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Introduction 
Recombinant proteins including recombinant monoclonal 

antibodies (Abs) have been widely used for diagnostic and therapeutic 
purposes, and the demand for their supply is steadily increasing [1]. To 
meet this demand, a variety of strategies have been employed to develop 
efficient biopharmaceutical manufacturing processes. These strategies 
include: 1) maximizing the productivity of the manufacturing cell line 
by the judicious use of expression systems for optimal transcription 
and translation of the therapeutic protein [2]; 2) engineering the 
transfection host cell line for efficient post-translational modification 
and secretion [3]; and 3) improving the cell culture process including 
media optimization [4-8], developing advanced feeding strategies 
[9,10] which in turn increases the culture density. Additionally, robust 
and highly productive host cell lines can be deployed by increasing the 
efficiency of gene expression that regulates proliferation [11] survival 
and longevity [12-14]. Finally, methods that allow early prediction of 
unstable and stable cell lines by measuring intra-cellular Ab content for 
example, by flow cytometry [15,16] are highly desirable.

In our attempts to improve productivity of manufacturing cell 
lines, we had examined previously the titer and heavy chain (H-ch) and 
light chain (L-ch) mRNA copy numbers of a large number of mouse 
myeloma cells lines expressing a variety of antibody (Ab) products 
[17]. Results suggested that overall, there was a correlation of L-ch 
and especially H-ch mRNA levels to Ab productivity. However, this 

correlation was not very tight. A subset of cell lines that had increased 
Ab titers showed enhancement of H-ch and L-ch transcript levels, while 
another subset of cell lines showed minimal or no increase of these 
transcripts. Possible mechanisms by which the latter set of cell lines 
showed enhancement of Ab titers included: 1) increased stability of 
production cell lines [18-20], decreased apoptosis [21,22]; 2) increased 
secretion of Abs via chaperones [3] and 3) improved metabolic state of 
the cell line [23,24] that might lead to an increased proliferation of the 
cells and/or 4) prolongation of the G1 phase where protein synthesis is 
particularly more efficient [25]. 

The clonal variation in expression led us to hypothesize that there 
might be a correlation between the levels of one or more host cell 
proteins and Ab productivity. The presence of any particular protein 
thus identified could result from the Ab production by that cell 
line or be related to a pathway that can cause high Ab productivity. 
Alternatively, it is possible that the identified proteins are concurrently 
expressed with genes that lead to high productivity. Irrespective 
of whether it is the cause or the effect, a correlation between Ab 

Abstract
Antibody manufacturing cell line development at Janssen Research & Development involves transfection of 

therapeutic antibody genes into a CHO-GS host cell line and isolating primary transfectomas that upon cloning yield 
high expressing cell lines secreting the desired antibody products. Subsequently, these cell lines are cultivated in 
stirred tank bioreactors for the large-scale generation of the products. In an attempt to optimize this process for high 
productivity, a two pronged approach was undertaken. 

First, in a Design of Experiment study, a CHO-GS cell line expressing a therapeutic antibody was cultivated 
in 2 L DasGip fed-batch mini-bioreactors under a variety of culture conditions. In general, culture conditions that 
promoted robust growth and high viable cell density resulted in high productivity. Then, cell culture harvests and cell 
lysates from two ‘high productivity’ and two ‘low productivity’ bioreactors were subjected to proteomic analysis using 
the CHO genome database, on two independent days. The levels of each protein expressed in these two sets of 
bioreactors were then compared. A total of 180 proteins that were modulated two-fold or more were thus identified, 
only 12 of which were consistently modulated across multiple days in culture. The modulated proteins have biological 
process functions that are related to cytoskeleton rearrangement, protein synthesis, cell metabolism and cell growth. 
Provided that these observations are validated by Western blot, one or more of these proteins, whose expression 
correlated to productivity can potentially be utilized as targets for manipulating a superior transfection host cell line. 
At a minimum, the expression levels of these proteins can provide insight for further process optimization efforts.
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productivity and the differential expression of one or more host cell 
proteins would suggest that, at a minimum, these proteins can be used 
as diagnostic markers for higher expressing cell lines. Additionally, in 
cases where the expression of one or more cellular proteins is the cause 
of higher Ab productivity, appropriate modulation of their levels could 
potentially lead cell lines with superior productivity. To determine 
if such a correlation exists, we cultured a cell line under a variety of 
media formulations. The productivity (or titer) obtained from all of 
these culture conditions were averaged and culture conditions that 
resulted in higher than average or lower than average productivity were 
identified. We then performed proteomic analysis of these cultures to 
identify proteins whose expression was correlated to culture conditions 
that promoted higher than average productivity as well as culture 
conditions that promoted lower than average productivity. 

 The development of shotgun proteomic technique provides a 
powerful tool to comprehensively determine the changes in protein 
expression levels in multiple cell lines or one cell line under multiple 
conditions. ‘Global protein expression profiling using shotgun 
proteomics has been used in our laboratory to determine the protease 
profile of the CHO-GS host cell line [26] as well as gene expression 
profile of high producing cell lines [27]. Genome, transcriptome and 
proteome analysis of CHO cells have been reported multiple times [28-
33]. Unfortunately, in a majority of these studies, the cells were cultured 
in shake-flasks prior to analysis. Since a shake-flask environment 
does not mimic a stirred tank fed-batch bioreactor that will be used 
for manufacturing the product, in the current study, we decided to 
cultivate a CHO-GS cell line expressing a therapeutic antibody in a set 
of eight fed-batch bioreactors. The composition of the basal medium 
and the feed was varied in each bioreactor. Cell growth, productivity 
and key metabolic indicators like the gradual accumulation of lactate 
and ammonia were monitored daily. Some of the bioreactor conditions 
led to higher productivity over other conditions. Proteomic analyses 
were performed on two duplicate sets of cultures on two different days. 
The level of each protein in cultures that promoted high productivity 
was compared to that in cultures that promoted low productivity. 

