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Abstract 

The biomanufacturing industry is advancing toward continuous processes that will involve longer 

culture durations and older cell ages. These upstream trends may bring unforeseen challenges for 

downstream purification due to fluctuations in host cell protein (HCP) levels. To understand the 

extent of HCP expression instability exhibited by Chinese hamster ovary (CHO) cells over these 

time scales, an industry-wide consortium collaborated to develop a study to characterize age-

dependent changes in HCP levels across 30, 60, and 90 cell doublings, representing a period of 

approximately 60 days. A monoclonal antibody (mAb)-producing cell line with bulk productivity 

up to 3 g/L in a bioreactor was aged in parallel with its parental CHO-K1 host. Subsequently, 

both cell types at each age were cultivated in an automated bioreactor system to generate 

harvested cell culture fluid (HCCF) for HCP analysis. More than 1,500 HCPs were quantified 

using complementary proteomic techniques, two-dimensional electrophoresis (2DE) and liquid 

chromatography coupled with tandem mass spectrometry (LC-MS/MS). While up to 13% of 

proteins showed variable expression with age, more changes were observed when comparing 
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between the two cell lines with up to 47% of HCPs differentially expressed. A small subset (50 

HCPs) with age-dependent expression were previously reported to be problematic as high-risk 

and/or difficult-to-remove impurities; however, the vast majority of these were down-regulated 

with age. Our findings suggest that HCP expression changes over this time scale may not be as 

dramatic and pose as great of a challenge to downstream processing as originally expected but 

that monitoring of variably expressed problematic HCPs remains critical.  

In this work, Hamaker and coworkers characterized changes in CHO host cell protein 

profiles associated with extended cell culture. A monoclonal antibody-producing cell line 

and its parental host were aged for a duration typical of a commercial seed train used to 

support production processes. Proteomics analysis of harvested cell culture fluid from 

bioreactors showed that a subset of host cell proteins exhibited variable expression, 

including some proteins that are known to be problematic during downstream processing 

steps. 

Keywords 

CHO cells, host cell proteins, monoclonal antibody, proteomics, biomanufacturing 

Introduction 

Of the mammalian hosts available for therapeutic protein production, Chinese hamster ovary 

(CHO) cells are by far the most commonly utilized as they possess a variety of desirable qualities 

for the production of monoclonal antibodies (mAbs) (Kim et al., 2012; Walsh, 2018). A key 
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manufacturing challenge in the use of any cell-based production process is the generation of 

impurities originating from the native proteome of the host organism, collectively referred to as 

host cell proteins (HCPs). HCPs are process-related impurities that may co-purify with a 

therapeutic protein product, and their concentration is considered to be a critical quality attribute 

(CQA) that influences product safety and efficacy (Baik et al., 2019). While exact guidance for 

acceptable HCP levels in the final product are not defined, 100 ppm is considered an acceptable 

benchmark for commercial processes (Chon and Zarbis-Papastoitsis, 2011). Achieving this level 

of impurity clearance remains a primary challenge, especially as increased burden has been 

pushed downstream due to recent advances in upstream process intensification (i.e., increased cell 

densities), which have enabled multigram per liter product titers, but have also contributed to 

increased HCP levels (Gilgunn and Bones, 2018; Kornecki et al., 2017).  

A typical downstream processing platform for mAb purification consists of a product isolation 

step using Protein A affinity chromatography followed by product polishing using additional 

chromatography steps such as ion exchange chromatography (IEX) or hydrophobic interaction 

chromatography (HIC) (Shukla and Thömmes, 2010). Because mAbs are secreted extracellularly 

and harvested from cell culture supernatant, the impurity burden for mAb processes mainly 

consists of HCPs that are natively secreted (the secretome) but also includes some cytoplasmic 

proteins released due to cell lysis or shearing (Hogwood et al., 2014). Consequently, HCPs are a 

heterogeneous mixture of thousands of unique proteins at varying amounts and with diverse 

biophysical properties (Kumar et al., 2015). Enzyme-linked immunosorbent assay (ELISA) is the 

traditional method for quantifying and monitoring total HCP levels throughout downstream 

processing (Zhu-Shimoni et al., 2014) but is not capable of tracking a large number of individual 

HCPs. Liquid chromatography coupled with tandem mass spectrometry (LC-MS/MS) and two-

dimensional electrophoresis (2DE) have enabled proteomic profiling with quantitative output and 

have been applied to determine the relative or absolute abundance of individual HCPs (Valente et 

al., 2018). These methods have been used to track HCP clearance through multiple stages of 
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downstream processing (Chiverton et al., 2016; Falkenberg et al., 2019; Zhang et al., 2014), as 

well as identify and quantify residual HCPs present at ppm levels in final drug substances 

(Falkenberg et al., 2019; Kreimer et al., 2017; Molden et al., 2021).  

Substantial effort has been dedicated to cataloging difficult-to-remove CHO HCPs that persist 

through chromatography steps in standard downstream purification platforms because of co-

elution or product-association mechanisms. Multiple studies have identified the HCPs that are 

most likely to co-purify with mAbs in Protein A eluate and have found appreciable overlap across 

many of the mAbs tested despite differences in upstream process conditions (Chiverton et al., 

2016; Farrell et al., 2015; Zhang et al., 2014; Zhang et al., 2016). Other work has elucidated HCP 

clearance vulnerabilities for polishing chromatography operations, finding several HCPs that can 

be difficult to remove across an entire downstream process (Joucla et al., 2013; Levy et al., 2016; 

Pezzini et al., 2011). The establishment of co-purification mechanisms and lists of frequently 

encountered HCPs has helped to guide diverse strategies in both upstream and downstream 

processes to aid HCP elimination. Cell line engineering tools have been leveraged to inactivate 

native genes encoding detrimental proteins, such as lipoprotein lipase (LPL) and cathepsin D 

(CTSD) (Chiu et al., 2017; Dovgan et al., 2021). Alternatively, HCP tracking with MS has 

informed the development of Protein A wash steps that use additives to disrupt mAb-HCP 

interactions, thus improving clearance (Aboulaich et al., 2014; Bee et al., 2015; Farrell et al., 

2015).  

Some HCPs can have adverse effects on product quality or formulation, while others have the 

potential to elicit immunogenicity or a direct biological function in human patients (Jones et al., 

2021). The presence of endogenous proteins exhibiting proteolytic activity such as CTSD and 

HtrA serine peptidase (HTRA1) can lead to mAb fragmentation or clipping, which reduces 

product recovery, therapeutic efficacy, and shelf life (Bee et al., 2015; Dorai et al., 2011). 

Additionally, some HCPs such as hamster phospholipase B-like 2 (PLBL2) can cause an immune 

response in patients (Fischer et al., 2017). By determining which HCPs pose the greatest risk, 
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quality systems can be implemented to specifically monitor those HCPs when assessing 

downstream platform robustness.  

Divergent CHO cell lines are generally similar in breadth and total number of HCP species 

detected in culture supernatant samples (Yuk et al., 2015). However, individual HCP 

concentrations can vary significantly between cell lines even under similar growth conditions 

with some HCPs exceeding a 10-fold difference in abundance (Hogwood et al., 2016; Madsen et 

al., 2015; Park et al., 2017; Zhang et al., 2014). Cell viability at harvest has been repeatedly 

identified as a crucial factor affecting the distribution and total amount of HCPs due to elevated 

levels of intracellular proteins released upon cell death or breakage (Farrell et al., 2015; Hogwood 

et al., 2016; Tait et al., 2012; Wilson et al., 2019). While the impact of process conditions such as 

media composition (Gronemeyer et al., 2016) and operating temperature (Goey et al., 2017) have 

been studied to determine subsets of differentially abundant HCPs for mAb-producing cells, the 

effect of cell age has received less attention.  

