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Abstract

The demand for recombinant protein therapeutics is increasing worldwide and hence improvements in the overall
yield of such products from bioprocess are of great interest to make them affordable. Chinese Hamster Ovary (CHO)
cells are the most commonly used cell lines for large scale production of such high-quality (human-like) recombinant
protein products. Typically, product is released, along other secretory proteins, by the cell into the culture media.
These secreted proteins may have significant impact on cell growth, product quality & quantity during the production
culture and the designing of strategies for efficient product purification. However, only few efforts have been made
to date to explore these secreted proteins (the “secretome”), although significant technological advancements have
been witnessed in the field of proteomics during the last two decades. Even from these, the majority of studies
have identified a high proportion of intracellular- and non-secretory proteins in culture supernatants which could
be possibly due to the unavailability of well-defined methodologies for sample collection & preparation for mass-
spectrometry and/or followed data analysis using databases that contain less number of secretory proteins. As a
result, secreted CHO proteins and their potential in regulation of recombinant protein production remain unexplored.

Therefore, the goal of this article is to provide an overview of the importance of secreted proteins in improving
recombinant protein production from bioprocesses and to outline potential ways for their efficient investigation using

proteomic approaches. This knowledge could help in increasing the overall yield from production processes.

Keywords: Chinese hamster ovary cells; Extracellular microvesicles;
Exosomes; Proteomics; Secretome; Secreted-proteins

Introduction

Chinese Hamster Ovary (CHO) cells are the preferred host cell line
for the production of recombinant protein therapeutics and monoclonal
antibodies, accounting for more than 70% of all current therapeutics
with over $99 billion in market value [1,2]. This is mainly because of
the capabilities of CHO cells to perform human like/compatible post-
translation modifications which are required to attain the bioactivity
of these recombinant proteins and also because of its adaptability to
different culture conditions (adherent, suspension, serum/protein-
free and scalable from microliter to thousands of liters etc.) in order
to achieve higher yield [3]. Though CHO cells have been successfully
scaled up to produce 5-10 g/L biologics [3], further improvements in
the production capabilities of bioactive recombinant proteins are of
eminent importance to meet the global demand at affordable cost. This
goal, with the available cell culture platforms, could be achieved mainly
by: 1- improving production capability of cells in culture (improved cell
specific productivity, cell density and culture longevity), 2- minimizing
product degradation and heterogeneity; 3- improving product
purification process. The secreted proteins are known to impact all of
these parameters; however only a few CHO studies have been performed
to-date to reveal their secretome and hence an important area of the
proteome, the cellular secretome, largely remained unexplored [4,5].
Therefore in this article, we have discussed the potential of secreted
proteins to improve yield from production culture as well as factors
that may impact the investigation of secreted proteins in culture media
since knowledge of these proteins is critical for developing rationale
cell engineering and media formulation approaches to maximize yield
and minimize product degradation.

CHO Secretome

The secretome generally refers to the collection of proteins that
are secreted and/or released from the cell during the different phases
of culture (lag, log, stationary and decline/death). It may contain
numerous substances: (1) -peptides/proteins that regulate cell-to-
cell and cell-to-extracellular matrix interactions and could affect
cell growth and productivity; (2) - proteolytic enzymes which may
contribute to degradation of the secreted recombinant protein product
in the culture; and also, (3) - host cell proteins whose knowledge could
play important role in developing strategies for efficient purification of
the product from culture media. The impact of each are as discussed
below-

Impact of secreted proteins on CHO growth and productivity

It was known for a long time, but never systematically studied, that
the addition of condition medium to cells increases survival and clonal
growth. Recently, eight growth factors, including Fibroblast Growth
Factor (FGF), Hepatocyte Growth Factor (HGF), Leukemia Inhibitory
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Factor (LIF) and Vascular Endothelial Growth Factor C (VEGF-C),
were identified to be secreted by CHO cells into the media [4].
Supplementation of these factors into the culture media was observed
to stimulate growth even at low cell density significantly (~48%).
Colony Stimulating Factor-1 (CSF1), which is involved in regulation
of cell proliferation, has also been identified in the conditioned media
from antibody-producing CHOKISV cells [6]. Many reports have
shown secretion of transferrin from actively growing primary or
established cell lines [7,8]. Transferrin alone does not promote survival
or proliferation of CHO cells; however, in the presence of IGF-1, it
does [9]. Exogenous transferrin was also found to improve the growth
and survival of CHO DG44 in another study [10]. The knowledge
of such growth-regulatory proteins is of great importance as it may
help in rationale cell engineering and media formulation to improve
performance of the process since higher numbers of viable producers
in culture leads to higher productivity.

Impact of secreted proteins on product quantity and quality

An anonymous assortment of proteolytic enzymes is expected to
occur amongst the vast milieu of Host Cell Proteins (HCPs) present
during the production culture and to be harvested along with the
product in the cell culture media which could lead to undesirable
proteolytic-degradation of product reducing the overall yield [11].
MMP3, MMP10, MMP12 and cathepsin-B have also been reported in
the culture media during production culture [5,11]. A secretory protein,
fibronectin, which induces secretion of Matrix Metalloproteinase
(MMP-9), has been identified in the conditioned media [12]. The
presence of these enzymes in the conditioned media could pose risk
for proteolytic-degradation of the product. Although during product-
purification steps, typically HCP content (along with proteolytic
enzymes) is reduced to acceptable levels, it is quite possible that
certain proteolytic enzymes/HCPs may bind to and co-elute with the
product across individual purification steps and could finally be there
with the product to impact its quality and/or quantity. A significant
decrease in the quantity (~60%) of a therapeutic monoclonal-antibody
produced in CHO has been observed due to the residual proteolytic
enzyme activity in purified product (final drug substance) over only
20-days of monitoring [13]. However, case studies showing that active
proteolytic enzymes can carry through an entire purification process
to reside in the final product and impact product stability are scarce.
Thus, the knowledge of the proteolytic enzymes present in culture
media is of great value for developing and/or implementing use of
respective inhibitors to minimize potential degradation of the product
and developing efficient bioprocess for higher yield. Alternatively, with
enhanced tools of targeted cell engineering now available (e.g., CRISPR
or ZN-fingers), the respective enzyme genes could be knocked out to
generate a degradation resistant CHO cell line.