Materials and Methods
Cell culture 

The CHO host cell line, CHO-K1SV was obtained from Lonza 
Biologics (Slough, UK) under a commercial license agreement. 
This line was cultured in a proprietary chemically defined medium 
or CD-CHO medium (Invitrogen, Carlsbad, CA; cat # 10743011) 
supplemented with 6 mM glutamine in shake flasks and in 2 L DasGip 
mini-bioreactors (DasGip, an Eppendorf Company, Jülich, Germany). 
Shake-flask cultures were monitored daily and bioreactor cultures were 
monitored continuously, unless otherwise noted.

Development of production cell lines 

An exponential culture of CHOK1SV cell line was electroporated 
with vectors (designed to express a therapeutic antibody) using an 
electroporator purchased from BTX Instruments, Holliston, MA. 
Manufacturer’s recommended protocol was used. Two days post-
transfection, cells were placed in GS selection media, composed of 
glutamine-free CD-CHO medium fortified with GS supplements 
(SAFC Biosciences, Lenexa, KS; Cat No. 58672) and 25-50 μM 
Methionine Sulphoximine, MSX, (Sigma; St. Louis, MO; Cat No. 
M3443). Individual parental clones (and subsequently, subclones) were 
isolated by the immunoprecipitation cloning method, and expanded 
in shake flasks in the same medium. Volumetric productivity of each 

culture was monitored daily by measuring Ab concentration in spent 
culture harvest, usually till D14. The selected cell line was expanded in 
2 L DasGip mini-bioreactors.

Bioreactor cultures of the production cell line

A proprietary chemically defined basal medium (termed Mach-
1), supplemented with growth enhancers (termed F8) served as the 
seeding media. The bioreactors were inoculated at 4×105 exponentially 
expanding cells/ml and from D3 to D12, were fed daily, a mixture of 
key amino acids and vitamins (termed BRX), at a rate of 4% of the 
bioreactor volume. Additionally, a formulation containing glucose 
and seven critical amino acids (termed G8) were fed daily, from D3 
to D17, beginning with a rate of 0.07% and ending with a rate of 1% 
of the bioreactor volume. Temperature was maintained at 36.5°C, 
pH was maintained at 6.9 by using 2 M sodium carbonate, agitation 
was set at 120 rpm, pCO2 was maintained at 6% and pO2 was set at 
40%. Cultures were monitored daily by withdrawing samples for the 
following measurements:

•	 Total and viable cell count was measured by Cedex (Innovatis, 
GmbH). Integrated viable cell count [IVCC] on any given 
day was calculated thus: IVCC [dn]=[VCD [dn-1]+VCD 
[dn]]/2+VCD [dn-1]/cell-day where, VCD is viable cell density 
and dn is day of measurement

•	 Overall volumetric productivity of a culture, also referred to 
as the titer is dependent on the IVCC of the culture and the 
specific productivity (Qp) of the cell line.

•	 Antibody concentration (i.e., titer) in culture fluid was 
measured by nephelometry (Protein Array, Beckman 
Instruments, Fullerton, CA).

•	 Metabolites (specifically, glucose, NH4, lactate, glutamine, 
glutamate, osmolarity) in the culture medium or spent culture 
fluid were measured by Bioprofile Analyzer (Nova Biomedical, 
Waltham, MA) and pH and pO2 were measured by Blood Gas 
Analyzer (Bayer, Montvale, NJ). CO2 was monitored by IR 
sensor.

Preparation of spent media and cell lysates
At designated days, aliquots of the selected bioreactor cultures 

were harvested for proteomic analysis. Spent media (SP) were clarified 
by centrifugation at 900rpm for 5 min. The cell pellets (comprising of 
~2×108 viable cells) were used for the cell lysates (CL). The cells were 
washed twice with equal volume of PBS to remove residual medium 
and other minor contaminants. Two milliliters of RIPA buffer (Sigma-
Aldrich; cat # R0278) containing cocktails of protease inhibitors 
(G-BioSciences, St. Louis, MO; cat # 786-108) and phosphatase 
inhibitors (Sigma; cat # P8340) were added to each cell pellet and mixed 
gently. The mixture was incubated on ice for 10 min, at which time, the 
cells were lysed and the organelles were completely solubilized by the 
detergents present in the RIPA buffer, namely, sodium deoxy-cholate 
and NP40. The CL samples were clarified by centrifugation at 8000g 
for 10 min at 4°C. Both the SP and CL samples were stored at -80 °C 
till further use. 

SDS-PAGE purification of host-cell proteins

The host cell proteins present in the SP samples as well as the 
CL samples had the therapeutic protein as a major contaminant. 
Therefore, these samples were partially purified by SDS-PAGE. 
Fourteen microliter of SP samples (up to 50 µg of protein) or 5 µl of 
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CL samples was mixed with 5 µL 1M DTT and 6 µL NuPAGE LDS 
sample buffer (4X) (Invitrogen, cat # B0007) in a final volume of 25 
µL. The mixture was incubated at 90°C for 10 min, and then the entire 
content was loaded onto one lane of a 10-well Novex 4-12% Bis-Tris 
SDS-PAGE gel (Invitrogen; cat # NP0301BOX). The gel was subjected 
to electrophoresis using MES-SDS running buffer (Invitrogen; Cat # 
NP002). The gel was then stained with Coomassie blue. The host cell 
proteins in each lane were excised as five gel sections and each gel 
section transferred to fresh tubes, carefully avoiding the H-ch and the 
L-ch peptides of the therapeutic Ab that the cell line is expressing. This 
procedure removed a substantial portion but not all of the H-ch and 
L-ch contaminant.

