] Tringali et al. showed that detergents may alter activity of the enzyme, sialidase thereby impacting the sialic acid content and hence solubility and stability of proteins.[27, 30] We explored the sialic acid content in the form of NANA (N-acetylneuraminic acid) or NGNA (N-glycolylneuraminic acid) in the protein A eluates of detergent-spiked clarified harvest. The amphipathic nature of detergent molecules results in interaction of detergents with both the hydrophobic and hydrophilic regions of the proteins leading to protein aggregation or HMW (High Molecular Weight species) formation. Protein unfolding was modeled by the Lumry-Eyring framework, beginning with first order reversible protein unfolding (RLS = rate limiting step) followed by higher order aggregation. [31, 32] 
We looked into the process-mediated detergent and impurity clearance of the most promising VI agents through protein A purification Next, we screened non-ionic and zwitterionic detergents of low biotoxicity as VI agents for inactivation of three different enveloped viruses in two different therapeutic modalities of CHO cell origin. The kinetic and / or mechanistic understanding of factors driving inactivation and protein instability can offer valuable guidance to efficiently screen VI conditions without compromising on product quality and impurity clearance. 
[bookmark: _Toc34822860][bookmark: _Toc34822893][bookmark: _Toc40794882][bookmark: _Toc34822857][bookmark: _Toc34822890][bookmark: _Toc40794879]Materials and Methods
The screening study was divided into three stages- stability, column-based impurity clearance followed by VI as seen in Figure 1A. The stability study is divided into two segments. A first initial screening involves assessing aggregate formation for protein DS at concentrations comparable to process conditions representative of VI. The DS is treated with high and low concentrations of detergent over a 24 hour period at room temperature as worst case for stability. The detergent conditions that showed levels of aggregate formation less than or comparable to control (no detergent) or less than 2 % HMW formation over a 24 hour period are carried over for a more comprehensive stability screening in alignment with the process developed. The protein is incubated at the highest temperature, i.e., room temperature and longest duration that conforms to the acceptable operating range as a worst case for stability. Thus, for the fusion proteins tested, the respective harvest pool is spiked with detergent, protein A purified and the eluate evaluated for product quality. Quality attributes tested include aggregation, potency, charge variance, oxidation-deamidation and glycosylation. In addition, the detergent and impurity content of the eluate including host cell protein, residual protein A and DNA are evaluated and compared with the control. Conditions that show promising clearance were carried over for the final stage, i.e., VI study at a third party testing site at lowest temperature of 2-8 °C and shortest duration of 1 hour as a worst case for VI. The stability screening was conducted in two stages- a preliminary screening with DS for aggregate formation and a final screening into process representative VI load. The preliminary screening involves detergent spiking into DS to rule out conditions that lead to pronounced aggregate formation. The final process-representative VI stability screening involves detergent spiking into VI load, chromatographic capture or polishing and assessment of the VI pool generated for product quality attributes. Following stability, the detergent and impurity clearance by the chromatographic step following VI is tested. For the fusion proteins tested, detergent was spiked into the harvested cell culture fluid, i.e., the VI load followed by protein A purification. The protein A eluate was then assessed for product quality as well as detergent and impurity clearance. The final step in the VI screening involves VI study with Bio Safety Level-2 (BSL2) viruses at a third party testing site.
List of detergents
The DS at high and low concentrations as well as the harvest for both the molecules was spiked with detergents (Table S1) and incubated at room temperature. For both Fus1 and Fus2, the VI step is after pH neutralization of harvested cell culture fluid and prior to protein A purification. Thus, for the impact of detergent to be representative of the process, the harvest material was incubated with the key detergents at room temperature over extended an duration of 57 hours (Fus1) and 38 hours (Fus2). The longest hold duration was representative of processing conditions as worst case for stability.
Quality attributes
For stability screening, mAb1 DS was spiked with known amounts of detergents including Triton X-100 for a minimum of one hour at 2-8°C and tested for product quality attributes - a control with no detergent was used for comparison. The product quality attributes studies include HMW (High Molecular Weight) species, potency and charge distribution profile.