Moreover, secreted peptides/proteins also contribute to the
accumulation of waste products in culture and could alter pH and
osmolality, especially during the later stage of culture to ultimately
initiate apoptosis [14,15]. This could impact the micro-environment in
culture and could adversely affect culture growth and product quality
(by altering post-translational modifications) during the production
process [16-18].

Host cell proteins (HCP) and product purification

Secreted peptides/proteins are also important component of HCPs.
They can pose potential safety risks for patients, including immune
reactions and adjuvant activity, if not removed from the final product
during down-stream processing [13,19-21]. The purification of the

final product is the most costly part of biopharmaceutical production
(it may cost up to 80% of the total cost). The most common method
for HCP removal is affinity chromatography and the purified product
is assessed for purity using immunoassays [22-24]. The antibodies
used in immunoassays are raised against a total cell protein mixture
of non-product-expressing cells and hence measure the population
of non-product proteins. However, it is important to question if HCP
can be appropriately monitored using the same immunoassay (which
is generated against the HCP expressed in a specific phase of growth
of a specific cell line/clone) for monitoring HCP in culture harvested
at different phase and/or from different CHO cell lines [22,25]. This is
because the affinity of the antibody to HCP may vary following change
in nature and composition of HCP at different phases of growth (e.g.
logarithmic or stationary) and hence could under/over-qualify the
product [23]. The composition of HCP between DG44 and CHO-S
has already been shown to be significantly different; suggesting the
need of cell-line specific modification in the purification protocols [5].
Moreover, secreted proteins are typically under-represented in the
immunogen since antibodies for such assays are generated using cell
lysate (intracellular proteins). Recently, fragments of secretory and also
intracellular proteins were observed to be co-purified with the end-
product indicating the inefficiency of the immunoassays in assessing
HCP in the final product [19,26,27]. Moreover, these assays have no
capacity to identify specific proteins, and because individual HCP
could carry different perceived risks leaving the room for achieving
‘Quality by Chance (QbC)’, not by design (QbD). This is mainly
because the majority of HCP components are still un-identified and
hence efficient assays for evaluating the residual content of HCP in the
purified-product also remain unavailable.

Thus improving our understanding of the CHO secretome is of
great importance as in order to design improved up-stream as well as
down-stream processes to achieve higher yield. More efforts should
be made to explore the CHO cell secretome as it may help to identify
component(s) that could enable further improvement in improving
cell growth and protein production.

Roadblocks and Way-out for Investigating CHO
Secretome

To date, the majority of the studies investigating the CHO
secretome have identified a large number of intracellular and non-
secretory proteins (upto ~88%) in culture supernatant, even with
cultures maintaining significantly high viability (>95%) [4,28]. Since no
published data are available, it could be presumed that the percentage
of these intracellular and non-secretory proteins identified in the
secretome might be derived from on-going cell death in the culture.
Hence the percentage of Proteins-Potentially-Contributed-by-Cell-
Death (PPCD) in culture medium can be calculated by multiplying
per-cell-protein content with the number of dead cells in the culture.
A comparison of PPCD with the total amount of protein in the culture
supernatant at any given time point may enable the early prediction of
the percentage of such proteins among secreted proteins. However, in
our laboratory we observed that the calculated concentration of PPCD
is significantly higher than the total protein in the culture media at all-
time points investigated (Figure 1). This suggests that high proportion
of PPCD is being degraded by the biomolecules released by the cells and/
or consumed by the viable cells present in the culture media, besides
concurrent secretion of certain secretory proteins [9,11]. Although if
PPCD are degraded and/or consumed selectively and contribute to the
identification of high number of intracellular proteins in the secretome
is unclear, yet it is known that the composition of secretome modulates
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Figure 1: Estimation of protein-potentially-contributed-by-cell-death (PPCD) in culture medium. For this, CHO-K1 cells were grown in suspension culture in CD-CHO
media (serum-free and chemically defined) and cell counts were performed everyday using trypan-blue dye exclusion method. Pre-decided amount of culture media
was collected and centrifuged at 1000 rpm at 4°C for 20 min. The supernatant was concentrated to known volume using 5 kDa molecular weight cut-off centrifugation
filters to enable the calculation of protein content per milliliter (mL) in original sample. Known number of cells was sampled and lysed using urea-based lysis buffer.
Protein concentration was estimated in concentrated media and cell-lysate using Bradford protein estimation method. Per-cell-protein content was calculated by
dividing the total amount of protein with total number of cells in the sample. The concentration of PPCD was calculated by multiplying the number of dead cells/mL
with per-cell-protein content in the sample at that respective time-point. A: cell growth; B: per-cell-protein content, C: protein concentration detected in spent-media
and D: concentration of PPCD. Error bars represents standard deviation among three biological replicates.

dynamically over time and affect cell growth & recombinant protein
production in culture [29]. However, the knowledge of genuinely
secreted CHO proteins is very limited which could be possibly due to
the unavailability of well-defined methodologies for sample collection
& preparation for mass-spectrometry and/or followed data analysis
using databases that contain less number of secretory protein and
hence the potential of secreted proteins in regulation of recombinant
protein production from CHO cultures largely remained unexplored.
Therefore in this communication, we have discussed the issues which
generally complicate the investigation of secretome and tried to present
potential strategies to address some of them.