With the current push toward continuous bioprocessing and intensified cell culture systems, 

downstream processes must be able to cope with potential changes in HCP expression, such as an 

increase in the abundance of certain difficult-to-remove HCPs (Croughan et al., 2015). CHO cell 

lines are widely accepted to be unstable, exhibiting chromosomal rearrangements and epigenetic 

variation that has often been studied in the context of decreased specific productivity of the 

recombinant product over time but extends to changes in the expression of endogenous proteins 

as well (Baumann et al., 2019). Indeed, our group has previously documented quantitative 

changes in extracellular HCPs for a null CHO cell line across one year in culture (Valente et al., 

2015). Building upon these findings, we sought to apply 2DE and SWATH-MS proteomics 

methods to quantify differential expression of an expanded list of HCPs in harvested cell culture 

fluid (HCCF) for CHO cells over a time period that may be representative in length of a 

commercial seed train used to support intensified continuous processes or conventional bioreactor 

production campaigns. The mAb-producing cell line and its parental host were both cultivated in 
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an automated bioreactor system to simulate a scaled-down production run. For the more than 

1,500 proteins quantified in the proteomics samples, only a small subset (13% or less) showed 

differential expression between any two time points. Of these, 50 proteins have been previously 

characterized as problematic with the majority showing decreased abundance over time. We 

expect these findings can be generalized to other recombinant CHO cell lines and could support 

platform development for improved clearance in downstream purification.  

Methods 

CHO Cell Lines and Aging 

Representatives from more than a dozen companies collaborated to design the key attributes of 

this study to ensure maximum industry impact, including the selection of cell lines, cell ages of 

interest, and viability cut-offs as well as interpretation of results. An overview of the study design 

is shown in Supplemental Figure S1. Two CHO-K1 cell lines, a producer cell line expressing the 

VRC01 broadly neutralizing HIV antibody and its parental host, were donated by the National 

Institutes of Health (NIH) for this study as part the Advanced Mammalian Biomanufacturing 

Innovation Center (AMBIC) consortium. Briefly, the VRC01 mAb-expressing cell line clone A11 

was previously derived from the null CHO-K1 host by stable integration and methotrexate 

(MTX) mediated amplification of a cassette encoding the immunoglobulin G1 (IgG1) heavy 

chain and light chain of VRC01 (Wu et al., 2010). A starting cell bank of the host cell line was 

made from cells cultured for roughly the same amount of time that the producer cell line 

underwent selection and expansion before generation of a master cell bank so that both cell lines 

would initiate aging from a similar reference point at a population doubling level (PDL) of 0.  

Vials of each cell line were thawed in duplicate and aged in parallel in the absence of MTX 

selection. Cells were cultured at 37°C with 5% CO2 and 80% relative humidity in Actipro 

medium with Poloxamer-188 (Cytiva) supplemented with 6mM L-glutamine (Gibco). Cells were 

passaged continuously at 2–3-day intervals by seeding at a viable cell density (VCD) of 0.3–0.4 x 

10
6
 cells mL

-1 
into a working volume of 20–30 mL in 125-mL polycarbonate Erlenmeyer flasks 
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(Corning) at 135 rpm (25 mm throw diameter). During aging, the cumulative PDL was tracked 

using equation (1), where VCDi is the seed density, VCDf is the viable cell density at the time of 

passaging, PDLi is the population doubling level from the previous passage, and PDLf is the 

cumulative PDL: 

   
  ( )

(1) 

Cultures were aged until PDL 90 and banked every 10 PDL to make working cell banks. Banking 

vials were prepared using 10 x 10
6
 viable cells suspended in 1 mL media supplemented with 10% 

dimethyl sulfoxide (Sigma-Aldrich) and cryopreserved in liquid nitrogen until later use. Cell 

density, viability, and size were determined using measurements from a Vi-Cell XR automated 

cell counter (Beckman Coulter). 

Fed-batch Bioreactor Runs 

Working cell bank vials of independently aged duplicates of each cell line at ages PDL 20, 50, 

and 80 were thawed concurrently and passaged in flasks for 6–7 days to PDL 30, 60, and 90, 

respectively. A 3-day expansion step (N-1 stage) was performed in an ambr®250 High 

Throughput (Sartorius Stedim) automated bioreactor system and used for inoculation of 

production cultures (N stage) in ambr®250 bioreactor vessels at 0.4 x 10
6
 cells mL

-1
. Disposable 

standard mammalian vessels (part number: 001-5G25) were used for all runs with process 

setpoints of 36.5°C, pH 7, and 50% dissolved oxygen (DO) calibrated at process temperature and 

100% air saturation. Impellers were initially set to 300 rpm up-stir. The DO setpoint was 

maintained with a control loop that first increased the sparge rate of pure oxygen to 100 mL min
-1

 

before increasing the stir speed up to a maximum of 600 rpm. EX-CELL antifoam (Sigma-

Aldrich) was added as needed as per manufacturer’s usage recommendations. The pH was 

controlled by CO2 sparging and automated additions of 1M sodium carbonate. All gases were 

supplied via submerged sparger with no overlays applied. The working volume within bioreactors 

was maintained at 210 mL throughout the fed-batch with daily sampling balanced by bolus 
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additions of Cell Boost 7a and 7b (Cytiva) starting on day 3 (Supplemental Table S1). Starting on 

day 5, bolus additions of a 45% Glucose (Sigma-Aldrich) solution were added daily as needed to 

avoid depletion based on cellular glucose consumption rates. Daily samples were taken to 

measure glucose and lactate levels with a YSI 2950 biochemistry analyzer (Xylem), as well as 

VCD and cell viability with a Vi-Cell XR (Beckman Coulter). HCCF samples for proteomics 

analysis were harvested based on a cell viability cut-off of 80% which occurred on day 11 and 

day 9 for the VRC01 and host cells, respectively. Cells and debris were first separated from the 

supernatant by centrifugation at 3400 g for 30 min before clarification with a 0.2 μm vacuum 

filtration unit (Thermo Fisher Scientific). Clarified HCCF supernatant samples were frozen at -

80°C until further analysis. Fed-batch cultures for VRC01 and host cells were terminated on day 

14 and day 11, respectively. 

Post-harvest Quantitation of mAb and HCP Titer 

Starting on day 4 of culture, VRC01 mAb quantitation was performed using an Octet RED96E 

system (ForteBio) using Protein A biosensors (part number: 18-5010). Samples were diluted 10-

fold in PBS with 0.1% bovine serum albumin (BSA; Sigma-Aldrich), and concentrations were 

interpolated from a 4-parameter logistic (4PL) regression model for a set of IgG calibrators. 