For the fusion proteins, the DS of Fus1 and Fus2 at high and low protein concentrations was spiked with detergent and incubated at room temperature for up to 24 hours. For the spiking study to be process representative of worst case for stability and to demonstrate detergent clearance, the harvested clarified cell culture fluid of the two fusion proteins were spiked and protein A purified following room temperature hold times of up to 55 hours for Fus1 and 38 hours for Fus2 respectively. The protein A eluates were then tested for different quality attributes. Multiple techniques were used to analyze the different molecular weight species generated in the protein A eluate of the detergent-spiked harvest. The methods include SEC (size exclusion chromatograph), higher resolution tandem SEC and NR SDS-PAGE (Non reduced sodium dodecyl sulfate polyacrylamide gel electrophoresis) which are detailed below along with other characterization techniques.  
Size exclusion chromatography
Size exclusion chromatography (SEC) was performed in a Waters HPLC Alliance 2695 System using TSKgel G3000SWXL Column (Tosoh Bioscience, Catalogue no 085430) with guard column (Tosoh Bioscience, Catalogue no 08541) in line. A mobile phase of 0.2 M Sodium phosphate, monobasic, 0.9% NaCl, pH 7.0 was used with 20 µL injection volumes at 1 to 10 mg/mL target protein concentrations with a flow rate of 1 mL/minute. Tandem SEC was performed with 50 µL injection volumes with a flow rate of 0.5 mL/minute using 6 TSKgel G3000SWXL Column using 0.2 M KH2PO4, 0.9% NaCl, pH 6.8 as mobile phase.
NR SDS-PAGE
Non- reduced sodium dodecyl sulfate polyacrylamide gel electrophoresis (NR SDS-PAGE) was run using 4-20% Tris-Glycine Mini Gels,WedgeWell™ Format 12-well (Invitrogen, Catalogue no.: XP04202BOX)  and 1 X Tris-Glycine SDS Running Buffer and stained with Coomassie blue. GS-900 Densitometer with Image Lab Software (Bio-Rad, Catalogue no.: SFAWBA10464) was used to analyze the gels to identify different molecular weight species in the protein sample.
Potency
The potency was determined by measuring the binding efficacy of the CTLA-4 (cytotoxic T-lymphocyte-associated protein 4) domain of the fusion proteins against the complementary binding domain of membrane protein B7.1 Ig, typically found on activated antigen-presenting cells (APC) [24]. Drug efficacy for the purified DS was evaluated using a Surface Plasmon Resonance assay; the binding efficacy of the CTLA-4 domain of Fus1 and Fus2 against a high concentration of the peripheral membrane protein B7.1 Ig was examined. Due to the influence of impurities on the binding efficacy, only DS was tested. Low DS concentrations of 3 g/L were tested to show comparable potency to the reference material (RM). The acceptable limit for potency being 70 to 130 % for Fus1 and 75 to 125 % for Fus2.
Sialic acid content
Sialic acids are neuramininc acids modified by the addition of an acetyl group (N-acetylneuraminic acid / NANA) or a glycol group (N-glycolylneuraminic acid / NGNA) .Sialic acid contents are reported as normalized molar ratios, which are the total moles of NANA and NGNA per mole of recombinant protein. The protein concentrations were determined by UV absorbance at 280 nm. Sialic acid content was determined by partial acidic hydrolysis using sulfuric acid at 0.1 N final concentration at 80 °C for 1 hour followed by reversed phase HPLC using Rezex Monosaccharide RHM HPLC column (Phenomenex, Catalog No. OOH-0132-KO with respective guard column (Phenomenex, Catalog No. 03B-0132-KO). Elution was conducted with 5mM Sulfuric acid at 0.6mL/min and 40 °C. 
Oxidation and Deamidation
The protein sample is denatured in denaturation buffer (8 M guanidine, 50 mM TRIS, pH 8.0) and the cystine disulfide bridges are reduced with dithiothreitol (200 mM DTT) followed by S-alkylation with iodoacetamide (400 mM IAM). The denatured, reduced protein is buffer-exchanged (50 mM TRIS, 10 mM CaCl2, pH 7.6) prior to digestion with trypsin. The resulting digested mixture is then analyzed by reverse-phase ultra-performance liquid chromatography (RP-UPLC) using UPLC BEH C18 Column, 1.7 µM, 130 angstrom, 2.1 x 100 mm (Waters, Catalog no. 186002352) with Mobile Phase A (0.1% TFA, 50 mM Methionine in HPLC Grade Water) and Mobile Phase B (0.1% TFA, 50 mM Methionine in 80% ACN and 20% HPLC grade water). Protein detection at 215 nm absorbance and fluorescent excitation/emission of 275 nm/303 nm and 280 nm/348 nm was used to quantify relative levels of oxidation and deamidation respectively.