Secretory-proteins could be masked and contaminated by
high-abundant cytosolic proteins released following cell-lysis
and -death

Cell death is unavoidable even under highly optimized conditions
and irony is that even a very small percentage of dead cells are able
to release protein amounts by far exceeding that of actually secreted
proteins. Thus the contamination from cellular proteins could only be
minimized by optimizing the culture conditions and sample collection,
processing & storage procedures.

Cell culture conditions: Typically, for secretome analysis, cells

are incubated in serum-deprived medium once culture has achieved
certain density in serum-supplemented growth medium to avoid
contamination and masking of secreted-proteins by serum proteins
[30]. However, it is important to consider that serum-starvation acts as
a metabolic stress to the cells; under these conditions cells may reduce
their proliferation rate and simultaneously activate apoptotic pathways
or survival mechanisms to cope with the condition [31]. Activation
of survival mechanisms will have less impact on the composition of
secretome compared to the impact due to initiation of cell death. Thus
prior to any proteomics analysis, preliminary studies investigating the
effect of serum starvation onto the cell proliferation and death should
be carefully performed to identify optimal culture conditions and time-
point (where cell are least affected (specifically minimal cell death)
but provide sufficient sample for analysis). Alternatively, cells could
be adapted to grow in chemically-defined, serum- and protein-free
media. Grow cells up to the desired cell density in chemically-defined,
serum- and protein-free media in adherent culture and collecting the
secretome sample by replacing spent- with fresh-media under pre-
optimized conditions could be better compared to growing cells in
suspension culture as this will enable removal of proteins accumulated
due to cell death in the culture overtime and minimize identification
of intracellular and non-secretory proteins. On the contrary, the
suspension cultures, which are more closer to industrial production
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process, have higher shear-forces compared to adherent culture
causing higher damage to the cells and release of intracellular content
into the media; and since removal of spent-media is also complicated
in suspension culture, chances of contamination from non-secretory
intracellular proteins will also be higher. Thus, the culture-type should
be opted based on the objective of the study; i.e. investigation of CHO
secretory proteins and/or identification of proteins present in the
culture (due to secretion and/or cell death) along with product.

Sample collection, processing and storage: After collection, the
conditioned media should be immediately centrifuged appropriately
to remove cells (viable and dead) and their-debris (Figure 2). Small
extracellular microvesicles, like apoptotic bodies, exosomes etc., should
also be removed appropriately from the culture media since they have
also been reported to contain proteins of intracellular origin [32].
However, itis quite possible that the proteins packed in the microvesicles
(including growth factors and/or proteases etc.) might not be in direct
contact with the product secreted into the media and hence may have
limited impact on it; but they may have role in regulation of cellular
physiologies (cell proliferation and death etc.) required to improve yield
from culture. Filtering collected spent-media using filters with porosity
0.2 uM or above alone is also incapable of removing such microvesicles.
Storing media at low temperature (-20°C or -80°C) or adding detergents
/ organic solvents prior appropriate processing may also cause leakage/
bursting of the cells and/or microvesicles present in the media raising
the risk for potential contamination from non-secretory cellular
proteins. Approximately 88% intracellular proteins were identified in
the secretome of CHO cells when conditioned media was centrifuged
at 1000 rpm for 15 minutes (min), stored at -80°C, filter-purified with
0.22 uM filter and precipitated using methanol/chloroform method,
although the viability of culture under investigation was above 95%
[4]. Similarly observations (~78% of intracellular proteins in the CHO
secretome) were reported by Valente et al., in suspension culture [28].

Spent Media

1000 rpm at 4 °C for 5 min.

Supernatant

2000 x g at 4 °C for 20 min.

Pellet = cells

Pellet = Dead cells

Supernatant

10,000 x g at 4 °C for 30 min.
(Ultracentrifugation)
Pellet = Cell debris

Supernatant

100,000 x g at 4 °C for 70 min.

Pellet = Microvesicles (Ultracentrifugation)

including exosomes

[ Cell-debris- and microvesicles-free spent-media for secretome analysis ]

Figure 2: Schematic presentation of protocol for spent-media preparation
for secretome analysis.

This could possibly be due to the presence of extracellular microvesicles
and un-avoidable accumulation of leaked non-secretory proteins from
the cells (due to even small amount of cell death overtime in bioreactor)
in the conditioned media. Exosomes have already been reported to be
enriched with intracellular and non-secretory proteins [33]. Besides in
our laboratory, spent-media samples prepared using an ultracentrifuge
(centrifuged at 1,000 rpm at 4°C for 5 min, 2,000 x g for 20 min and
10,000 x g for 30 min, ultracentrifuged at 100,000 g for 70 min, stored
at -800°C, acetone precipitated and re-suspended in Tris-HCI (pH 6.8)
buffer) were observed to have ~20% lower amount of protein compared
to spent-media samples prepared without ultracentrifuge (centrifuged
at 1000 rpm for 15 min, stored at -80°C, acetone precipitated and
re-suspended in Tris-HCI (pH 6.8) buffer), while the viability of the
culture was ~98%.

Secreted-proteins are at relatively low concentrations due to
their high dilution in cell culture media