Between readings, probes were regenerated with 10 mM glycine (Biorad) at pH 1.5. Total protein 

concentrations were measured by Bradford assay using a Pierce Coomassie Plus assay kit 

(Thermo Fisher Scientific) with a BSA standard curve as per manufacturer’s instructions. For 

VRC01 fed-batch samples, HCP concentrations were estimated from the Bradford assay results 

by subtracting the mAb titer from the total protein concentration. Total immunoreactive HCP 

concentrations were determined using a CHO HCP ELISA 3G kit (Cygnus) according to 

manufacturer’s instructions. Samples were diluted 100–100,000-fold in Sample Diluent (Cygnus; 

part number: I028) with a consistent matrix for all samples. After stopping the colorimetric 

reaction, absorbance values were measured using a SpectraMax i3x (Molecular Devices) plate 
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reader. Prior to all protein measurements, thawed samples were sonicated for 2–4 minutes at 120 

W to disrupt and resuspend protein aggregates. 

Cell-specific productivity (qP) was determined using the relationship in equation 2, where the 

integral of VCD as a function of time can be approximated using the trapezoidal rule as the 

integrated viable cell density (IVCD), which is directly proportional to the concentration of 

protein ([Protein]):  

[       ]              ∫         
 

 
                    (2) 

Thus, the qP value of a protein is equal to the slope obtained from the linear regression when 

plotting [Protein] against IVCD. Values for qP were determined in units of pg cell
-1
 day

-1
 (pcd) 

from the slope of [Protein] in μg mL
-1
 as a function of IVCD in 1 x 10

6
 viable cells • day mL

-1
. 

Only data from fed-batch time points that showed an approximately linear relationship between 

IVCD and the concentration of the measured protein were used, which generally corresponded to 

the window when cells were in exponential growth phase prior to any decline in culture viability. 

Quantitative SWATH-MS Proteomics 

CHO HCPs were precipitated from end-of-run HCCF samples with methanol as previously 

described (Valente et al., 2014), and pellets were resuspended in triethylammonium bicarbonate 

buffer (Sigma-Aldrich) via sonication. Total protein concentrations were determined by Bradford 

assay. Trypsin digestion was performed as described previously (Hou et al., 2013; Valente et al., 

2015). Briefly, HCP samples (100 µg) were reduced in 2.5 mM tris(2-carboxyethyl)phosphine 

(Thermo Fisher Scientific) at 60°C for one hour, alkylated with 7.5 mM iodoacetamide (Sigma-

Aldrich), digested with trypsin (Promega) at an enzyme to substrate mass ratio of 1:50, and then 

acidified with 20% formic acid (FA, Thermo Fisher Scientific).  

Digested samples (50 µg) were prepared for LC-MS/MS with OMIX C18 pipette tips (Agilent) 

per manufacturer’s instructions with substitution of formic acid for heptafluorobutyric acid. Tips 

were conditioned with 50% acetonitrile (ACN, Fisher Scientific) and equilibrated with 1% FA. 
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Washes were performed with 0.1% FA and elution with 50% ACN, 0.1% FA. Tips were 

regenerated and binding/elution cycles repeated twice with the same tip for each sample. Eluates 

were dried with a SpeedVac™ vacuum concentrator (Thermo Fisher Scientific).  

Dried samples were resuspended in 50 µL 2% ACN, 0.1% FA. Each LC-MS/MS analysis used an 

injection of 5 µg digested HCPs. LC-MS/MS analysis was performed on a TripleTOF 6600 

(Sciex) equipped with an Eksigent nano 425 LC operating in microLC flow mode. LC separation 

was performed on a ChromXP C18CL column (3 µm, 120 Å, 150 mm x 0.3 mm, Sciex) with 

mobile phase A (0.1% FA) and mobile phase B (0.1% FA in ACN) at a flow rate of 5 µL/min. A 

program of 3% B to 25% B over 68 min, 25% B to 35% B over 5 min, 35% to 80% over 2 min, 

and 80% B for 3 min was used to elute peptides.  

Data-dependent acquisition (DDA) was performed in positive ion mode with a full MS1 scan 

over a mass range of 400-1250 m/z with a scan time of 250 ms followed by MS/MS over a mass 

range of 100–1500 m/z with a scan time of 50 ms. The top 30 precursor ions were selected for 

fragmentation. Data independent acquisition (DIA) sequential windowed acquisition of all 

theoretical fragment ion spectra (SWATH) experiments were performed with an MS1 full scan 

followed by 64 MS/MS acquisitions with variable window sizes (Gillet et al., 2012; Husson et al., 

2018; Ludwig et al., 2018).  

Database searches were performed as previously described (Hou et al., 2013; Valente et al., 

2015). ProteinPilot (v5.1, Sciex) was used to submit DDA data for searches against a local copy 

of the Chinese hamster RefSeq. 2019 database
 
(Rupp et al., 2018), supplemented with common 

contaminants, using the Paragon Algorithm (Sciex) search engine. Search parameters were 

specified to include cysteine modifications by iodoacetamide, digestion with trypsin, and a 

detected protein threshold at 10%. Replicate DDA data from both VRC01 and host cell line 

HCCF were submitted for a combined search in preparation for building a spectral library.  

The group file from ProteinPilot was used to generated a spectral library in Skyline
 
(v20.2.0.343, 

MacCoss Lab, University of Washington) (MacLean et al., 2010). Triplicate SWATH data for 
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each sample was extracted and processed as a combined unit using Skyline command-line. 

Endogenous CHO HCP peptides were used for RT alignment. Peaks were automatically picked 

and integrated with the mProphet
 
algorithm based on a target-decoy approach (Reiter et al., 

2011). A detection q-value was assigned for each peak, and peptides with q-values greater than 

0.01 in more than 50% of samples were filtered out. Peptide peak areas were exported to an 

MSstats
 
(v3.18.5, Olga Vitek Lab, Northeastern University) input format (Choi et al., 2014). 

Protein peak areas were calculated with MSstats following summarization by Tukey’s median 

polish, and equal median normalization was applied per comparison. The MS run data from both 

replicates (or individual replicates where indicated) were aggregated to calculate fold change 

values. Fold change p-values were determined by linear mixed effect models via MSstats and 

adjusted for multiple comparisons (Benjamini-Hochberg). Proteins were considered to be 

differentially expressed (with respect to cell age or cell line depending on the comparison) if their 

minimum adjusted p-value among pairwise comparisons was less than 0.05 and also had a fold 

change greater than 1.5-fold (up) or less than 0.67-fold (down). Only proteins that were detected 

in all biological replicates (i.e., detected and quantified in at least one MS run per replicate) used 

for comparisons were considered.  

2DE Proteomics 

Briefly, CHO HCPs (300 μg) were precipitated from end-of-run HCCF samples with methanol, 

resolubilized, and separated by isoelectric focusing on pH 3–10 nonlinear gradient strips as 

previously described (Valente et al., 2012). Second dimension separation with SDS-PAGE was 

performed on 13% T, 2.6% C polyacrylamide gels, followed by SYPRO Ruby (Thermo Fisher 

Scientific) staining and fluorescence scanning on a Typhoon FLA 7000 (Cytiva). Scanned images 

were imported into ImageMaster 2D Platinum software (v5.0, Cytiva) for image analysis. 

Automatic spot detection was performed with manual edits to remove artifacts, and relative spot 

volume was calculated by normalizing the volume of each protein spot to the total spot volume 

detected in each image as described previously (Valente et al., 2012). Spots that could be 
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manually excised and exhibited at least a 1.5-fold change in relative spot volume between PDL 

90 and PDL 30 samples as well as some unchanging reference spots were collected for 

identification.  