Imaged capillary isoelectric focusing (iCIEF) 
An imaged capillary isoelectric focusing (iCIEF) method is a charge-based separation of different protein isoforms by isoelectric point (pI). Protein samples at final concentration of 1.0 mg/mL are injected by an autosampler into a capillary cartridge within the instrument. The sample is prefocused for 1 minute at 1500 V and then focused for 9 minutes at 3000 V. Sample migration is captured by a CCD camera that takes a UV light absorption image and the peaks analyzed using the associated software to categories the peaks into different pI marker regions. 
Detergent and impurity clearance
Detergent clearance
A Charged Aerosol Detector (CAD) based Reversed Phase High-Performance Liquid Chromatography (RP-HPLC) method was used for the detection of the detergents, OG and DDM in protein A load, flow through and eluate of Fus1 and Fus2 harvested cell culture fluid spiked with respective detergents. XBridge BEH C4 Column (Waters, Catalog no 186004499) was used to separate the detergent from the protein using 0.02 % formic acid in water/methanol as mobile phase A/B, respectively. Charged aerosol detector (Corona Ultra RS or equivalent) based detection of detergent was conducted. The areas under the peaks were plotted against the nominal detergent concentrations using a quadratic equation with the limit of quantitation being 0.003 % for both OG and DDM.
DNA clearance
Residual CHO cell DNA is quantified by qPCR assay using the TaqMan probe with forward and reverse primers flanking specific repetitive sequence of CHO cell genome. The fluorescent receptor is at the 5’end and the quencher in the 3’ end quenching the receptor fluorescence. With amplification, the exonuclease activity of the Taq polymerase reaction releases the reporter dye leading to a fluorescent signal. The number of amplification cycles needed to reach a threshold fluorescence is inversely proportional to DNA content in original sample. A standard curve of cycle number with reference CHO cell DNA was used to quantify the DNA in the unknown sample.
HCP clearance
Enzyme-Linked Immunosorbent Assay (ELISA) was used for quantitating the level of CHO host cell protein in protein A eluates. 
Residual protein A clearance
Enzyme-Linked Immunosorbent Assay (ELISA) was used for quantitating the level of residual protein A in the eluates. The anti-protein A coated microtiter plate was incubated with the sample and then treated with biotinylated anti-protein A. The plate was treated with streptavidin conjugated peroxidase and TMB (3,3',5,5'-Tetramethylbenzidine) was used to generate a colorimetric response. The reaction was quenched with an acidic solution and the absorbance was measured at 450 nm. A calibration curve of absorbance against known protein A standards was generated to quantify the protein A content.
Modeling methodology
The 3D tertiary structure of proteins Fus1 and Fus2 were obtained using the homology modeling protocol within BIOVIA Discovery Studio software (Discovery Studio Modeling Environment, Release 4.1, San Diego: BIOVIA Software Inc., 2014). We then used the Spatial-Aggregation-Propensity (SAP) model to determine the hydrophobic patches on the protein surface . [33].  The SAP model is applied to the homology modeled structure using the BIOVIA Discovery Studio software.  The proteins are then colored based on the SAP values for each atom. A positive SAP value is given a red color, SAP values near zero are white and negative SAP values are blue color. Thus, the red colored regions represent the positive SAP values which are hydrophobic patches on the protein surface. The overall SAP score for Fus1 and Fus2 is calculated by summing the SAP values that are positive for each atom.  