Selective labelling and enrichment of the secreted-proteins
could be one of the options for identification of these proteins. The
metabolic labelling of proteins with N-azido-galactosamine (GalNAz)
by culturing CHO cells in GalNAz supplemented growth medium
and their enrichment using affinity chromatography has resulted
in identification of only secreted proteins [5]. GalNAz is an azide
analogue of the sugar residue N-acetylgalactosamine (GalNAc), which
is predominantly present at the hydroxyl group of either threonine or
serine side chains on the cell surface and secreted proteins with mucin-
type O-glycosylations [34]. However, a limitation of selective labelling
approach is that non-labelled secretory-proteins, which may contribute
a higher proportion of the secretome, might remain unidentified and
hence more robust and generalized approaches need to be developed
and utilized to investigate secretory proteins. Alternatively, a
differential labelling approach coupled with gel-electrophoresis could
be utilized where cellular proteins are metabolically labeled with one
label and then cells are allowed to secrete proteins into the fresh-
medium under pre-optimized conditions. The total proteins in the
culture media are then resolved with 2-dimensional gel electrophoresis
and labelled with another label. The overlapping of images from
different labels should enable to differentiate between secreted or non-
secreted peptides/proteins. A similar approach has been utilized to
investigate secreted proteins from cancerous cell lines where proteins
were first metabolically labelled with *S-labelled methionine and
cysteine and then with ruthenium (a fluorescent dye) [35]. The spots
detected by autoradiography on the 2D-gels were mainly from the
genuinely secretory proteins, whereas fluorescent staining showed
the intracellular and non-secretory spots/proteins as well. However,
optimization of culture conditions and protocols could be challenging
for such investigations as cell-death is always on-going even at very
tightly controlled conditions and could contaminate the secretome.

Proteins secreted at a specific phase of culture could be
masked by the proteins secreted at other phases of culture

The composition of secretome depends upon several factors,
including the growth media and the number of cells, viability &
duration of the culture, amongst others, and modulates dynamically
over time. This is because cells keep on consuming nutrients from media
causing a gradual decrease in the level of nutrient proteins/peptides
and releasing metabolic waste/cell debris into the media resulting in
gradual increase in its level. Phase-specific proteins/peptides are also
secreted by the cells which may (or may not) be utilized by the cells for
growth or could be degraded by the proteolytic enzymes secreted by
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the cells or released due to cell death in culture [4,29]. The cell number
and viability of the culture also keeps changing over-time [36,37].
However, the viability of culture could be expected to impact the
secretome more intensively than other parameters. Recently, a number
of low-molecular-weight proteins/peptides has also been reported to
vary significantly over 6-days of culture even when cultures maintained
high viability (>90%) confirming dynamic modulation of secretome
over time [29]. Henceforth, evaluation of secretome by collecting
sample at only one time point might not reflect the overall secretome
of cells; investigations should be targeted to cover the entire period of
culture to improve secretome coverage [4,6,30].

Databases of secreted-proteins are less populated compared
to intracellular and non-secretory proteins

Databases for CHO proteins are significantly less populated
compared to the databases for human and mouse. CHO protein
database has only ~25,000 entries compared to ~250,000 for human and
~84,000 for mouse (~10% compared to human and ~25% compared
to mouse), although the estimated genome size of Chinese hamster,
human and mouse are similar [4]. Even of these CHO proteins, only
~1.5% of the entries are non-redundant and manually curated with
experimental data [4]. Secreted proteins (even for human and mouse)
have also been under-studied compared to the intracellular and non-
secretory and due to which, the database for secretory CHO proteins are
negligibly populated indicating the major bottleneck in the work-flow
for investigation the CHO secretome [38]. Moreover, the majority of
the knowledge we have today for secreted proteins is based on proteins
which are secreted using the classical secretion pathway [38,39]. These
proteins contain a signal peptide at the N-terminus and the knowledge
of signal peptide is utilized to predict the extracellular and/or secreted
nature of a protein [40]. However, proteins can also be secreted to
the extracellular space via non-classical secretion pathways and these
proteins do not contain signal peptides and could be released by a
variety of known and unknown processes [41,42]. Hence investigation
of secreted proteins using currently available bioinformatics tools

) . Viable cell count and
Time-point for

Sample processing

whose algorithms heavily rely on the information available for proteins
secreted via classical secretion pathway would not categorize them
as secretory [43]. Besides, if a protein, currently known to be non-
secretory, could also be secretory under specific circumstances (such
as due to a specific PTMs etc.), such circumstances have not yet been
explored for the majority of proteins [44]. Therefore, more thorough
efforts are required towards populating the secretory protein databases,
especially for revealing CHO secretome.

Conclusion

Secreted-proteins may impact the regulation of cell growth,
product quality & quantity, and should be taken into consideration
during designing of efficient strategies for product purification from
culture media. Instead of being so important, only limited efforts
have been made todate to explore the CHO secretome possibly due
to difficulties associated with sample collection and preparation and
also data analysis using less-populated secreted-protein databases.
The majority of studies performed todate have identified significant
number of intracellular proteins among the identified secreted-
proteins using spent culture media which could possibly be due to
ongoing cell death in the culture and/or incomplete removal of viable/
dead cells, cell-debris and extracellular microvesicles from the sample
before using proteomic approaches (Table 1). Therefore, preliminary
studies should be performed to optimize culture conditions and sample
collection time-point(s), processing procedures & storage conditions
before using proteomics approaches to investigate secreted-proteins.
The available methods for selective enrichment of secreted-proteins
should also be considered. This may improve the proficiency of
identifying genuinely secretory proteins among the secretome and
the knowledge generated may enable development of strategies for
improved recombinant protein production from the bioprocess and
contribute to improve secretome analysis capabilities by populating
secretory-protein databases and enabling development of secretory-
protein prediction algorithms.

Known as secreted
among all identified
proteins (%)

Number of total
proteins identified

Potential factor(s) affecting

and storage outcome.

Supernatant was ' . .
P High proportion of intracellular-

Cell Type Culture conditions . viability at the time of
sample collection .
sample collection
Cells were grown in
in-h ~
ammzrzjns\s;n;ma;:e Viable cell counts: ~ 1.8, 3.8,
x N )
CHO-K1 [4] | chemically-defined media 2-,3-,4-and 5-days | 7.4:and 9.5 x 10° respectively

CHO-S and | serum-free CD-FortiCHO

in bioreactor.

Cells were grown in
chemically defined and

of culture
Viability: >95%.