Excised spots were digested, prepared with C18 ZipTips (Sigma-Aldrich), dried with 

SpeedVac™ and resuspended in 24 μL 2% ACN, 0.1% FA. Each LC-MS/MS run used a sample 

injection of 12 μL. LC/MS-MS analysis was performed on a TripleTOF 6600 coupled to an 

Eksigent nano LC 425 as described above for DDA runs, but with a program of 3% B to 35% B 

in 5 min, 35% B to 80% B in 1 min, and 80% B for 2 min to elute peptides. As before, LC-

MS/MS data were searched against the Chinese hamster RefSeq. 2019 database
 
(Rupp et al., 

2018), and proteins that matched with common contaminants were filtered out as hits. Search 

parameters were specified as following: modifications by iodoacetamide, trypsin digestion, and 

gel identification as a special factor. Proteins with a false discovery rate less than 1% and with at 

least two peptides were considered confident identifications.  

2DE analysis was performed on two biological replicates for each cell age. The relative spot 

volumes were log2-transformed and searched for statistically significant changes across ages by 

analysis of variance (ANOVA) in R. Only protein spots that were detected on both replicates of 

each cell age were considered. Spots were only considered differentially expressed if their p-

value by ANOVA was less than 0.1 and also had a fold change greater than 1.5-fold (up) or less 

than 0.67-fold (down). For spots with p < 0.1 by ANOVA, statistical significance of pairwise 

comparisons was calculated by Tukey’s post-hoc test and considered significant if p < 0.05.  

Statistical Analysis 

All plots and figures were generated and data analyses were conducted in Microsoft Excel or R 

(v4.1.1). Linear regressions were tested for a statistically significant fit (p < 0.01) and coefficient 

of determination (R
2
) by one-way ANOVA. Analysis of covariance (ANCOVA) homogeneity of 

slopes test was first applied to all slopes within a given comparison to search for significant 

differences (p < 0.05). If the group of slopes met the significance criteria, then a similar pairwise 
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slope test was applied by fitting each pair of slopes to a linear regression model that included an 

interaction term for the covariate (e.g., PDL) and independent variable (e.g., IVCD or culture 

duration). Pairs of slopes were then considered to be significantly different if the significance of 

the fit with the interaction term showed p < 0.01. 

Unsupervised clustering was performed in R on log2-transformed SWATH-MS peak area data 

(i.e., HCP abundance), which was normalized per protein to the average peak area at PDL 30 or 

the average across both cell lines, accordingly. The Euclidean distance of the scaled data was 

used for hierarchical clustering with Ward’s minimum variance method, which was the clustering 

method found to produce an agglomerative coefficient closest to 1 for all datasets. For all 

clustering analyses, HCPs grouped optimally into three clusters according to the gap statistic.  

Copy number data for the VRC01 cell line and its parental host at approximately PDL 30 were 

reported previously (Hilliard and Lee, 2021) and tabulated for HCPs that were differentially 

expressed between the two cell lines. As described previously, the same cut-offs for VRC01-to-

host copy ratio of less than 0.65 or greater than 1.35 were applied to categorize copy number loss 

or gain, respectively. One-tailed hypergeometric tests were performed in R to determine 

enrichment of HCPs with copy number loss or gain in sets of differentially expressed HCPs in the 

SWATH-MS PDL 30 cell line comparison that were down-regulated or up-regulated, 

respectively. 

Results and Discussion 

Growth rate of producer cells accelerates during aging 

To determine the effect of cell age on growth rate, the VRC01 mAb-producing cell line was aged 

in parallel with its parental host over a period of time that would span the typical duration of a 

commercial seed train process from cell bank thaw to production. Cells were aged without MTX 

selection to PDL 90, which corresponded to approximately 60 days of continuous passaging, and 

doubling time was calculated at regular passage intervals (Figure 1A). Whereas the doubling time 

of the null host cells remained nearly constant, the doubling time of the VRC01 cells was 
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negatively correlated with cell age. Both cell lines had a comparable doubling time of about 16.7 

hours after 70 doublings. Increased growth over time has been documented previously for CHO 

cells (Beckmann et al., 2012; Chusainow et al., 2009) and serves as a hallmark of instability due 

to mechanisms that include outgrowth of subpopulations that exhibit chromosomal aberrations 

(Baik and Lee, 2018). In this case, we postulate that the initial growth rate differences followed 

by gradually faster growth in the VRC01 cell line was due to MTX exposure during the cell line 

development process (but not during cell aging) as has been observed for other MTX-selected cell 

lines (Kim et al., 2001).  

Cell size was also monitored over time as a potential marker of instability (Figure 1B). Cell size 

tends to correlate positively with qP as more volume and biomass supports greater capacity for 

recombinant protein expression and secretion (Kim et al., 2001; Lloyd et al., 2000). Although we 

did not observe a decrease in cell size over time, the average diameter of the VRC01 cell line was 

significantly larger than that of the null host (p < 0.01 by one-tailed Student’s T-test) by 2.1 μm. 

mAb productivity decline is accompanied by increased HCP productivity with age 

The aged cells were used in bioreactor runs to investigate age-dependent productivity of both 

mAb and HCPs. An ambr®250 bioreactor system was leveraged for both the N-1 stages and 

production runs to ensure consistent implementation of an internally developed process. This 

bioreactor system has been applied previously as a scale-down model for high-throughput CHO 

process development (Bareither et al., 2013; Clark et al., 2017). Cell ages at the time of bioreactor 

inoculation were targeted to be PDL 30, 60, and 90. Culture viability (Figure 2A and 2D) and 

VCD (Figure 2B and 2E) were monitored during the fed-batch production runs. Overall, highly 

similar viability and growth profiles were observed across cell ages despite differences in the 

growth rate of producer cells during the N-1 stage (Supplemental Figure S2). HCCF samples for 

proteomic analysis of HCP composition were collected according to a pre-determined 80% 

viability cut-off, which occurred on the same culture day for each cell line at all three ages (day 

11 and day 9 for VRC01 and host cell line, respectively). The viability cut-off was used to ensure 
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an even comparison among samples as culture viability at harvest is known to be a critical factor 

that impacts the composition of HCPs present in the feed-stream for downstream purification 

(Hogwood et al., 2016; Tait et al., 2012). The earlier expiration of the null host was likely caused 

by runaway lactate production that accumulated to 9–12 g/L (Supplemental Figure S3) whereas 

VRC01 cells demonstrated a shift from lactate production to lactate consumption after 3 days in 

culture. For both cell lines, VCD peaked on day 7 at 39 x 10
6
 and 54 x 10

6
 cells mL

-1
 for VRC01 

and host cells, respectively, followed by a sharp decline in cell density. A reduction in the 

effective number of cells in suspension due to clumping and bioreactor fouling was responsible 

for the VCD drop rather than cell death. All conditions reached an IVCD of more than 260 x 10
6
 

viable cells • day mL
-1

 by completion of the run.  

Despite showing relatively little phenotypic difference with respect to growth and metabolism, 

the VRC01 cells demonstrated a decline in mAb titer with age (Figure 2C). There was 70% titer 

retention at PDL 60 and 57% titer retention at PDL 90 relative to the initial titer (3.1 g L
-1
 at PDL 

30). Correspondingly, the calculated qP values (Figure 2F, Supplementary Figure S4) 

significantly declined with each age (p < 0.01 for all pairwise slope test comparisons). 

Productivity instability is commonly observed in CHO producer cell lines, which generally show 

high clone-to-clone variability in stability levels due to mechanisms such as epigenetic silencing 

and copy number loss (Bailey et al., 2012; Chusainow et al., 2009; Paredes et al., 2013). 