In gel trypsin digestion of proteins

The proteins in each gel section described above underwent in-
gel trypsin digestion. Each gel section was minced (approximately 0.5 
mm2) and transferred to a microcentrifuge tube and subjected to 2 
to 3 cycles of gel dehydration with acetonitrile and rehydration with 
ammonium bicarbonate buffer (0.1 M, pH 8.0) in order to remove the 
Coomassie stain. The destained gel slices were then reduced by the 
addition of 250 μL of 10 mM DTT in 0.1 M NH4HCO3 and incubated 
for 30 min at 56°C. The samples (gel slices) were subsequently alkylated 
at room temperature and in the dark for 60 min with 250 μL of 55 
mM Iodoacetic acid (Sigma, cat # PROTRA) in 0.1M NH4HCO3. After 
removal of the liquid, 250μL of trypsin digestion solution (containing 
10 ng/μL trypsin (Sigma, cat # T4434) in 50 mM NH4HCO3, pH 8.0) 
was added to the gel slices, and the samples were then incubated for 
30-35 min at 37°C. The incubated solution was removed and saved. 
Sufficient quantity (50-100 µl) of 50 mM NH4HCO3 was added to 
cover the gel pieces and then incubated overnight at 37°C. The two 
supernatants were combined. The gel pieces were further extracted 
with 5% formic acid (100 μL) at 37°C for 5 min, and an equal amount 
of acetonitrile was subsequently added, and the sample was shaken 
for 15 min at room temperature. The formic acid and acetonitrile 
solution, containing tryptic peptides, were combined with the previous 
supernatants and concentrated. The volume was then adjusted such 
that the peptide concentration was 0.7 µg/µl and aliquot of 5 μL of the 
samples was used for subsequent LC-MS analysis.

LC-MS analysis

LC-MS experiments were performed on an online nano-LC 
instrument coupled with LTQ-FT (Thermo Fisher Scientific, San Jose, 
CA). LTQ-FT combines a linear ion trap and Fourier transform ion 
cyclotron resonance (FTICR) mass analyzers. The LC system was 
composed of an Ultimate 3000 nano-LC pump (Dionex, Moutain 
View, CA) and a self-packed capillary C18 column (Magic C18, 
200Å pore size and 5 µm particle size, 75 µm i.d×10 cm) (Michrom 
Bioresources, Auburn, CA). Mobile phase A was 0.1% formic acid in 
water and mobile phase B was 0.1% formic acid in acetonitrile. The 
sample loading was 5 µL (0.7 µg/µl). The analytical separation was 
carried out by a linear gradient: starting from 2% B to 40% B in 40 min, 
increased to 60% B in 10 min, and then to 80% B in 5 min. The column 
flow rate was maintained at 200 nL/min. The instrument was operated 
in the data-dependent mode: the first survey MS (scan 1) from m/z 400 
to 2000 followed by three consecutive ion activation steps: CID-MS2 
(scan 2), CID MS2 (scan 3), and CID-MS3 (scan 4). The survey full-scan 
MS spectra with two microscans (m/z 400-2000) were acquired in the 
Fourier transform ion cyclotron resonance cell with mass resolution of 
100,000 at m/z 400 (after accumulation to a target value of 2×106 ions in 
the linear ion trap), followed by sequential LTQ-MS2 scans. Dynamic 

exclusion was utilized with exclusive duration of 30 sec and no repeat 
counts. The total cycle time (1 FTICR survey scan with two micro scans 
plus eight sequential linear ion trap MS2 scans) was 2.7 sec. 

Database search

The proteins were identified by Thermo Scientific Proteome 
Discoverer 1.3. The Sequest search algorithm was used to search MS/
MS data against a publicly available Chinese hamster ovary (CHO) 
database. The database was downloaded from http://www.chogenome.
org in December 2012 [34-36]. The five MS raw data generated from 
the five digestion sections of each sample were uploaded together 
and the search results were combined for each sample. The search 
parameters were 50ppm processor ion tolerance, 1.5 Da fragment mass 
tolerance and Cys carbamidomethlyation static modification. The filter 
and protein grouping settings were high peptide confidence-value and 
1 maximum peptide rank. The absolute cross correlation score (XCorr) 
threshold of peptide scoring was 0.4. The fragment ion cutoff percentage 
was 0.1. The XCorr cutoffs were 1.2, 1.9, 2.3, and 2.6 for peptides with 
charge states of +1, +2, +3, and ≥ +4 respectively. All proteins were 
mapped to their genes using NCBI Entrez database [http://www.ncbi.
nlm.nih.gov/gquery/gquery.fcgi] for information regarding annotating 
the identified proteins with respect to gene ID, symbol and name.

Data manipulations

In order to determine correlation of one or more CHO cell 
proteins to volumetric productivity, two high productivity bioreactors 
[R10H021 and R10H022] and two low productivity bioreactors 
[R10H020 and R10H023] were selected. Each set of bioreactors were 
considered as biological replicates (with respect to productivity) even 
though each bioreactor had a unique set of culture conditions.

Normalization: Because of the potential opportunity to introduce 
errors in sample preparation and spectrometry assays, the peptide 
number (obtained from the spectral count) of each protein in each 
dataset was normalized. A set of house-keeping proteins whose 
expression level was high and known not to be affected by varying 
bioreactor culture conditions, were selected for this purpose ([37], 
Table 2).  