Statistical analysis
SAS-JMP Version 13.1.0 was used to perform statistical analysis for all experiments in this report. A backwards stepwise regression, with a p-value of 0.05 was constructed for the extent and rate of HMW formation starting with the main effects of all parameters that were believed to impact aggregation: type of detergent, protein or molecule, detergent concentration, protein concentration, and initial HMW %. The final model was determined by eliminating nonsignificant effects (p-value > 0.05) from highest p-value to lowest. The coefficient of determination (R2), was used to explain the amount of overall variation explained by the model. The adjusted R2 adjusts for the number of parameters in the model and was used in tandem with R2 to assess whether or not the models were overfit. The predicted R2 was used to test the robustness of each model, and a difference between the adjusted R2 and the predicted R2 of approximately 0.2 or less indicates the model is robust. This statistics-based approach assumes that the model residuals are independently and normally distributed with a mean of zero and constant variance. Residuals were visually inspected and analyzed using a residuals plot and a Normal Q-Q plot to confirm these assumptions for each fitted model. The studentized residuals plot was used to identify potential outliers. A Cook’s Distance was obtained to help determine if identified outliers were influential. An influential outlier was either transformed to meet model assumptions or removed in fitting the model if necessary. The Box-Cox Y transformation test was performed to identify the best transformation for fitting the model if there were identified influential outliers or other model assumptions were not satisfied. 
Virus inactivation
In this work, three enveloped viruses - X-MuLV, HSV-1 and A-MuLV (Amphotropic Murine Leukemia Virus) were investigated for VI in the cell culture fluid of a monoclonal antibody (mAb1) and a fusion protein (Fus1) for a range of detergents and detergent concentrations (Figure 6). Protein concentration and buffer matrix were dictated by that in the harvest for the specific therapeutic and process. A temperature of 2-8 °C was used as a worst case for inactivation and incubation times of 0, 5 and 60 minutes were used to explore the kinetics of inactivation. Viral clearance is measured in units of Log Reduction Value (LRV) which is calculated from pfu (Plaque Forming Units) as follows

Virus inactivation studies were conducted for X-MuLV in mAb1 harvest, HSV-1 and A-MuLV in Fus1 harvest at 0, 5 and 60 minutes at 2-8°C. The inactivation studies for each condition were conducted in duplicates with results varying within 0.5 LRV. The lower of the two LRVS has been plotted in Figure 6 to remain conservative regarding the extent of inactivation. The error bars represent the assay variability. 
Results and Discussion 
Based on our results, we present a detailed strategy to screen conditions for VI in three stages. The first stage of VI evaluation constitutes verifying the therapeutic product quality in presence of the detergent in the purified product as well as the protein A eluate of the detergent-spiked clarified harvest. This step should be followed by demonstration of effective detergent and impurity clearance through column-based capture step and finally, testing the detergent efficacy for viral clearance (Figure 1). Conducting VI as a final stage rules out conditions that do not meet the stability and impurity clearance criteria. Reducing the number of test conditions entering into a VC study leads to significant savings in cost and turnaround time. Details of the strategy are stated in the Materials and Methods section.
[bookmark: _bookmark9][bookmark: _Toc34822862][bookmark: _Toc34822895][bookmark: _Toc40794884]Therapeutic product quality
A change in product quality such as protein aggregation can lead to loss of drug potency or immunogenic response in patients [34, 35]. Stability of proteins during detergent-mediated VI is influenced by several factors which include temperature, duration of incubation, detergent concentration, type of protein, its concentration and the solution matrix of inactivation. [9, 10, 14] We explored the stability of proteins for a number of these factors; the study details are provided in Materials and Methods and Supplementary Information (SI).
[bookmark: YLD_TBL_pKz0D][bookmark: TEMP_2yFPy]For mAb1 drug substance (DS), no significant impact was observed on any of the product quality attributes (Figure S2). Unlike the mAb1 (pI of ~8.6), owing to the pH-sensitive nature of the fusion proteins (pI of ~5.0), Fus1 and Fus2 cannot be subjected to low pH VI. As such, an extensive stability screening was conducted on Fus1 and Fus2 as detailed in the Material and Methods. Relatively little change was observed in the charge profile for both molecules as would be expected with the use of non-ionic and zwitterionic detergents in this study (Figure S3). No significant difference in these oxidation and deamidation profiles were observed for most cases, except OG at 1 x CMC which showed higher oxidation for both Fus1 and Fus2 harvest (Figure S4). All conditions showed comparable potency to Fus1 and Fus2 reference material respectively. Higher concentration DS is worst case for potency, particularly for OG at 10 x CMC in Fus1 which shows less than 60% potency at 24 hours (Figure S5). The greater decline in potency for Fus1 versus Fus2 can be attributed to greater extent of HMW formation for OG in Fus1 versus OG in Fus2 (Figure 2). Glycosylation in the form of sialic acid content is a critical product quality parameter. While NANA is produced by humans, NGNA may have immunogenic response. [35, 36] No significant variation was observed in NANA or NGNA sialic acid levels for the different detergents in Fus1 (Figure S6). 