Extended culture in the absence of drug selection represents a worst-case scenario in which the 

major selection pressure becomes cell growth, enabling non-producing subpopulations with a 

metabolic advantage to overgrow and outcompete producers. Depending on the sequence 

structure at the site of transgene integration, spontaneous chromosomal rearrangements can give 

rise to cells with reduced transgene copies that persist as long as MTX selection is withheld (Baik 

and Lee, 2017). In agreement with this mechanistic basis for instability, the productivity decline 

exhibited by the VRC01 cell line correlated with a loss of both the light chain and heavy chain 

gene copies over time (Supplemental Figure S4).  

Accepted Manuscript 
Version of record at: https://doi.org/10.1002/bit.28128



This article is protected by copyright. All rights reserved. 

A
c

c
e

p
te

d
 A

r
ti

c
le

HCP concentration during the bioreactor runs was quantified by both Bradford assay and CHO-

specific HCP ELISA (Figure 3A and 3B). Although both methods indicated similar time course 

trends across cell ages, Bradford assay measurements were approximately 3–4-fold higher than 

those measured with the ELISA. Because this multiplier was consistent for both cell lines, the 

discrepancy between methods was unrelated to the presence of mAb but instead caused by 

substances registered by the Bradford assay that were not immunoreactive HCPs. The ELISA is 

widely accepted to be the gold standard for routine tracking of HCP levels during bioprocess 

steps despite certain limitations (Zhu-Shimoni et al., 2014). From ELISA, the HCP-to-mAb ratio 

on day 11 for VRC01 runs at PDL 30 was 0.27 g HCP per g mAb, which was consistent with 

prior literature for a similar process (Goey et al., 2019), before rising to 0.49 and 0.76 at PDL 60 

and PDL 90, respectively. The HCP productivity (Figure 3C and 3D, Supplemental Figure S5) of 

the VRC01 producer cell line increased from PDL 30 to PDL 60 and then remained constant (p < 

0.01 for only pairwise slope test comparisons between PDL 30 and PDL 60/90, Figure 3C and 

3D). The same pattern was true for the HCP productivity of host cells but only for Bradford assay 

measurements (p< 0.01 and p = 0.28 by ANCOVA for Bradford and ELISA measurements, 

respectively). Notably, the HCP qP values reported correspond to the exponential phase of the 

fed-batches; more HCPs were generated during the latter part of the runs for both cell lines even 

before dropping in viability. The non-linear relationship between HCP concentration and IVCD 

upon the onset of viability decline indicated a loss in HCP productivity during later days in 

culture. This observation contradicts conventional assumptions that a considerable amount of 

HCP would be released upon loss of culture viability and thereby impact downstream processing. 

Age-dependent differential expression of HCPs measured by SWATH-MS 
Label-free SWATH-MS proteomics was used to determine the effect of cell age on HCP 

composition. This DIA method for LC-MS/MS enables high-throughput and reproducible 

quantitation of diverse protein species within complex samples like HCCF (Sim et al., 2020). 

SWATH-MS has been previously leveraged to characterize CHO cell lines and bioprocesses by 
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tracking the levels of individual HCPs (Orellana et al., 2015; Walker et al., 2017). In the present 

study, HCCF samples from both cell lines were first used to build a spectral library of 

approximately 33,000 peptides representing over 2,000 HCP groups for extraction of quantitative 

measurements from the SWATH-MS data. 1,518 and 1,660 unique HCPs could be identified and 

quantified across all end-of-run samples from the VRC01 and host cell line bioreactors, 

respectively, with substantial overlap (> 94%) in proteins identified between biological replicates 

(Supplemental Figure S6). The similarity of age-dependent patterns of protein expression across 

independently aged biological replicates was assessed by hierarchical clustering (Figure 4A and 

4B). Biological duplicates of the VRC01 producer cell line clustered together at each age in pairs 

with the PDL 60 and PDL 90 samples also being somewhat similar to one another. In contrast, 

clustering of host cell line duplicates indicated early divergence, with samples from later cell ages 

showing similar degrees of variability such that they did not cluster neatly in pairs. For both cell 

lines, the HCPs grouped into three clusters according to similar expression patterns. These three 

patterns could be generalized as expression that correlated negatively with cell age, correlated 

positively, or showed little to no change (ordered from top to bottom in Figure 4). A key question 

we sought to address in this study was whether cell populations derived from clonal origins show 

consistent longitudinal changes when aged independently. In the absence of perturbations, the 

underlying mechanisms influencing HCP expression changes would ostensibly involve stochastic 

processes, such as genetic mutation (e.g., copy number loss/gain and single nucleotide changes), 

epigenetic instability, and phenotypic drift. However, the clustering analysis provided preliminary 

support that some HCPs do indeed have reproducible age-dependent expression patterns, even if 

the majority do not.  

To characterize HCP expression further, data from duplicates were aggregated. Significantly 

changing HCPs (adjusted p-value < 0.05 with fold change greater than 1.5 or less than 0.67) were 

categorized according to the direction of their largest change in expression (Figure 5A). For 

VRC01 cells, only 62 (4%) HCPs were differentially expressed with 40 (65%) of those 
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categorized as down-regulated and 22 (35%) up-regulated. The parental host cells had more 

HCPs with variable expression: 213 (13%) total with 175 (82%) down- and 38 (18%) up-

regulated. When analyzed individually, the biological replicates show that ~30% of differentially 

expressed proteins are identified in both VRC01 replicates whereas ~55% of differentially 

expressed proteins are identified in both host cell replicates (Supplementary Figure S6). Lactate 

dehydrogenase (LDHA) levels across ages, which are a well-established indicator of cell health 

and membrane integrity (Legrand et al., 1992), were constant with age for both cell lines 

(Supplemental Figure S7), indicating that the differential abundance of HCPs was not simply due 

to varying degrees of intracellular release across ages but rather changes in expression or 

secretion. Between PDL 30 and PDL 90, VRC01 cell line HCPs showed fold-change increases up 

to 3.1-fold (annexin A6, ANXA6) and decreases up to 8-fold (annexin A4, ANXA4), while the 

range for host was narrower (2.3-fold increase and 3.1-fold decrease) (Figure 5B, Supplemental 

Figure S8).  

The fraction of changing HCPs determined for the parental host in this study was comparable to 

the fraction we found previously for null CHO-K1 cells (13% of 630 proteins using iTRAQ
TM

 

shotgun proteomics) (Valente et al., 2015). However, previously observed fold-change 

magnitudes were much greater than those observed here, probably due to the significant 

difference in the aging time scales between the two studies in addition to the subcloning of the 

parental host after suspension adaptation. Another contributing factor may be the change in 

upstream process (i.e., fed-batch culture in bioreactor versus batch culture in flask), which could 

have helped to stabilize HCP levels in this case, and has been previously determined to influence 

HCP levels (Goey et al., 2019; Gronemeyer et al., 2016; Park et al., 2017). We were also able to 

reliably measure more HCPs due to improved MS instrumentation and use of the SWATH-MS 

method, yielding a population that more closely agrees with the putative size of the CHO 

supernatant proteome (Kumar et al., 2015). It is uncertain how the differential expression of 

individual HCPs measured by relative quantification with SWATH-MS would translate to the 
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changes noted in the bulk HCP concentration. Still, the majority of the top 10% most abundant 

HCPs were not changing; within this subset, 7 (5%) and 58 (35%) HCPs were differentially 

expressed for VRC01 and host cells, respectively. Coupled with relatively low fold-change 

magnitudes, this is consistent with the total HCP concentration at harvest remaining roughly 

constant across ages despite changes in HCP qP with age. For both cell lines, the two most 

abundant HCPs that showed constant expression levels were histone H2B type 1 and histone H4, 

suggesting that sustained high-level expression of these histones may be crucial for cellular 

growth. 