Viable Cell Counts: 100x10°

cells/ml
3-days of culture

DG44 [5] and CD-DG44 medium
respectively in suspension Viability: 98%
culture.
Cells were grown in
-free CD-CHO 7-, 11- and 15-d
CHOK1SV f:;:l"; ir:e:us o ‘ Ofizlture @S| Two bioreactors with ~ 72%
6] P viability and two with ~ 57%

culture (fed-batch mini-
bioreactors).

collected, centrifuged

at 1000 rpm for 15 min
and stored at -80°C.

Spent media was then

filter-purified (0.22 2512 cell death .dunng harvest
. or mechanical damage by
pM) and proteins were . .
. the bioreactor impellors and
concentrated using .
presence of cell-debris and
methanol/chloroform . . .
_ micro vesicles in the samples.
precipitation.
- Spent-media was
filter-purified (0.2 pM). . i
Selective enrichment of
. secretory proteins using
- Concentrated using . .
o metabolic labeling resulted
5 kDa molecular 325 100% o S
X in improved efficiency for
weight cut-offs by . e .
i N identifying secreted-proteins
ultracentrifugation at only
4°C. Protein sample ’
were stored at -80°C.
Spent-media High proportion of mtra_cellular-
. and non-secretory proteins could
were clarified by No information in the | be expected among secretome
centrifugation at 900 84 P 9

rpm for 5 min and
stored at -80°C.

11.54%

article

and non-secretory proteins (~
88.46%) among secretome
possibly due to on-going

due to on-going cell-death and
presence of cell-debris and
micro vesicles in the samples.
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Cells were grown in

serum-free SFM4CHO Viable cell count: 5-7 x 10°

CHO-K1 media in suspension S £ cult cells/mL
[28] culture (shake flasks). -day of cullure
Viability: 97-99%
Cells were grown in
serum-supplemented
F-12K media till
CHO-K1 confluence and then o . L .
130] shifted to serum-free 80% confluency No information in the article

F-12K media for 12hrs
after washing cells with
sterile PBS.

Table 1: Summary of recently published literature revealing CHO cell secretome.

References

1.

Kim JY, Kim YG, Lee GM (2012) CHO cells in biotechnology for production
of recombinant proteins: current state and further potential. Appl Microbiol
Biotechnol 93: 917-930.

Walsh G (2010) Biopharmaceutical benchmarks 2010. Nat Biotechnol 28: 917-
924.

Lim Y, Wong NS, Lee YY, Ku SC, Wong DC, et al. (2010) Engineering
mammalian cells in bioprocessing - current achievements and future
perspectives. Biotechnol Appl Biochem 55: 175-189.

Lim UM, Yap MG, Lim YP, Goh LT, Ng SK (2013) Identification of autocrine
growth factors secreted by CHO cells for applications in single-cell cloning
media. J Proteome Res 12: 3496-3510.

Slade PG, Hajivandi M, Bartel CM, Gorfien SF (2012) Identifying the CHO
secretome using mucin-type O-linked glycosylation and click-chemistry. J
Proteome Res 11: 6175-6186.

Dorai H, Liu S, Yao X, Wang Y, Tekindemir U, et al. (2013) Proteomic Analysis
of Bioreactor Cultures of an Antibody Expressing CHO-GS Cell Line that
Promotes High Productivity. J Proteomics Bioinform 6: 099-108.

Dowling P, Maurya P, Meleady P, Glynn SA, Dowd AJ, et al. (2007) Purification
and identification of a 7.6-kDa protein in media conditioned by superinvasive
cancer cells. Anticancer Res 27: 1309-1317.

Vandewalle B, Hornez L, Revillion F, Lefebvre J (1989) Secretion of transferrin
by human breast cancer cells. Biochem Biophys Res Commun 163: 149-154.

Sunstrom NA, Gay RD, Wong DC, Kitchen NA, DeBoer L, et al. (2000) Insulin-
like growth factor-I and transferrin mediate growth and survival of Chinese
hamster ovary cells. Biotechnol Prog 16: 698-702.

. Chun C, Heineken K, Szeto D, Ryll T, Chamow S, et al. (2003) Application of
factorial design to accelerate identification of CHO growth factor requirements.
Biotechnol Prog 19: 52-57.

. Sandberg H, Lutkemeyer D, Kuprin S, Wrangel M, Almstedt A, et al. (2006)
Mapping and partial characterization of proteases expressed by a CHO
production cell line. Biotechnol Bioeng 95: 961-971.

. Thant AA, Nawa A, Kikkawa F, Ichigotani Y, Zhang Y, et al. (2000) Fibronectin
activates matrix metalloproteinase-9 secretion via the MEK1-MAPK and the
PI3K-Akt pathways in ovarian cancer cells. Clin Exp Metastasis 18: 423-428.

.Gao SX, Zhang Y, Stansberry-Perkins K, Buko A, Bai S, et al. (2011)
Fragmentation of a highly purified monoclonal antibody attributed to residual
CHO cell protease activity. Biotechnol Bioeng 108: 977-982.

. Olsnes S, Klingenberg O, Wiedocha A (2003) Transport of exogenous growth
factors and cytokines to the cytosol and to the nucleus. Physiol Rev 83: 163-
182.

.Zhu MM, Goyal A, Rank DL, Gupta SK, Vanden Boom T, et al. (2005) Effects
of elevated pCO, and osmolality on growth of CHO cells and production of
antibody-fusion protein B1: a case study. Biotechnol Prog 21: 70-77.

.Kimura R, Miller WM (1997) Glycosylation of CHO-derived recombinant tPA
produced under elevated pCO,. Biotechnol Prog 13: 311-317.