Aggregation 
[bookmark: _Toc34822898][bookmark: _Toc34822865]Initial self-association of native or folded protein can lead to formation of reversible aggregate while refolding of unfolded or non-native protein through hydrophobic interactions can lead to formation of irreversible aggregates. [31, 32] Detergents could interact and unfold proteins exposing their hydrophobic domains; leading to aggregation through hydrophobic interaction. [37, 38] The confirmation of the irreversible aggregates [31, 32] thus formed was obtained by alternative techniques which include SDS-PAGE gels, tandem SEC (data not shown). and SEC. [39] SEC profiles showed HMW increase and monomeric protein decrease over time (Figure S7A,B). 
SEC analysis was conducted across several detergents for Fus1 and Fus2 (Figure S8) and data for detergents carried forward for VI is summarized in Figure 2. The HMW generated over a 24 hour hold was modeled against several process conditions which include protein type, its concentration, solution matrix, initial HMW content, detergent type and its concentration. Our model with a strong correlation of R2 = 0.91, ANOVA p value = 0.0002, suggests that the factors critical in determining extent of aggregation are detergent concentration and protein concentration as well as initial HMW levels (Figure 2D). HMW formation increases in instances of higher initial HMW, higher protein concentration as well as higher detergent concentration. 
[bookmark: _Toc40794886]Although comparable HMW formation was observed in protein A eluate obtained from detergent-spiked clarified cell culture harvest at 2 to 3 g/L, Fus1 had higher initial HMW than Fus2 (Figure 2C). At comparable DS concentration of 3 g/L, greater HMW formation was observed for Fus1 in comparison to Fus2 (Figure 2A). While the different HMW levels may be impacted by the solution matrix, e.g., upstream media conditions, a key contributor to stability may be the protein structural difference. [33] We also performed SAP (Spatial-Aggregation-Propensity) modeling on both molecules to identify the possible impact of molecule structure on extent of aggregation. A SAP model identifies hydrophobic patches on the protein surface prone to aggregation or binding and also gives a score for the overall hydrophobicity of the molecule. [33] As shown in Figure 3, Fus1 differs from Fus2 by two point mutations which may explain the different hydrophobicities of the two molecules. [40] The SAP score for Fus1 is 115.4 whereas for Fus2 it is 110.3. The mutation of the more hydrophobic amino acid, L (leucine) to E (glutamic acid) disrupts the big hydrophobic patch in Fus1 into a smaller hydrophobic patch in Fus2. The mutation of the smaller hydrophobic amino acid, A (Alanine) to larger hydrophobic amino acid, Y (Tyrosine) in Fus2 introduces a new but significantly smaller hydrophobic patch in comparison to that in Fus1. The higher SAP score for Fus1 indicates greater hydrophobicity and can explain the higher aggregation tendency of Fus1 at comparable protein and detergent concentrations than Fus2 (Figure 2B). 
Kinetics of aggregation 
HMW formation showed first order kinetics for OG, DDM and LDAO in high concentration DS and also for OG and DDM in harvested cell culture fluid (Figure 4A-C and Figure S9). Given N is the monomer species,  is the initial monomer % at time   =0, aggregation follows first order kinetics with being the rate constant of aggregation as shown in Equation (1) (Derivation in SI).