Eleven (4%) proteins were changing in both cell lines between the two sets of HCPs exhibiting 

age-dependent differential expression (Figure 5C). All but one of these HCPs (C-C motif 

chemokine 7) were changing expression in opposite directions for the two cell lines (Figure 5D), 

suggesting that changes observed consistently when aging one cell line are not generalizable even 

between cell lines with a common lineage. The proteins changing in both cell lines may represent 

a subset of HCPs with highly variable and unpredictable expression, and therefore should be of 

particular concern during downstream processing. One member of this list, decorin (DCN), was 

also found to be differentially expressed in previous work (Valente et al., 2015) and has been 

linked to cell stress and apoptosis, as well as contact-mediated inhibition of cell proliferation 

(Albrecht et al., 2018; Yamaguchi and Ruoslahti, 1988).  

HCPs are more differentially expressed between cell lines than across ages 

As a reference for age-dependent expression changes, we wanted to directly compare HCP 

expression levels between the two cell lines. 82% of all proteins measured were common to both 

cell lines (Figure 6A). This degree of overlap matches what has been observed previously among 

CHO cell lines (Yuk et al., 2015). As expected, the VRC01 mAb light chain and heavy chain 

were two proteins that were unique to the producer cell line. Their relative expression closely 

agreed with mAb titer measured via biolayer interferometry (Figure 6B), supporting the accuracy 

of our MS quantification results. Hierarchical clustering of HCPs in both cell lines at PDL 30 and 
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PDL 90 separated proteins into three groups according to expression patterns that corresponded to 

down-regulation in the producer cell line, up-regulation, or little to no change in expression 

between cell lines (Supplemental Figure S9). Notably, the number and proportion of HCPs with 

differential expression between cell lines (677–710 proteins, 43–47% of all HCPs) was much 

greater than had been observed within any one cell line across ages (Figure 6C). The HCPs that 

demonstrated the greatest difference in abundance between cell lines spanned a range of up to 27-

fold increase (transcobalamin 2, TCN2) and up to 63-fold decrease (DCN) for the PDL 30 

comparison (Supplemental Figure S10); however, more than 90% of differentially expressed 

proteins exhibited less than a 5-fold change. We found a 49% overlap between the sets of HCPs 

changing between the two cell lines at PDL 30 and PDL 90, but the differentially expressed 

proportion relative to the total number of proteins measured remained constant over time. 

Surprisingly, this indicates that changes in expression were balanced such that the two cell lines 

did not become more divergent with time. We leveraged available genome sequencing data for 

these cell lines to investigate the mechanism of differential expression (Hilliard and Lee, 2021). 

Although the sequenced cell samples had been cultivated to approximately PDL 30 in shake 

flasks, they did not undergo bioreactor production, but we assumed the dominant genetic 

distribution of the cell populations was unlikely to change over such short time scales. By 

aligning copy number data to each HCP gene, we found that genes with increased and decreased 

copy number were significantly enriched within sets of differentially expressed genes that were 

up-regulated and down-regulated, respectively (p < 0.01 for both associations by one-tailed 

hypergeometric test). Despite these associations, only a small portion (6%) of the variance in 

expression could be explained by corresponding changes in gene copy number (Figure 6D). 

Differential expression between CHO cell lines could be caused by a combination of post-

transcriptional regulation mechanisms, such as protein translation, secretion, and degradation. 

These findings support the mounting body of evidence that CHO HCP populations are 

qualitatively similar regardless of cell lineage, but that a subset of individual HCPs may display 

Accepted Manuscript 
Version of record at: https://doi.org/10.1002/bit.28128



This article is protected by copyright. All rights reserved. 

A
c

c
e

p
te

d
 A

r
ti

c
le

profoundly different levels of expression (Hogwood et al., 2016; Madsen et al., 2015; Park et al., 

2017; Zhang et al., 2014).  

Age-dependent differential expression of HCPs measured by 2DE proteomics  

2DE gel analysis was performed as a complement to SWATH-MS to characterize additional 

changes in HCP expression. Differences are expected between the two methods because LC-

MS/MS provides peptide-level resolution, while 2DE provides protein-level resolution based on 

changes in spot volume across gels. Visual inspection of the gels provided a qualitative indication 

that spot patterns did not differ noticeably across ages (Figure 7A and 7B). Image analysis data 

from independently aged biological duplicates were combined to calculate fold-change values 

associated with 408 and 371 anonymous protein spots for the VRC01 and host cells, respectively. 

Of these spots, 41 (10%) for VRC01 and 12 (3%) for host were significantly differentially 

expressed (p < 0.1 by ANOVA and with fold change greater than 1.5 or less than 0.67). More of 

the changing spots were increasing (78%) than decreasing (22%) for the producer cell line 

(Figure 8A), which differed from SWATH-MS results. Still, the majority of HCPs were not 

changing in either cell line across ages when measured using either method, while those that did 

change exhibited similar fold changes, measuring between 2.8-fold down and 4.7-fold up by 

2DE.  

A subset of 52 spots (28 and 24 from VRC01 and host gels, respectively), some of which showed 

variable expression with age, were excised and identified by MS (Supplemental Figure S11 and 

S12). Fifty of these spots could be confidently identified as one or multiple protein groups. The 

association of fold change values with individual HCPs was complicated by the detection of 

multiple HCPs (3.5 proteins per spot on average, up to 13) within 90% of excised spots. 61 HCPs 

were identified within 18 spots from producer cell line samples that met the criteria for 

differential expression, but none of these HCPs overlapped with proteins that had been identified 

as differentially expressed by SWATH-MS. Similarly, 28 HCPs were identified within 5 spots 

from host samples, and 7 of these were also identified as differentially expressed by SWATH-
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MS. Only 3 spots, all from the producer cell line, were both differentially expressed and matched 

to unique HCPs: alpha-enolase (ENO1), peroxiredoxin-1 (PRDX1), and vimentin (VIM). The 

increased abundance of these particular protein species over time (Figure 8B) may be related to 

oxidative stress, which could indicate a heightened response and ability to cope with cellular 

stressors (UniProt Consortium, 2021).  

Co-migration of protein species that originated from separate genes but happen to have similar 

biophysical characteristics can occur with 2DE, especially as the limit of detection for MS 

instrumentation continues to improve (Campostrini et al., 2005; Thiede et al., 2013). Accurate 

assignment of differential expression becomes challenging in such cases and may contribute to an 

apparent disagreement in the observed changes as measured between proteomics methods. 