Statistical analyses: Following normalization, the data was 
subjected to imputation and transformation for statistical analysis. 
For this purpose, +1 was added to each of the peptide number in 
each protein in each sample (data imputation). The minimum value 
thus became 1 instead of zero. Then Log2 transformation was applied 
followed by another round of imputation. Next, the ratio of each protein 
was calculated from its normalized peptide count in high productivity 
bioreactors as compared to that in low productivity bioreactors. For 
each ratio, p-values were calculated using the general linear model 
(GLM) procedure of ArrayStudio 6.1 (http://www.omicsoft.com/array-
studio.php). Data were fitted into a linear model with productivity, 
time and the interaction between the two. Proteins which were up-
regulated 2-fold or more or down-regulated 2-fold or less and had a 
p-value of less than 0.125 were considered further. This p-value and 
fold-cutoff were selected to generate a working list of proteins for each 
set of bioreactors. 

Results
In our aim to improve productivity (specific/volumetric) of 

therapeutic products manufactured in mammalian expression systems, 
we undertook a two-pronged approach. First, we systematically 
analyzed the cell culture media components that impact the 

http://www.chogenome.org
http://www.chogenome.org
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metabolic state of the cell line. An optimized combination of these 
components is expected to lead to an increased proliferation of the 
cells, which in turn will lead to higher volumetric productivity, even 
if the specific productivity of the cell line remains unaltered. Similar 
studies performed in other laboratories have relied on terminal batch 
cultures in shake flasks [28,32,33], but since cell culture conditions 
in shake flasks do not necessarily mimic those in bioreactors, and 
since the manufacturing step is generally carried out in bioreactors 
either in fed-batch or in perfusion mode, we have performed all our 
studies in 2L mini-bioreactors in the fed-batch mode. A CHO-GS cell 
line expressing a therapeutic Ab was cultured in eight independently 
controlled DasGip CellFerm Pro mini-bioreactors using an 18-day 
fed batch process. The effect of various media components on growth 
and volumetric productivity was investigated by a DOE study using 
25-2 resolution, three-quarter-factorial “screening” design. With this 
design, the impact of increasing or decreasing the concentration of 
each of the four media components (labeled Mach-1, F8, BRX and 
G8, Table 1A) are investigated and each effect is aliased with a 2-way 
interaction in a total of eight bioreactors. 

Impact of the basal and feed media on viability and titer 

Overall productivity of a culture (i.e., its titer) depends on IVCC, 
(which in turn depends on viable cell count) and the specific productivity 
(Qp) of the cell line. Figure 1 shows the viable cell count and the total 
cell count of the eight bioreactor cultures across all 18 days. As seen 
in this figure, all eight bioreactors trended similarly up to D9. From 
D11 onwards, the viability of the cultures began to diverge from each 
other, being dependent, in part, on BRX concentration; lower amounts 
of BRX resulted in comparatively lower viability while higher amounts 
of BRX resulted in higher viability. For example, R10H017 which was 
fed 0.85X (or 85% of the standard amount) of BRX had 20% viability 

on D18, whereas the viability of R10H023, which was fed 1.15X BRX 
was about 60% at about the same time. This relationship between BRX 
and viability can be explained in part by the fact that when the cells 
were fed the lower concentration of BRX, higher concentrations of 
accumulated lactate was observed between D11 to D18 (Figure 2), a cell 
culture waste that is cytotoxic to most mammalian cells. For example, 
bioreactor R10H016, which was fed 0.85X BRX, the concentration of 
lactate reached about 7 g/L, whereas the bioreactor R10H021 which 
was fed 1.15X BRX, had accumulated only 1.8 g/L lactate during 
equivalent period of time. Not surprisingly, there was a sharp decline 
in viability in R10H016 beginning as early as D9 (and reaching 40% 
viability on D12) whereas, R10H021 had the highest viability (retaining 
58% viability on D18). Consequently, as shown in figure 3, R10H016 
had the lowest product titer (747 mg/L) whereas R10H021 had one of 
the highest product titers (2258 mg/L). 

In order to determine the relationship between the various media 
components and the various cell culture parameters, the D9 data was 
graphed (Figure 4). The four columns show the data generated from 
bioreactors that had Mach-1, F8, BRX and G8 respectively. The five 
rows show the data for the five cell culture parameters, which included 
accumulated lactate, accumulated NH4+, glucose consumption, 
percent viability and volumetric productivity. Results suggest that 1) 
Mach-1 had a small effect on glucose consumption level; 2) F8 had a 
significant effect on the lactate levels; 3) BRX had a significant effect on 
lactate levels and viability; 4) G8 had a significant effect on the amount 
of glucose consumption level as well as viability; 5) the accumulation 

Reactor Number (ID) Mach-1 F8 (g/L) BRX G8

1  [R10H016] 0.9X 8 0.85X 1.15X

2   [R10H017] 1.1X 8 0.85X 0.85X

 3   [R10H018] 0.9X 8 1.15X 0.85X

4  [R10H019] 0.9X 6 0.85X 0.85X

5  [R10H020] 1.1X 6 0.85X 1.15X

6  [R10H021] 0.9X 6 1.15X 1.15X

7  [R10H022] 1.1X 6 1.15X 0.85X

8  [R10H023] 1.1X 8 1.15X 1.15X

Table 1A: A CHO-GS production cell line was cultured in eight independently 
controlled two liter mini-bioreactors (DasGip, CellFerm-pro). These bioreactors, 
labeled R10H016 to R10H023 were set up according to Table 1, 1X being the 
standard condition described below and in Materials and Methods. To determine 
the impact of media components on productivity, a DOE study (three-quarter-
factorial “screening” design) using 25-2 resolution was implemented. With this 
design, the effect of four media components, labeled Mach-1, F8, BRX and G8 
was investigated. Each bioreactor received the indicated fraction of a standard 
bioreactor condition. 
Standard bioreactor condition, defined as 1X for this study, is as follows: 806ml of 
growth media, which is a mixture of a proprietary chemically defined basal media 
termed Mach-1 supplemented with 8 g/L of a proprietary formulation of growth 
enhancers, termed F8, was seeded with 94 ml of inoculums (0.4×106 cells/ml), 
for a total volume of 0.9L. From D3 through D12, a proprietary formulation of 
vitamins and amino acids, termed BRX, was fed at a daily rate of 4% of the 
bioreactor volume. Additionally, from D3 through D17, a proprietary formulation 
of glucose and a select set of rapidly utilized amino acids, termed G8, were fed 
starting with 0.07% on D3 and ending with 1% on D17.