 		(1)
The linear trend of natural logarithm of monomer concentration over time, even at high conversion to HMW, also indicates that the rate limiting step in the process is not the protein-protein collision but rather the preceding step of conversion of the monomer (N) to transient unfolded state as seen in Figure 4B. For high concentration DS, OG at 10 x CMC exhibits higher rate constant for aggregation in both Fus1 and Fus2 than DDM at 10 x CMC. Assuming that the protein unfolding is initiated by protein-detergent interaction, the kinetics or extent of HMW formation is tied to the hydrophobicity of the micelles. One parameter for the measure of hydrophobicity is the hydrophilic lipophilic balance number (HLB) - the lower the hydrophobicity, the greater the HLB. Intuitively, OG has the smallest head-group, followed by DDM and consequently OG has the tightest lipid packing rendering it the greatest hydrophobicity. LDAO has a zwitterionic head group which gives its micelles greater solubility and thus higher HLB value. Fus1 shows a greater extent of HMW formation than Fus2 for OG. [37, 41] Thus, both rate constant for aggregate formation and hydrophobicity (obtained from Breibeck et al.) follow the order OG > DDM > LDAO (Figure 4C). The results are in alignment with the HLB value of 13.5 for Triton X-100, indicating lower hydrophobicity and lower tendency to aggregate over time [42].
Kinetics of aggregate formation for Fus1 and Fus2 in different protein concentration and buffer matrix in presence of detergents, OG and DDM was obtained for the conditions in Figure 2A-C. Given the very high HMW content for OG at 10 x CMC for the high concentration DS, all subsequent stability studies were conducted OG at 1 x CMC. DDM at 10 x CMC was used for all tested conditions. Aggregate formation shows first order kinetics with greatest rate constant for OG followed by DDM. Lower concentration DS at 3 g/L demonstrated higher rate of aggregate formation for Fus1 than Fus2 which may be explained by the structural difference between the two proteins (Figure 3). For low concentration DS, the rate constants in the range of 10-4 h-1 are one to two order(s) of magnitude lower in comparison to high concentration DS and protein A eluate of detergent-spiked harvest indicating greater DS stability at lower protein concentrations (Figure 4D). Unlike the overall HMW formation which is impacted by the extent of initial HMW in the protein matrix, the rate of aggregation shows a strong correlation with the protein and detergent concentration (R2 = 0.84, ANOVA p value = 0.0002) (Figure 4E).
[bookmark: _Toc40794892]Detergent and impurity clearance 
Residual detergent in the final product may impact drug efficacy and immunogenicity. Thus, following the shortlisting of detergents based on VI and stability screening, it is critical to demonstrate detergent clearance through downstream processing. For Fus1 and Fus2, detergent clearance is demonstrated by protein A chromatography following VI of the harvested pool. The protein harvests were spiked with detergents, OG and DDM at 1 x CMC (0.68 w/v %) and 10 x CMC (0.061 w/v %) respectively. The harvest was then protein A purified, the flow through and eluate were collected and quantified for the respective detergent. Owing to the bind and elute mode of operation, over 75% of the detergent was accounted in the flow through from protein A load. The protein A chromatography demonstrates significant detergent clearance with the eluate detergent concentration being below the limit of detection for both OG (0.01 %) and DDM (0.005 %). Any unaccounted detergent is likely removed in the column washes preceding protein A elution (Figure 5A, B). Furthermore, the subsequent polishing chromatography steps will provide additional clearance for patient safety.
In addition to detergent, DNA (Deoxyribose nucleic acid), HCP (Host cell protein) and residual protein A were also quantified for protein A eluate of detergent-spiked harvest and the harvest with no detergent as control. All instances of protein A eluate showed comparable DNA, HCP and residual protein A to the control and the Triton X-100-spiked harvest (Figure 5C-D).
Virus inactivation
The mechanism of detergent-mediated VI may share similarity with pH-mediated VI and is likely a characteristic of the detergent-protein-virus system under consideration. Detergents could unfold or denature specific viral surface glycoproteins that are critical for the host cell infection as is the case for X-MuLV. [9, 43] Alternately, detergents could inactivate viruses such as HSV-1 through dissolution of the viral lipid envelope or preferential partitioning of the membrane protein into detergent micelles. [44] Three enveloped viruses commonly used for viral validation studies - X-MuLV, HSV-1 and A-MuLV (Amphotropic Murine Leukemia Virus) were investigated for VI. Any VI condition showing LRV ≥ 4.0 after a 60 minute hold at 2-8 °C, worst case temperature for VI, was considered effective. The extent of inactivation from different detergents was compared with Triton X-100. 