Solutions exist to address co-migration, including three-dimensional separation (Colignon et al., 

2013) and isotopic labeling (Thiede et al., 2013). 2DE is also limited relative to SWATH-MS 

with respect to its ability to resolve low-abundance HCPs or HCPs with less typical biophysical 

properties (e.g. very high/low molecular weight or isoelectric point). A feature of 2DE that makes 

it complementary to shotgun proteomics methods is that protein species (also called proteoforms) 

can be resolved such that modified protein forms originating from a single gene manifest as 

multiple spots across the gel, whereas these species would be collated within a single protein 

group in the SWATH-MS analysis. Some of the observed modifications that can potentially alter 

protein species migration include glycosylation (and glycation), phosphorylation, deamidation, 

and proteolysis (Marcus et al., 2020; Smith and Kelleher, 2013). Consequently, quantitative 

differences for a single protein species (spot) may not necessarily correspond to changes in the 

total level of its protein group as was likely the case for the three uniquely matched HCPs 

mentioned above. However, the potential for the concentrations of certain HCP species to vary 

significantly in HCCF has unknown implications for downstream processing. As a hypothetical 

example, a particular modified form of an HCP might exhibit product-association, while other 

forms of that same HCP might not display the same problematic interactions. To the best of our 
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knowledge, no such instances of this scenario have been reported thus far, but we speculate that 

more granular characterization of residual HCP species detected after purification steps may 

prove beneficial.  

Behavior of especially problematic HCPs 

Certain difficult-to-remove CHO HCPs are known to be especially problematic during 

downstream processing, while others pose considerable risk if present in the final therapeutic 

product. 62 and 213 HCPs exhibited age-dependent expression measured by SWATH-MS in the 

VRC01 and host cell lines, respectively. Three additional protein species with variable expression 

were uniquely identified in the 2DE analysis of the producer cell line. These sets of HCPs were 

classified according to whether they had been previously determined to be difficult to remove due 

to product-association with mAbs (Levy et al., 2014), co-purification in Protein A eluate (Zhang 

et al., 2016), co-elution during polishing chromatography operations (Levy et al., 2016), and/or 

have been detected as impurities in drug substance (Falkenberg et al., 2019; Kreimer et al., 2017). 

Differentially expressed HCPs were also classified according to a recent industry-wide 

perspective piece (Jones et al., 2021) that designated certain CHO HCPs as high-risk based on 

their potential adverse impacts: (1) immunogenicity, (2) reduced drug quality via drug 

aggregation, modification, or degradation; (3) effect on formulation via polysorbate degradation, 

or (4) direct biological function in humans. The producer cell line had substantially fewer 

problematic HCPs that varied with age (8 HCPs, Figure 9A) compared to its parental host (44 

HCPs, Figure 9B) with 50 unique HCPs between the two sets. Notably, each cell line had a subset 

of changing HCPs that are known to be both difficult-to-remove and high-risk (Supplemental 

Table S2). ENO1 and PRDX1 were differentially expressed in the producer cell line, although 

both HCPs exhibited changes by 2DE only. Cathepsin B (CTSB), clusterin (CLU), HTRA1, and 

PLBL2 were differentially expressed in the host cell line. AHNAK nucleoprotein (AHNAK), 

previously identified as a drug substance impurity in five out of six different mAbs (Falkenberg et 

al., 2019), and ANXA6, a member of the potentially immunogenic annexin family of HCPs 
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(Bailey-Kellogg et al., 2014; Farrell et al., 2015; Fukuda et al., 2019), were problematic HCPs 

that demonstrated age-dependent expression in both cell lines. There were 25 problematic HCPs 

that were differentially expressed in at least one of the two cell lines and that also exhibited age-

dependent expression changes in our previous study (Valente et al., 2015). Overall, 50% of the 92 

HCPs that had previously shown variable expression in null CHO-K1 cells over one year in 

culture were also found to be changing in this study for the parental host even after just 60 days 

of aging.  

Remarkably, both high-risk and difficult-to-remove HCPs seemed to be globally down-regulated 

with age in the parental host, whereas VRC01 cells showed an even mix of both up- and down-

regulation (Figure 9C and 9D, Supplemental Figure S13). However, the relative abundance 

changes for these HCPs were less than 4-fold in all cases except for ANXA4 so therefore might 

have little practical significance for downstream processing. We acknowledge that the age-

dependent expression patterns of problematic HCPs documented in this study may not readily 

translate to cultivation systems that use perfusion bioreactors due to the differences in culture 

conditions compared to conventional bioreactors. The proteomics analysis framework detailed 

here could be applied to study the effects of other culture conditions and perturbations on the 

HCP composition in downstream processing feed streams. The surprising potential for 

problematic HCPs to generally decrease over time in null CHO suspension cultures might have 

beneficial applications for cell line development strategies (e.g., initiating producer cell line 

generation from aged CHO hosts) and could complement existing efforts to genetically engineer 

“clean” CHO hosts via multi-HCP knock-out (Kol et al., 2020). This finding challenges the 

conventional practice of starting the cell line generation process from an early PDL of the host. 

Implementation of this strategy would require careful consideration for other quality attributes 

beyond the scope of this study, such as product glycosylation and aggregation, which may also be 

influenced by cell age due to changes in the expression levels of intracellular glycosyltransferases 

and chaperone proteins. Additionally, host cell population heterogeneity would increase over 

Accepted Manuscript 
Version of record at: https://doi.org/10.1002/bit.28128



This article is protected by copyright. All rights reserved. 

A
c

c
e

p
te

d
 A

r
ti

c
le

time, yielding more diverse panels of production clones with potentially unfavorable productivity 

characteristics. 

Conclusion 

The push toward commercial implementation of extended bioprocesses warrants a better 

understanding of CHO platforms with respect to HCP expression levels across relevant time 

scales. We have performed an in-depth characterization of HCP profiles in samples derived from 

high-cell-density (> 10
7 
cells/mL) fed-batch bioreactor runs for a mAb-producing CHO cell line 

and its parental host. Across ages, cells showed a high degree of phenotypic similarity for growth 

and metabolism during production, yet exhibited significant instability with respect to mAb and 

HCP cell-specific productivity. Profiling of over 1,500 HCPs by quantitative proteomics 

indicated that the composition of HCP impurities can change with cell age, in agreement with 

previous work. However, relatively few changes (4–13% of all HCPs were differentially 

expressed) were observed over a 60-day time scale, representative of the maximum length of a 

typical seed train or perfusion process. Moreover, differential expression between cell lines was 

proportionally higher and spanned greater fold change magnitudes despite both cell types having 

qualitatively similar HCP populations. Still, a small number of problematic HCPs that are 

considered high-risk impurities and/or challenging for downstream purification showed variable 

expression with age. Given their relatively low magnitude (less than 4-fold for all but one HCP), 

the age-dependent expression changes for these problematic HCPs are unlikely to pose a major 

challenge to downstream purification platforms, but should be considered nonetheless. We 

anticipate the general trends observed here can be generalized to other recombinant CHO cell 

lines subjected to extended cell culture without additional perturbations (e.g., change in culture 

medium, genotoxic stress, nutrient deprivation, etc.). The use of reference cell lines (the VRC01 

producer and its parental host) in this study will facilitate future work to study CHO cell biology 

and elucidate mechanisms that influence age-dependent expression differences. Ultimately, 

characterization of CHO instability and HCP expression dynamics will prove beneficial in 

Accepted Manuscript 
Version of record at: https://doi.org/10.1002/bit.28128



This article is protected by copyright. All rights reserved. 

A
c

c
e

p
te

d
 A

r
ti

c
le

guiding rational cell line engineering efforts and downstream process development to alleviate the 

problems caused by HCP impurities in biomanufacturing.  
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Figure Captions 

Figure 1: Comparison of cellular characteristics for the VRC01 producer and its parental CHO-

K1 host during extended culture in shake flasks. (A) Doubling time during aging with cell age 

measured in terms of population doubling level (PDL) starting once cells reached PDL 10 and 

had fully recovered from thaw. Linear regressions of doubling time versus PDL for each cell line 

are provided with p-value determined by one-way ANOVA. (B) Average cell diameter during 

aging. Error bars represent the standard error of the mean for two independently aged biological 

replicates.  