A)

B)

Figure 1: The effect of media component, BRX, on the viability and viable 
cell count (VCD) of a CHO-GS cell culture. Each bioreactor was run with two 
different concentrations, either ‘low’, ‘standard’ or ‘high’ of basal media (termed 
Mach-1 and F8) and two different concentrations of feed medium (termed G8 
and BRX), Standard condition for F8 is 8 g/L whereas ‘low F8’concentration is 
6 g/L (Table 1). A) Viable cell count and B) Total cell count.
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of ammonia was not impacted by any of these components and 6) 
importantly, productivity was indirectly impacted when viability was 
impacted. Table 2B shows the effect of the eight bioreactor conditions 
on the IVCC, titer and the specific productivity of the CHO-GS cell line. 
It varied from 15.3 pg/c/day for R10H016 to 39 pg/c/day in R10H022.

Proteomic analysis of the bioreactor samples

In the second part of our study, in order to determine if there is a 
correlation between overall productivity of a culture and the levels of 
intra-cellular and/or secreted proteins, CL and SP samples from two 
high productivity/high viability bioreactors [R10H021 and R10H022] 
and two low productivity/low viability bioreactors [R10H020 and 
R10H023] were selected for proteomic analyses. (Even though 
R10H016 had the lowest titer, we disregarded this bioreactor due to the 
precipitous loss of viability for possible unknown causes). Cell cultures 
from the above four bioreactors were harvested on D7, D11 and D15 
and 24 samples comprising of 12 CL samples and 12 SP samples were 
prepared for analysis.

Analyses of the LC-MS data

The above 24 bioreactor samples, following purification and 
tryptic digestion, were subjected to LC-MS analysis, which allowed the 
identification of a majority of the proteins present in each sample, is 
shown in 24 tables in table S.I, datasheet A, in the supplemental data 
section. Each table lists all the proteins identified in each of the 24 
bioreactor samples. Each protein is identified by its unique accession 
number (GI; column 1) followed by the name of the protein (column 2). 
The abundance of each protein, which has been shown to be correlated 
to the number of peptides generated for that protein [38,39], is shown 
in column 3. From this data, we concluded that a reduced number of 
proteins were being detected in D7 samples, especially those that are 
being secreted in the media. Hence data generated from D7 samples 
were not considered in subsequent studies, thus reducing the number 
of samples to eight CL and eight SP samples.

The accessions numbers (GIs) of all the proteins that have at least one 
peptide in any of the 16 samples were collected into a single data matrix 
(compiled in Table S.II, datasheet A). The resulting 2890 unique GIs 
were mapped to Entrez gene databank for information on annotation 
with respect to gene ID, gene symbol, protein name and its function. 
In this table, each protein is identified by its unique accession number 
(column A), and Entrez ID of the gene coding the protein (column 
B), followed by the symbol and name of the gene (column C and D). 
Table S.II, datasheet B lists the original peptide count (obtained from 
the spectral count) of each protein in each sample. Note that there were 
many potentially important proteins that were detected only in some 
but not all bioreactor conditions. For example, protein GI#354493414 
was detected in a high productivity bioreactor on D15, but not on D11 
(Table S.II, datasheet B). In these cases, data imputation, i.e., addition 
of +1 to the peptide count of each protein raised the minimum value of 
all peptide counts from zero to one, thus enabling calculation of ratios 
for these proteins as well. Table S.II, datasheet C shows the peptide 
count of each protein in each sample after normalization as described 
in Materials and Methods. 

Under the assumption that the samples from the set of two high 
productivity bioreactors are biological replicates, the normalized 
peptide count of each protein derived from R10H020 and R10H023 
were averaged, as also that derived from the set of two low productivity 
bioreactors, namely, R10H021 and R10H022. The average peptide 
count of each protein detected in the high productivity bioreactors 
[R10H021 and R10H022] was compared to that in low productivity 
bioreactors [R10H020 and R10H023] resulting in the generation of a 
ratio for each protein on D11 and on D15, in CL and SP samples (Table 
S.II, datasheet D). As expected, the data identified several proteins 
that were highly up-regulated or highly down-regulated, with the 
levels of a vast majority of the remaining proteins either unchanged or 
modulated to a smaller extent. Proteins that were up-regulated 2-fold 
or higher (ratio ≥ 2.0) or were down-regulated 2-fold or lower (ratio 
≤ 0.5) were selected for further study. The selected proteins could 
be grouped into four categories: 1) intracellular and up-regulated, 
2) intra-cellular and down-regulated, 3) secreted and up-regulated 

Figure 2: The effect of media component, BRX, on the accumulation of lactate 
byproduct in culture harvest.

Figure 3: The effect of media components on the productivity as measured 
by titer.