Detergent 
The first therapeutic tested was mAb1, where its harvest was spiked with X-MuLV for a range of detergent concentrations with respect to the CMC (Critical Micelle Concentration) (Figure 6A). Both conditions of Triton X-100 at 1 x and 10 x CMC showed LRV ≥ 4.85 ± 0.5 demonstrating results consistent with a generic bracketed approach to VC [45]. Greater than 4.0 LRV was observed for detergents OG, Zwittergent and CG 110 at both the high and low concentrations tested. VI was dependent on concentration for the detergents DM, DDM, LDAO, Ecosurf and CG-650 - the latter three showed ≥ 4.0 LRV at concentrations that are 10 x CMC. The efficacy of detergent-induced VI depended on the properties of the detergent such as CMC, hydrophobicity, charge and diffusivity. [41, 46, 47]. Different analogs of the same detergent with varying chain length or headgroups have widely varying molecular properties. The increase in the alkyl chain length by 2 carbon atoms from decyl to dodecyl maltopyranoside, i.e., DM to DDM leads to an almost 10 fold reduction in CMC and increase in hydrophobicity. [37, 48, 49] Thus, DDM at 10 x CMC demonstrated VI of 5.0 LRV for X-MuLV in mAb1 harvest whereas DM at 10 x CMC demonstrated only 2.0 LRV of VI as seen in Figure 6A. Triton X-100 monomers demonstrate faster diffusion across the bilayer than DDM or DM thereby leading to effective bilayer solubilization and VI. [50, 51] The slower diffusing DM or DDM monomers accumulate in the outer leaflet increasing its curvature until budding or invagination of the membrane to form mixed micelles. [51] The slower DM or DDM diffusivity may explain the corresponding lower VI in different protein-virus systems. OG showed high inactivation at all conditions possibly due to its greater hydrophobicity as discussed below. With the exception of Zwittergent 3-12 and LDAO all tested detergents were non-ionic. The zwitterionic nature of these detergents may also explain the greater efficacy of inactivation due to potential electrostatic interaction of the headgroup with the lipid or proteins in the viral envelopes. [14] Despite promising inactivation, some detergents were not carried over for further testing due to lower stability (CG-110), scalability or manufacturing issues (CG-650) and biodegradability or environmental impact (Zwittergent 3-12) [14]. Detailed information about the detergents tested can be found in the Table S1 (SI). The top detergent candidates from the mAb1 inactivation study were carried over for testing with two more enveloped viruses, HSV-1 and A-MuLV in Fus1 harvest using Triton X-100 at 0.26 % (13.5 x CMC) as a base case (Figure 6B and Figure S1). 
Protein-virus matrix 
HSV-1 and A-MuLV was tested in Fus1 and X-MuLV tested in mAb to maintain process consistency while investigating the impact of different proteins and detergents on different viruses. The detergents that showed ≥ 4.0 LRV for both HSV-1 and A-MuLV in Fus1 include Ecosurf 10 x, LDAO 10 x and OG 1 x CMC (Figure 6B). DDM at 10 x CMC showed at least 4.0 LRV inactivation for X-MuLV in mAb1 and HSV-1 in Fus1 harvest but only 2.2 LRV for A-MuLV in Fus1 after 60 minutes at 2-8 °C. This lower extent of inactivation for DDM could be attributed to the protein or virus being tested in addition to the detergent properties Aside from morphological differences between A-MuLV and X-MuLV which are homologous in nature, the difference in VI resistance of these two viruses could also be attributed to the difference in the harvest cell culture composition and modalities of the two proteins tested, A-MuLV being tested in fusion protein, Fus1 and X-MuLV being tested in mAb. Similar observation was made by Conley et al. who saw lower LRV of ~3.0 for fusion protein at 2-8 °C compared to LRV of 4.0 for mAb under the same conditions of LDAO-mediated inactivation. Their study showed that LDAO inactivation improved to an LRV of ~ 4.0 for the fusion protein at room temperature compared to ~3.0 at 2-8 °C indicating faster kinetics at higher temperature. Conley et al. also demonstrated the time dependence of inactivation with greater inactivation being observed for longer incubation as was confirmed by our data.(Figure S1) [14] 