Accepted Manuscript 
Version of record at: https://doi.org/10.1002/bit.28128



This article is protected by copyright. All rights reserved. 

A
c

c
e

p
te

d
 A

r
ti

c
le

Figure 2: Fed-batch culture data from bioreactor runs for cells at three population doubling levels 

(PDLs). Viability profiles for (A) VRC01 producer cells and (D) host cells. Black arrows indicate 

days that samples were collected for proteomics analysis, where cells reached viability cut-off 

before declining below 80%. Viable cell density (VCD) profiles for (B) VRC01 cells and (E) host 

cells. (C) Titer data for VRC01 monoclonal antibody (mAb) over days in fed-batch culture. Error 

bars in scatter plots represent the standard error of the mean for two independently aged 

biological replicates. (F) Cell-specific productivity (qP) measured in pg cell
-1
 day

-1
 (pcd) for mAb 

production from aged VRC01 cells. Error bars in bar charts represent the 95% confidence interval 

for the qP slope determined by linear regression with statistical significance calculated for 

pairwise slope comparisons denoted as * p<0.01.  
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Figure 3: Total host cell protein (HCP) levels during fed-batch cultures with aged cells at three 

population doubling levels (PDLs). Total HCP concentrations measured by Bradford assay and 

CHO-specific HCP ELISA over culture days for (A) VRC01 producer cells and (B) host cells. 

Black arrows indicate days that samples were collected for proteomics analysis. Error bars in 

scatter plots represent the standard error of the mean for two independently aged biological 

replicates. Cell-specific productivity (qP) levels measured in pg cell
-1

 day
-1
 (pcd) for HCP 

production during exponential phase for (C) VRC01 cells and (D) host cells. Error bars in bar 
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charts represent the 95% confidence interval for the qP slope determined by linear regression with 

statistical significance calculated for pairwise slope comparisons denoted as * p<0.01.  

Figure 4: Unsupervised clustering analysis and heat map of host cell protein (HCP) abundance 

data obtained from SWATH-MS proteomics. Hierarchical clustering of log2-fold change (FC) 

values for each HCP relative to its average abundance of replicates at PDL 30 for (A) VRC01 and 

(B) host bioreactor samples. Cluster number labels are arbitrarily assigned to each cell line

clustering set. Replicates (R1 and R2) at each PDL correspond to samples from independently 

aged biological duplicates processed in technical triplicate through SWATH-MS. Each HCP 

(row) is annotated with the minimum adjusted p-value obtained from pairwise comparisons 

among cell ages using data averaged for replicates.  
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Figure 5: Overview of CHO host cell proteins (HCPs) that demonstrated age-dependent 

expression changes measured by SWATH-MS. (A) HCPs categorized according to the direction 

of their largest fold change (FC) among cell age comparisons for each cell line. FC comparisons 

were relative to initial time points (either PDL 30 or PDL 60). Proteins were only considered 
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differentially expressed if their minimum adjusted p-value among pairwise comparisons was less 

than 0.05 and also had a fold change greater than 1.5-fold (up) or less than 0.67-fold (down). (B) 

Heat map of log2-FC values for the top 6 most up- and down-regulated HCPs over time in each 

cell line relative to PDL 30. (C) Overlap between cell lines for HCPs that exhibited age-

dependent expression. (D) Heat map of log2-FC values for the 11 HCPs that were differentially 

expressed as a function of cell age in both cell lines. 

Figure 6: Comparison of host cell proteins (HCPs) that were differentially expressed between 

CHO cell lines measured by SWATH-MS. (A) Overlap between cell lines for all proteins that 

were identified and quantified in bioreactor harvest samples across all three cell ages. (B) 

SWATH-MS abundance of the VRC01 mAb light chain and heavy chain across cell ages relative 

to PDL 30 compared to relative mAb abundance as determined by biolayer interferometry with 
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Octet. Error bars represent the standard error of the mean for two independently aged biological 

replicates. VRC01 mAb peptides were not detected in host cell samples. (C) HCPs categorized 

according to the direction of their fold change (FC) in VRC01 relative to host samples at PDL 30 

and also at PDL 90. Proteins were only considered differentially expressed between cell lines if 

their adjusted p-value for the comparison was less than 0.05 and also had a fold change greater 

than 1.5-fold (up) or less than 0.67-fold (down). (D) Cell line comparison FC values at PDL 30 

versus copy number (CN) ratio for differentially expressed HCPs. CN ratio was calculated as 

HCP gene CN in VRC01 over CN in host. Linear regression of log2-FC versus log2-CN is 

provided with p-value determined by one-way ANOVA. 

Figure 7: Comparison of representative two-dimensional electrophoresis (2DE) images for 

harvested cell culture fluid (HCCF) samples from (A) VRC01 and (B) host cell line bioreactor 

runs. Only one biological replicate gel image stained with SYPRO Ruby is shown for each cell 

age: (i) PDL 30, (ii) PDL 60, and (iii) PDL 90. The approximate locations of the VRC01 mAb 
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heavy chain (HC) and light chain (LC) are annotated. See Supplemental Figures S11 and S12 for 

all gel images of sample replicates and locations of excised spots. 

Figure 8: Overview of CHO host cell proteins (HCPs) that demonstrated age-dependent 

expression changes measured by 2DE. (A) Gel spots (HCP species) categorized according to the 

direction of their largest fold change (FC) among cell age comparisons for each cell line. FC 

comparisons were relative to initial time points (either PDL 30 or PDL 60). Spots were only 

considered differentially expressed if their p-value by ANOVA was less than 0.1 and also had a 

fold change greater than 1.5-fold (up) or less than 0.67-fold (down). (B) Relative protein 

expression by 2DE and SWATH-MS proteomics for 3 spots from VRC01 samples that were 

differentially expressed (by 2DE only) and matched to unique HCPs: alpha-enolase (ENO1), 

vimentin (VIM), and peroxiredoxin-1 (PRDX1). Error bars represent standard error of the mean 
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of relative spot volumes from two independently aged biological replicates. Statistical 

significance calculated by Tukey’s post-hoc test with respect to expression at PDL 30 and 

denoted as * p<0.05.  

Figure 9: Age-dependent differential expression of problematic CHO host cell proteins (HCPs). 

Counts of HCPs that exhibited variable expression with age by SWATH-MS or 2DE in (A) 

VRC01 and (B) host HCCF samples that have been previously reported as difficult-to-remove 

(DTR) and/or high-risk. HCPs were considered DTR if they had previously been determined to 

associate with mAbs (Levy et al., 2014), co-purify in Protein A eluate (Zhang et al., 2016), co-

elute during polishing chromatography steps (Levy et al., 2016), or have been detected as 

impurities in drug substance (Falkenberg et al., 2019; Kreimer et al., 2017). High-risk HCPs were 

sub-categorized according to the risk classifications used by Jones et al. (Jones et al., 2021). 

SWATH-MS abundance (MS peak area) plots for differentially expressed high-risk HCPs in (C) 

VRC01 and (D) host HCCF samples relative to average abundance of replicates at PDL 30. 
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Boxplots represent data from SWATH-MS technical replicates for both independently aged 

biological duplicates at each cell age.  
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