Spent media was
centrifuged at 180 x g
for 10 min, and stored

High proportion of intracellular-
and non-secretory proteins
(72%) among secretome

at -80°C. Media was 178 28% possibly due to on-going cell
concentrated using 10 death and presence of cell-
kDa molecular weight debris and micro vesicles in the
cut-offs. samples.
- No information .
. . . 12 fractions were generated
regarding centrifugation X
from the sample to increase
for removal of cell
debris secretome coverage. However,
No information in the high proportion of mtra(_;ellular—
X 1977 . and non-secretory proteins could
- Spent-media article

be expected among secretome

was collected and

concentrated using 10
kDa molecular weight

due to high cell-death and
presence of cell-debris and
microvesicles in the samples.

cut-offs.

17.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

3

=

Yoon SK, Choi SL, Song JY, Lee GM (2005) Effect of culture pH on
erythropoietin production by Chinese hamster ovary cells grown in suspension
at 32.5 and 37.0 degrees C. Biotechnol Bioeng 89: 345-356.

.Zanghi JA, Schmelzer AE, Mendoza TP, Knop RH, Miller WM (1999)

Bicarbonate concentration and osmolality are key determinants in the inhibition
of CHO cell polysialylation under elevated pCO(,) or pH. Biotechnol Bioeng
65: 182-191.

. Schenauer MR, Flynn GC, Goetze AM (2012) Identification and quantification

of host cell protein impurities in biotherapeutics using mass spectrometry. Anal
Biochem 428: 150-157.

Shukla AA, Hinckley P (2008) Host cell protein clearance during protein A
chromatography: development of an improved column wash step. Biotechnol
Prog 24: 1115-1121.

Wang X, Hunter AK, Mozier NM (2009) Host cell proteins in biologics
development: Identification, quantitation and risk assessment. Biotechnol
Bioeng 103: 446-458.

Krawitz DC, Forrest W, Moreno GT, Kittleson J, Champion KM (2006)
Proteomic studies support the use of multi-product immunoassays to monitor
host cell protein impurities. Proteomics 6: 94-110.

Ouyang A, Bennett P, Zhang A, Yang ST (2007) Affinity chromatographic
separation of secreted alkaline phosphatase and glucoamylase using reactive
dyes. Process Biochem 42: 561-569.

Rathore AS, Sobacke SE, Kocot TJ, Morgan DR, Dufield RL, et al. (2003)
Analysis for residual host cell proteins and DNA in process streams of a
recombinant protein product expressed in Escherichia coli cells. J Pharm
Biomed Anal 32: 1199-1211.

Liu N, Brevnov M, Furtado M, Liu J (2012) Host Cellular Protein Quantification.
Bioprocess Int 10: 44-50.

Hogwood CE, Tait AS, Koloteva-Levine N, Bracewell DG, Smales CM (2013)
The dynamics of the CHO host cell protein profile during clarification and
protein A capture in a platform antibody purification process. Biotechnol Bioeng
110: 240-251.

Lopez-Villar E, Monteoliva L, Larsen MR, Sachon E, Shabaz M, et al. (2006)
Genetic and proteomic evidences support the localization of yeast enolase in
the cell surface. Proteomics 1: S107-S118.

Valente KN, Schaefer AK, Kempton HR, Lenhoff AM, Lee KH (2014) Recovery
of Chinese hamster ovary host cell proteins for proteomic analysis. Biotechnol
J 9: 87-99.

Kumar N, Maurya P, Gammell P, Dowling P, Clynes M, et al. (2008) Proteomic
profiling of secreted proteins from CHO cells using Surface-Enhanced Laser
desorption ionization time-of-flight mass spectrometry. Biotechnol Prog 24:
273-278.

Baycin-Hizal D, Tabb DL, Chaerkady R, Chen L, Lewis NE, et al. (2012)
Proteomic analysis of Chinese hamster ovary cells. J Proteome Res 11: 5265-
5276.

. Shin JS, Hong SW, Lee SL, Kim TH, Park IC, et al. (2008) Serum starvation

induces G1 arrest through suppression of Skp2-CDK2 and CDK4 in SK-OV-3
cells. Int J Oncol 32: 435-439.