For all detergent-mediated VI conditions tested with the exception of DDM 10 x CMC, HSV-1 showed greater inactivation than either A-MuLV or X-MuLV (Figure 6). No inactivation was observed for any of the viruses in presence of Polysorbate 80 (PS80) which is commonly employed for solvent-detergent inactivation of plasma-derived products. [52] Only HSV-1 in Fus1 shows inactivation greater than 4.0 LRV for sodium taurocholate (NaTC) at 1 x CMC. Although DDM showed greater than 4.0 LRV at both 5 x and 10 x CMC for HSV-1, it only showed 2.2 LRV for A-MuLV. The larger size of HSV-1 (120- 200 nm) compared to MuLV (80-120 nm) could lead to easier translocation of detergent across the lipid bilayer at a lower energy penalty leading to greater VI. [53, 54] The lower inactivation of MuLV can also be attributed to the greater resistance to detergent-mediated solubilization of the lipid envelope due to higher fraction of cholesterol or sphingomyelin content giving rise to detergent-resistant microdomains (DRMs) compared to HSV-1 [43, 55, 56]. Cholesterol intercalates in the acyl chains of sphingolipids thus reducing membrane fluidity and giving rise to DRMs. Membrane proteins critical for viral infection are often associated with DRMs. As such, DRM-resistance to solubilization can significantly reduce the extent of detergent-mediated inactivation. [43, 57] MuLV have a significantly higher sphingomyelin content compared to HSV-1 (22.5 % versus 3.1 %) and a lower phosphatidylcholine content by comparison (19 % versus 51.2 %). The lower inactivation of MuLV can thus be attributed to the relatively higher cholesterol and sphingomyelin content. [55, 56] Garner et al. showed that while Triton X-100 only selectively solubilizes non-DRM regions, OG dissolves bilayers completely which may explain the greater extent of inactivation by OG. [7,58]

[bookmark: _Toc34822875][bookmark: _Toc34822908][bookmark: _Toc40794897]Conclusion
We present a detailed strategy to screen conditions for VI starting with assessing the therapeutic stability in presence of detergent, followed by evaluating detergent and impurity clearance in subsequent downstream steps. Using this approach, we have screened different non-ionic and zwitterionic detergents and low pH sensitive fusion proteins, Fus1 and Fus2. We used statistical analysis to determine the factors driving protein instability when subjected to detergent-mediated VI. Aggregation was directly linked to extrinsic process conditions of hold times, as well as detergent and protein concentrations. High concentrations of both protein and detergent were worst case for HMW formation demonstrating first order aggregation kinetics. Aggregation was also impacted by intrinsic factors including initial aggregate levels, amino acid sequence and detergent properties. The greatest rate of aggregation was observed for the detergents in the same sequence as their relative hydrophobicity- OG, DDM followed by LDAO. Fus1 had a slightly higher tendency to aggregate than Fus 2 which may be attributed to the greater hydrophobicity of Fus1 as demonstrated by SAP modeling. 
Testing the efficacy of the inactivating agent with BSL2 viruses at specially trained third party testing sites is the final step in the screening process. Withholding VC studies until after therapeutic characterization offers the advantage of eliminating conditions that do not meet the stability criteria thereby leading to savings in cost and time. The sugar-based biodegradable detergent, DDM showed robust inactivation of LRV ≥ 4.0 for X-MuLV (mAb1) and HSV-1 (Fus1) in addition to other formerly characterized detergents, Triton X-100, OG, LDAO and Ecosurf. The extent of inactivation for different virus-protein systems depended on extrinsic conditions such as the duration of incubation and concentration of the detergent tested. Inactivation may also be impacted by intrinsic factors such as the protein modality and detergent charge, diffusivity, hydrophobicity and CMC. Thus, mechanistic understanding of extrinsic and intrinsic factors driving aggregate formation and VI can guide rational design of future therapeutics and appropriate choice of VI conditions to achieve targeted VI without compromising on therapeutic quality.
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