Bioreactor R10H016 R10H017 R10H018 R10H019 R10H020 R10H021 R10H022 R10H023

IVCC (×109 cell-day) 41.6 78 82.8 92.9 47.5 60 57.5 44

Titer (mg/L) 747 1816 2061 1996 1448 2330 2258 1702

Qp (pg/cell/day): 15.3 23.3 24.9 21.5 30.5 38.6 39 38.7

Table 1B: Specific productivities of a CHO-GS production cell line cultured under various culture conditions.
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and 4) secreted and down-regulated. The lists of proteins that fell in 
these four categories are shown in Table S.II.1 through S.II.4 (Table 
S.II, Datasheet E). Data generated from D11 and D15 samples in each 
of these four categories are shown as parts A and B, for each of the 
above four tables, respectively. Each protein in each table has a unique 
accession number, followed by the gene symbol, the description of the 
protein and the ratio of its expression level as detected in high’ vs. ‘low’ 
productivity bioreactors. Thus, a total of 180 proteins were identified 
to be up-regulated two-fold or more and 97 proteins were down-
regulated two-fold or more. Of the 180 proteins that were up-regulated 
on D11 and/or on D15, 47 proteins were detected in the SP samples 
and 133 proteins were detected in the CL samples. Of the 97 proteins 
that were down-regulated, either on D11 and/or on D15, 37 proteins 
was detected in the SP samples and 60 proteins were detected in the 
CL samples (Table 3A). Within each category, we next determined 
which of the proteins were present in both D11 and D15 by merging 
the D11 and D15 data of each category (see Table S.II, datasheet E). 
Proteins that were similarly modulated on both on D11 and D15 were 
bolded and highlighted in yellow. This procedure was repeated for 
the remaining three categories and a list of all the proteins that were 
detected in both D11 as well as D15 was generated. As can be seen 
from table 3B, only twelve proteins are similarly modulated both on 
D11 and on D15. Additionally, 18 other proteins were identified where 

the members of the same family of proteins are similarly modulated 
on D11 and D15 (bolded). These proteins are listed in table 3C. With 
a few exceptions, the selected proteins and protein families can be 
grouped into four distinct functional groups, as determined using 
Gene Ontology database (www.geneontology.org), namely, 1) control 
of proliferation; 2) protein synthesis; 3) cytoskeleton rearrangement; 
and 4) maintenance of the metabolic state of the cell. 

Discussion
Manufacturing cell line development at Janssen Research & 

Development involves transfection of therapeutic antibody genes into 
CHO-GS host cell lines and isolating primary transfectomas that upon 
cloning yield high expressing cell lines secreting the desired product. 
In an attempt to increase overall productivity of these cell lines, a 
number of investigations have been undertaken in the past several 
years. These investigations, which follow closely those published in the 
literature, include 1) determining the optimal copy numbers of H-ch 
and L-ch of the therapeutic Ab in the transfectomas [17,40]; 2) utility 
of apoptotic resistant host cell lines [13,23,24]; 3) increased secretion of 
Abs via over-expression of chaperones [3] (unpublished observation); 
4) prolongation of the G1 phase where protein synthesis is particularly 
more efficient [25] and 5) judicious use of expression systems and cell 
line selection strategies [2,41,42]. Recently, the “omics” approach for 

Figure 4: The effect of four different media components on multiple cell culture parameters. Eight mini-bioreactors were set up using the media formulations outlined in 
Table 1 and in Materials and Methods. A number of cell culture parameters were monitored daily, including glucose consumption, lactate and ammonia accumulation, 
viability and titer. The data generated on D9 is graphed. The four columns show the 4 different media components, namely, Mach-1 (M), column 1 from left, BRX (B), 
column 2, G8 (G), column 3 and F8 (F), column 4. The 5 rows refer to the cell culture parameters, namely, Lactate (L), Ammonia (A), Glucose (Gl), Viability (V) and 
Titer (Ti). 

http://www.geneontology.org
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improving productivity has been embraced by a number of researchers 
[27,29,33]. Indeed, we have performed microarray analysis of selected 
myeloma production cell lines in order to determine if there is a 
correlation between expressions of one or more myeloma cellular 
genes to productivity [27]. 

In the last step of the cell line selection process, several candidate 
production cell lines are tested, ideally, in bioreactors, which is a critical 
but a very labor-intensive and a time-consuming process. In order to 
reduce cost and time in biopharmaceutical development, emphasis 
is on scale-down models and predictive technologies. However, the 
shake-flask culture, which is the widely used scale-down model of fed-
batch bioreactor, does not mimic the environmental conditions of a 
stirred-tank, fed-batch bioreactor well [16,39]. Consequently, in our 
laboratory, the final step in the cell line screening process is routinely 
carried out in bioreactors. With that in mind, in the current study, we 
have used a two-step approach to improve productivity in a CHO-GS 
production cell line. First a DOE study to optimize the basal growth 
media components and feed composition of the production cell 
line was carried out. This was followed by a comparative proteomic 
analysis of the high vs low productivity cell lines. In the DOE study, the 
composition of the basal and the feed medium had a dramatic effect on 
the growth profile of the cell line as well as accumulation of common 
metabolic waste products like lactate and ammonia. The relationship 
between the components of the basal and that of the feed medium were 
complex. Cultures that had less than the standard amounts of BRX but 
increased amounts of G8 (proprietary formulation of glucose, vitamins 
and amino acids] resulted in an increase amount of lactate and NH4+ 
accumulation in the bioreactor. The two bioreactors that had the highest 
viability [R10H021 and R10H022] were initiated with lower amounts 
of the growth enhancing supplement F8 to slow down the initial rate 
of metabolism. This strategy of reduced feeding has been successfully 
tested previously [9,10]. In the current study, the reduced feeding is 
subsequently augmented by an increase in BRX feeding, such that high 
cell density is achieved. Consequently, the average IVCC of R10H021 
and R10H022 were 150-157% higher than that of R10H020 (Figure 1 
and Table 1B). Not surprisingly, improved growth profile and higher 
IVCC resulted in higher productivity as determined by measuring the 
titer of the cell culture harvest (Figures 1 and 3). Note that the specific 
productivity of the selected cell lines were not significantly different 
from each other, ranging from 26.6 pg/c-day to 36.4 pg/c-day (Table 
1B).