J Bioprocess Biotech
ISSN:2155-9821 JBPBT, an open access journal

Volume 5 « Issue 7 + 1000240


http://www.ncbi.nlm.nih.gov/pubmed/22159888
http://www.ncbi.nlm.nih.gov/pubmed/22159888
http://www.ncbi.nlm.nih.gov/pubmed/22159888
http://www.ncbi.nlm.nih.gov/pubmed/20829826
http://www.ncbi.nlm.nih.gov/pubmed/20829826
http://www.ncbi.nlm.nih.gov/pubmed/20392202
http://www.ncbi.nlm.nih.gov/pubmed/20392202
http://www.ncbi.nlm.nih.gov/pubmed/20392202
http://www.ncbi.nlm.nih.gov/pubmed/23763710
http://www.ncbi.nlm.nih.gov/pubmed/23763710
http://www.ncbi.nlm.nih.gov/pubmed/23763710
http://www.ncbi.nlm.nih.gov/pubmed/23140450
http://www.ncbi.nlm.nih.gov/pubmed/23140450
http://www.ncbi.nlm.nih.gov/pubmed/23140450
http://www.omicsonline.org/proteomic-analysis-of-bioreactor-cultures-of-an-antibody-expressing-chogs-cell-line-that-promotes-high-productivity-jpb.1000268.php?aid=13979
http://www.omicsonline.org/proteomic-analysis-of-bioreactor-cultures-of-an-antibody-expressing-chogs-cell-line-that-promotes-high-productivity-jpb.1000268.php?aid=13979
http://www.omicsonline.org/proteomic-analysis-of-bioreactor-cultures-of-an-antibody-expressing-chogs-cell-line-that-promotes-high-productivity-jpb.1000268.php?aid=13979
http://www.ncbi.nlm.nih.gov/pubmed/17593624
http://www.ncbi.nlm.nih.gov/pubmed/17593624
http://www.ncbi.nlm.nih.gov/pubmed/17593624
http://www.ncbi.nlm.nih.gov/pubmed/2775256
http://www.ncbi.nlm.nih.gov/pubmed/2775256
http://www.ncbi.nlm.nih.gov/pubmed/11027159
http://www.ncbi.nlm.nih.gov/pubmed/11027159
http://www.ncbi.nlm.nih.gov/pubmed/11027159
http://www.ncbi.nlm.nih.gov/pubmed/12573006
http://www.ncbi.nlm.nih.gov/pubmed/12573006
http://www.ncbi.nlm.nih.gov/pubmed/12573006
http://www.ncbi.nlm.nih.gov/pubmed/16897737
http://www.ncbi.nlm.nih.gov/pubmed/16897737
http://www.ncbi.nlm.nih.gov/pubmed/16897737
http://www.ncbi.nlm.nih.gov/pubmed/11467775
http://www.ncbi.nlm.nih.gov/pubmed/11467775
http://www.ncbi.nlm.nih.gov/pubmed/11467775
http://www.ncbi.nlm.nih.gov/pubmed/21404269
http://www.ncbi.nlm.nih.gov/pubmed/21404269
http://www.ncbi.nlm.nih.gov/pubmed/21404269
http://www.ncbi.nlm.nih.gov/pubmed/12506129
http://www.ncbi.nlm.nih.gov/pubmed/12506129
http://www.ncbi.nlm.nih.gov/pubmed/12506129
http://www.ncbi.nlm.nih.gov/pubmed/15903242
http://www.ncbi.nlm.nih.gov/pubmed/15903242
http://www.ncbi.nlm.nih.gov/pubmed/15903242
http://www.ncbi.nlm.nih.gov/pubmed/9190082
http://www.ncbi.nlm.nih.gov/pubmed/9190082
http://www.ncbi.nlm.nih.gov/pubmed/15625678
http://www.ncbi.nlm.nih.gov/pubmed/15625678
http://www.ncbi.nlm.nih.gov/pubmed/15625678
http://www.ncbi.nlm.nih.gov/pubmed/10458739
http://www.ncbi.nlm.nih.gov/pubmed/10458739
http://www.ncbi.nlm.nih.gov/pubmed/10458739
http://www.ncbi.nlm.nih.gov/pubmed/10458739
http://www.ncbi.nlm.nih.gov/pubmed/22640604
http://www.ncbi.nlm.nih.gov/pubmed/22640604
http://www.ncbi.nlm.nih.gov/pubmed/22640604
http://www.ncbi.nlm.nih.gov/pubmed/19194921
http://www.ncbi.nlm.nih.gov/pubmed/19194921
http://www.ncbi.nlm.nih.gov/pubmed/19194921
http://www.ncbi.nlm.nih.gov/pubmed/19388135
http://www.ncbi.nlm.nih.gov/pubmed/19388135
http://www.ncbi.nlm.nih.gov/pubmed/19388135
http://www.ncbi.nlm.nih.gov/pubmed/16302279
http://www.ncbi.nlm.nih.gov/pubmed/16302279
http://www.ncbi.nlm.nih.gov/pubmed/16302279
http://www.sciencedirect.com/science/article/pii/S1359511306004387
http://www.sciencedirect.com/science/article/pii/S1359511306004387
http://www.sciencedirect.com/science/article/pii/S1359511306004387
http://www.ncbi.nlm.nih.gov/pubmed/12907264
http://www.ncbi.nlm.nih.gov/pubmed/12907264
http://www.ncbi.nlm.nih.gov/pubmed/12907264
http://www.ncbi.nlm.nih.gov/pubmed/12907264
http://www.bioprocessintl.com/analytical/downstream-validation/host-cellular-protein-quantification-326656/
http://www.bioprocessintl.com/analytical/downstream-validation/host-cellular-protein-quantification-326656/
http://www.ncbi.nlm.nih.gov/pubmed/22806637
http://www.ncbi.nlm.nih.gov/pubmed/22806637
http://www.ncbi.nlm.nih.gov/pubmed/22806637
http://www.ncbi.nlm.nih.gov/pubmed/22806637
http://www.ncbi.nlm.nih.gov/pubmed/16544286
http://www.ncbi.nlm.nih.gov/pubmed/16544286
http://www.ncbi.nlm.nih.gov/pubmed/16544286
http://www.ncbi.nlm.nih.gov/pubmed/24039059
http://www.ncbi.nlm.nih.gov/pubmed/24039059
http://www.ncbi.nlm.nih.gov/pubmed/24039059
http://www.ncbi.nlm.nih.gov/pubmed/18163642
http://www.ncbi.nlm.nih.gov/pubmed/18163642
http://www.ncbi.nlm.nih.gov/pubmed/18163642
http://www.ncbi.nlm.nih.gov/pubmed/18163642
http://www.ncbi.nlm.nih.gov/pubmed/22971049
http://www.ncbi.nlm.nih.gov/pubmed/22971049
http://www.ncbi.nlm.nih.gov/pubmed/22971049
http://www.ncbi.nlm.nih.gov/pubmed/18202766
http://www.ncbi.nlm.nih.gov/pubmed/18202766
http://www.ncbi.nlm.nih.gov/pubmed/18202766

Citation: Chaudhuri S, Maurya P, Kaur M, Tiwari A, Borth N, et al. (2015) Investigation of CHO Secretome: Potential Way to Improve Recombinant
Protein Production from Bioprocess. J Bioprocess Biotech 5: 240 doi:10.4172/2155-9821.1000240

Page 7 of 7

32.

3

3

3

3

3

Verderio C (2013) Extracellular membrane microvesicles and nanotubes in the
brain: understanding their nature, their function in cell-to-cell communication,
their role in transcellular spreading of pathological agents and their therapeutic
potential. Front Physiol 4: 163.

w

Klinke DJ 2nd, Kulkarni YM, Wu Y, Byrne-Hoffman C (2014) Inferring alterations
in cell-to-cell communication in HER2+ breast cancer using secretome profiling
of three cell models. Biotechnol Bioeng 111: 1853-1863.