In order to elucidate the mechanism of this increase in productivity, 
a proteomics approach to identify proteins whose modulation is 
correlated to high productivity was then undertaken. Proteomics 
approaches for improving productivity in CHO cells have been used 
previously [28-33]; specifically, a proteomics approach was used by Yee 
et al. [28] to study the effect of sodium butyrate on CHO cells, whereas 
Kaufmann et al studied the effect of lowering culture temperature 
on productivity [43]. While similar to these studies, there are several 
important features that distinguish the current study from the above 
published studies. Firstly, even though many manufacturing cell 
lines utilize the CHO-GS system, it has not been possible to study the 
CHO genome and proteome as the genome database was not publicly 
available until now (www.chogenome.org). Secondly, in the absence of 
a publicly available CHO genome database, specific CHO proteins were 
identified by 2D gel electrophoresis, MALDI-TOF analysis, N-terminal 
sequencing and cross-species database matching. Thirdly, with a few 
exceptions, these studies have been performed with cells cultured in 
shake flasks. While a great deal of knowledge has been gained from 

those studies, variability in dissolved oxygen concentration and 
consumption rate, metabolite profiles, and proteome was greater 
in shake flask than controlled batch or chemostat cultures. Proteins 
indicative of suboxic and anaerobic growth were more abundant 
in cells from shake flasks compared to bioreactor cultures, a finding 
consistent with data demonstrating that “aerobic” flask cultures were 
O2 deficient due to poor mass transfer kinetics [44]. 

In the proteomic analysis, the abundance of each CHO protein 
derived from cells that were generated in bioreactors that had the highest 
viability and productivity [R10H021 & R10H022] was compared to 
that derived from cultures that had some of the lowest viability and 
productivity [R10H020 & R10H023]. Of the 2890 proteins detected in 
one or more of the varying bioreactor culture conditions, 277 proteins 
were observed to be modulated (two-fold or more), between high vs 
low productivity conditions and only 12 proteins showed consistent 
and reproducible modulation of expression on both D11 and D15.

There are several possible reasons why so few proteins were 
captured in our assay. 1) the bioreactors we have considered as 
biological replicates with respect to productivity have very different 
culture conditions, which might reflect in the overall pattern of gene 
expression; 2) due to the redundant nature of many of the biochemical 
pathways, there were many instances where similar (but not identical) 
proteins were modulated under the two different culture conditions; 
For example, Histone 3.2 was down-regulated in R10H020 and Histone 
3.3 was down-regulated in R10H023; 3) A majority of the proteins that 
showed a significant modulation between different culture conditions 
were of the low abundance type, peptide count not exceeding 10 as 
compared to a peptide count of 90 for a protein considered of average 
abundance (Table S.II, datasheet B). A small change in the levels of 
the low abundance proteins result in a large impact on the fold-change 
calculations. High abundance proteins have to significantly alter 
their levels in order to achieve the same fold-change effect. Given the 
likelihood of selecting false positives is higher among low abundance 
proteins, we have instituted a number of checkpoints to avoid this 
problem. These checkpoints include 1) considering two bioreactors 
with similar productivities but with different culture conditions as 
biological replicates; 2) only using statistically significant data; 3) a 
minimum fold change of no less than 2-fold; and 4) selecting proteins 
that are expressed at both D11 and D15 . We speculate that since product 
secretion peaks after the cessation of exponential growth (Figures 1 and 
3), proteins that enhance productivity should be consistently expressed 
both at D11 and D15. Also, the likelihood of selecting false positives 
would be lower. Western blot and RT-PCR experiments are essential to 
confirm the expression of the proteins that have been identified from 
this study.

The correlation between expression of selected proteins and 
productivity raises the intriguing possibility that these and other 
cellular proteins can possibly be utilized for eliminating the bioreactor 
screening step. Proteomic analysis data does not reveal whether the 
observed correlation is the cause or effect of high productivity. Further 
work needs to be done to determine the exact roles of these proteins in 
various cellular processes that contribute to the overall productivity of 
the cell lines. Irrespective of the molecular mechanism of the observed 
correlation, at a minimum, expression levels of these proteins can be 
utilized as surrogate markers for identification and development of cell 
lines with superior productivity. Moreover, these markers can be used 
for media and bioreactor process optimization steps. 

The current study has utilized only one CHO-GS production cell 

http://www.chogenome.org
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Lysates (CL) R10H020 R10H021 R10H022 R10H023

  D7 D11 D15 D7 D11 D15 D7 D11 D15 D7 D11 D15
Tubulin α-1B 18 17 18 20 19 16 16 20 16 21 19 16
Tubulin-β 20 23 20 23 21 21 19 23 20 24 23 18
Tubulin β-2C 18 21 16 22 21 19 18 22 18 23 22 16
actin-β 20 21 21 24 22 23 22 19 16 21 22 13
Gapdh 17 20 19 20 22 20 16 19 17 20 19 14
H-ch 19 21 23 20 21 21 20 20 20 22 20 20
L-ch 9 11 12 11 12 12 12 11 11 12 12 10
Sum 121 134 129 140 138 132 123 134 118 143 137 107
Norm. Factor 1 0.903 0.938 0.8643 0.8768 0.9167 0.9837 0.903 1.0254 0.8462 0.8832 1.1308
                         
Supernatants (SP) R10H020 R10H021 R10H022 R10H023
  D7 D11 D15 D7 D11 D15 D7 D11 D15 D7 D11 D15
H-ch 36 40 41 36 37 42 38 40 41 40 38 42
L-ch 23 20 22 16 20 21 16 21 21 21 19 21
Sum 59 60 63 52 57 63 54 61 62 61 57 63
Norm. Factor 1 0.9833 0.9365 1.1346 1.0351 0.9365 1.0926 0.9672 0.9516 0.9672 1.035 0.937

Table 2: Normalization of the data generated from D11 and D15 bioreactor samples. 
Top panel: Intra-cellular proteins; Bottom panel: Secreted proteins.
The peptide count of these selected proteins in each sample was summed up, and the sum obtained from H20D7_CL and H20D7_SP samples (121 and 59, respectively), 
were arbitrarily set as normalization standard, i.e., possessing a normalization factor (NF) of 1. Normalization of the proteins in other samples was accomplished by dividing 
the total peptide counts of these house-keeping proteins by that of H20D7_CL or H20D7_SP, for samples derived from cell lysates or culture supernatants, respectively. 
House-keeping proteins used for CL samples included glyceraldehyde-3-phosphate dehydrogenase, actin β, tubulin β, tubulin α-1β and tubulin β-2C. Additionally, the 
H-ch and the L-ch of the therapeutic protein being expressed by the cell were included in this normalization process. For the data generated from SP samples, the 
normalization process used only the H-ch and L-ch of the therapeutic ab being expressed by the cell line. This was necessary as the above house-keeping genes were 
either undetectable or present in very low levels in the SP samples. Even though the H-ch and L-ch protein bands were largely avoided during the sample preparation 
step (described above in the sample preparation section), sufficient residual quantities of both of these proteins were still retained in the sample to justify using them as 
housekeeping genes. Moreover, normalization with other structural proteins, e.g., Decorin, gave comparable results.

Table 3A Number of proteins with 2-fold or more change 

  CL, Up-reg CL, Down-reg SP, Up-reg SP, Down-reg
D11 65 38 40 19
D15 68 22 7 18
Total 133 60 47 37
Grand Total       277

Table 3A: A: Number of proteins being modulated (two-fold or higher) in one or both sets of bioreactors on D11 and/or D15. Green: Up-regulated and Red: Down-regulated. 
Both, intracellular (CL) and secreted (SP) were monitored.
B: List of intra-cellular and secreted proteins that were consistently and reproducibly up-regulated or down-regulated (two-fold or higher) in both D11 and D15 samples. 
C: List of protein families that were consistently and reproducibly modulated in D11 and D15 samples. Different members of these protein families were up-regulated or 
down-regulated in D11 and D15 samples.

GENEID Symbol Description D11 D15

D11 and D15, CL, Up-regulated Fold change Fold Change

100765619 LOC100765619 ADP-ribosylation factor protein 8B 2.58 2.79

100774665 LOC100774665 V-type proton ATPase subunit B, brain 2.56 2.04

100769573 LOC100769573 Uncharacterized protein KIAA0564 4.28 5.32

100768654 LOC100768654 retinal dehydrogenase 1 3.67 3.0

100767097 LOC100767097 cAMP-dependent protein kinase catalytic 4.47 3.0

D11 and D15, CL, Down-regulated

100757036 LOC100757036 60S ribosomal protein L5 2.3 6.7

100767908 Me1 malic enzyme 1, NADP(+)-dependent, cy 2.9 2.5

100763574 Scfd1 Sec1 family domain containing 1 2.5 2.5

D11 and D15, SP, Up-regulated

100767142 Csf1 colony stimulating factor 1 (macrophage) 2.56 6.17

100754832 Angptl4 angiopoietin 4 4 3

D11 and D15, SP, Down-regulated

100767831 LOC100767831 inositol-3-phosphate synthase 1 4 3.6

100758958 LOC100758958 isocitrate dehydrogenase (NADP) cytoplas 2.3 2
Table 3B: Proteins that are modulated both on D11 and D15.
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line. It would be interesting to determine if one or more of the above 
12 selected proteins are modulated in other CHO cell lines, or other 
CHO-GS production cell lines, making our findings more broadly 
applicable to the biologic pharmaceutical industry. It is possible 
that the observed modulation of the selected proteins in response to 
differential feeding is cell line specific and therefore will not serve as 
markers of productivity for other cell lines. However, the CHO-GS 
system, (licensed from Lonza) is highly popular and widely used by 
many biotechnology and pharmaceutical companies interested in the 
development of highly productive CHO-GS cell lines. Therefore, cell 
line specific findings, if any, will be useful for further work in this area. 
Moreover, the proteins identified by this method may provide clues for 
additional media optimization process.

It is assumed that transfectomas that are selected based on 
expression level of one or more of these cellular proteins will retain 
their respective phenotype when they are cultivated in bioreactors. 
If implemented, a screening protocol comprising of 1) H-ch and 
L-ch mRNA copy number for optimal expression and stability, 2) a 
QPCR analysis of transcripts of cellular proteins for desirable product 
characteristics, and 3) analysis of intra-cellular Ab content by flow 
cytometry for selecting stable cell lines is envisioned. Additionally, 
a screening step comprising of markers identified in the current 
proteomic study can be incorporated, as these markers are indicative 
of high productivity in fed batch bioreactors. Not unexpectedly, the 
number of clones that would be screened at successive rounds will 
decrease. In instances where expression of specific cellular proteins 
have an effect on productivity, transfection of host cell lines can be 
engineered for superior productivity via appropriate modulation of 
these proteins. Moreover, it is possible that when used in conjunction 

Table 3C: Protein families that are modulated on D11 and D15.

with methods that boost transcription of H-ch and L-ch genes [14], we 
can develop cell lines with very high productivity.
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