4. Hart GW, Haltiwanger RS, Holt GD, Kelly WG (1989) Glycosylation in the
nucleus and cytoplasm. Annu Rev Biochem 58: 841-874.

5. Zwickl H, Traxler E, Staettner S, Parzefall W, Grasl-Kraupp B, et al. (2005)
A novel technique to specifically analyze the secretome of cells and tissues.
Electrophoresis 26: 2779-2785.

6. Hernandez Bort JA, Hackl M, Hoflmayer H, Jadhav V, Harreither E, et al. (2012)
Dynamic mRNA and miRNA profiling of CHO-K1 suspension cell cultures.
Biotechnol J 7: 500-515.

7.Kumar N, Gammell P, Meleady P, Henry M, Clynes M (2008) Differential
protein expression following low temperature culture of suspension CHO-K1
cells. BMC Biotechnol 8: 42.

38.

39.

40.

4

-

42.

43.

44,

Sprenger J, Lynn Fink J, Karunaratne S, Hanson K, Hamilton NA, et al. (2008)
LOCATE: a mammalian protein subcellular localization database. Nucleic
Acids Res 36: D230-233.

Chen Y, Yu P, Luo J, Jiang Y (2003) Secreted protein prediction system
combining CJ-SPHMM, TMHMM, and PSORT. Mamm Genome 14: 859-865.

Blobel G (2000) Protein targeting (Nobel lecture). Chembiochem 1: 86-102.

.Bendtsen JD, Jensen LJ, Blom N, Von Heijne G, Brunak S (2004) Feature-

based prediction of non-classical and leaderless protein secretion. Protein Eng
Des Sel 17: 349-356.

Bendtsen JD, Kiemer L, Fausbgll A, Brunak S (2005) Non-classical protein
secretion in bacteria. BMC Microbiol 5: 58.

Clark HF, Gurney AL, Abaya E, Baker K, Baldwin D, et al. (2003) The secreted
protein discovery initiative (SPDI), a large-scale effort to identify novel human
secreted and transmembrane proteins: a bioinformatics assessment. Genome
Res 13: 2265-2270.

Grinnell BW, Walls JD, Gerlitz B (1991) Glycosylation of human protein C affects
its secretion, processing, functional activities, and activation by thrombin. J Biol
Chem 266: 9778-9785.

J Bioprocess Biotech
ISSN:2155-9821 JBPBT, an open access journal

Volume 5 « Issue 7 + 1000240


http://www.ncbi.nlm.nih.gov/pubmed/23847543
http://www.ncbi.nlm.nih.gov/pubmed/23847543
http://www.ncbi.nlm.nih.gov/pubmed/23847543
http://www.ncbi.nlm.nih.gov/pubmed/23847543
http://www.ncbi.nlm.nih.gov/pubmed/24752654
http://www.ncbi.nlm.nih.gov/pubmed/24752654
http://www.ncbi.nlm.nih.gov/pubmed/24752654
http://www.ncbi.nlm.nih.gov/pubmed/2673024
http://www.ncbi.nlm.nih.gov/pubmed/2673024
http://www.ncbi.nlm.nih.gov/pubmed/15966010
http://www.ncbi.nlm.nih.gov/pubmed/15966010
http://www.ncbi.nlm.nih.gov/pubmed/15966010
http://www.ncbi.nlm.nih.gov/pubmed/21751394
http://www.ncbi.nlm.nih.gov/pubmed/21751394
http://www.ncbi.nlm.nih.gov/pubmed/21751394
http://www.ncbi.nlm.nih.gov/pubmed/18430238
http://www.ncbi.nlm.nih.gov/pubmed/18430238
http://www.ncbi.nlm.nih.gov/pubmed/18430238
http://www.ncbi.nlm.nih.gov/pubmed/17986452
http://www.ncbi.nlm.nih.gov/pubmed/17986452
http://www.ncbi.nlm.nih.gov/pubmed/17986452
http://www.ncbi.nlm.nih.gov/pubmed/14724739
http://www.ncbi.nlm.nih.gov/pubmed/14724739
http://www.ncbi.nlm.nih.gov/pubmed/11828402
http://www.ncbi.nlm.nih.gov/pubmed/15115854
http://www.ncbi.nlm.nih.gov/pubmed/15115854
http://www.ncbi.nlm.nih.gov/pubmed/15115854
http://www.ncbi.nlm.nih.gov/pubmed/16212653
http://www.ncbi.nlm.nih.gov/pubmed/16212653
http://www.ncbi.nlm.nih.gov/pubmed/12975309
http://www.ncbi.nlm.nih.gov/pubmed/12975309
http://www.ncbi.nlm.nih.gov/pubmed/12975309
http://www.ncbi.nlm.nih.gov/pubmed/12975309
http://www.ncbi.nlm.nih.gov/pubmed/2033065
http://www.ncbi.nlm.nih.gov/pubmed/2033065
http://www.ncbi.nlm.nih.gov/pubmed/2033065

	Title
	Corresponding authors
	Abstract
	Keywords
	Introduction
	CHO Secretome 
	Impact of secreted proteins on CHO growth and productivity 
	Impact of secreted proteins on product quantity and quality 
	Host cell proteins (HCP) and product purification 

	Roadblocks and Way-out for Investigating CHO Secretome 
	Secretory-proteins could be masked and contaminated by high-abundant cytosolic proteins released fol
	Secreted-proteins are at relatively low concentrations due to their high dilution in cell culture me
	Proteins secreted at a specific phase of culture could be masked by the proteins secreted at other p
	Databases of secreted-proteins are less populated compared to intracellular and non-secretory protei

	Conclusion 
	Figure 1
	Figure 2
	Table 1
	References

