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ABSTRACT: To understand the diversity in the cell culture harvest
(i.e., feedstock) provided for downstream processing, we compared
host cell protein (HCP) profiles using three Chinese Hamster Ovary
(CHO) cell lines in null runs which did not generate any
recombinant product. Despite differences in CHO lineage, upstream
process, and culture performance, the cell lines yielded similar cell-
specific productivities for immunogenic HCPs. To compare the
dynamics of HCP production, we searched for correlations between
the time-course profiles of HCP (as measured by multi-analyte
ELISA) and those of two intracellular HCP species, phospholipase
B-like 2 (PLBL2) and lactate dehydrogenase (LDH). Across the cell
lines, proteins in the day 14 supernatants analyzed by two-
dimensional polyacrylamide gel electrophoresis (2D-PAGE) showed
different spot patterns. However, subsequent analysis by liquid
chromatography coupled with tandem mass spectrometry (LC-MS/
MS) indicated otherwise: the total number of peptides and proteins
identified were comparable, and 80% of the top 1,000 proteins
identified were common to all three lines. Finally, to assess the
impact of culture viability on extracellular HCP profiles, we
analyzed supernatants from a cell line whose viability dropped after
day 10. The amounts of HCP and PLBL2 (quantified by their
respective ELISAs) as well as the numbers and major populations of
HCPs (identified by LC-MS/MS) were similar across days 10, 14,
and 17, during which viabilities declined from�80% to<20% and
extracellular LDH levels increased several-fold. Our findings
indicate that the CHO-derived HCPs in the feedstock for
downstream processing may not be as diverse across cell lines
and upstream processes, or change as dramatically upon viability
decline as originally expected. In addition, our findings show that
high density CHO cultures (>107 cells/mL)—operated in fed-batch
mode and exhibiting high viabilities (>70%) throughout the
culture duration—can accumulate a considerable amount of
immunogenic HCP (�1–2 g/L) in the extracellular environment at
the time of harvest (day 14). This work also demonstrates the
potential of using LC-MS/MS to overcome the limitations associated

with ELISA and 2D-PAGE for HCP analysis.
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Introduction

A key challenge in downstream processing of recombinant
biopharmaceuticals is the removal of host cell proteins (HCPs).
When present in the administered product even at low levels, HCPs
may induce an undesired immune response (Singh, 2011). While
many researchers have investigated various aspects of downstream
processing that impact clearance of HCPs produced by Chinese
Hamster Ovary (CHO) cells (e.g., Levy et al., 2014; McDonald et al.,
2009; Shukla et al., 2008), few have taken their investigations to the
upstream process (Grzeskowiak et al., 2009; Jin et al., 2010; Tait
et al., 2011; Valente et al., 2015).
Three recent studies covering the upstream perspective high-

lighted the impact of culture viability on HCP profiles: (1) Tait et al.
(2012) compared HCPs in supernatants generated by a null cell line
(i.e., a cell line without the product coding gene), and by a
recombinant IgG4-producing cell line. They reported significant
increases in HCPs—immunogenic HCP levels as measured by
enzyme-linked immunosorbent assay (ELISA), protein spot
changes by two-dimensional polyacrylamide gel electrophoresis
(2D-PAGE), and peak intensities by mass spectrometry (MS)—
which they associated with viability decline upon increasing run
duration. (2) Jin et al. (2010) studied the effects of multiple
upstream process parameters on supernatants from a recombinant
CHO cell line producing an Fc-fusion protein. They concluded that
culture viability, also associated with increasing run duration,
exerted the greatest impact on HCP patterns by two-dimensional
fluorescence difference gel electrophoresis (2-D DIGE). (3)
Grzeskowiak et al. (2009) contrasted the effects of clones (generated
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simultaneously from a CHO DG44 host in the same transfection and
cell line development process) with culture viability on HCPs in
supernatants and found lower HCP levels in higher viability
cultures. Using 2-D DIGE, they observed that the HCP patterns
differed more between high and low viability cultures than between
two clones expressing the same recombinant IgG product. However,
these three recent studies did not investigate the impact on HCP
profiles from using null cell lines that differ in their CHO parental
origins. More recently, Lewis et al. (2013) reported genetic
heterogeneity across six CHO cell lines derived from the CHO-K1,
CHO DG44, and CHO-S lineages. Although these researchers had
previously completed a comprehensive proteomic analysis of the
CHO-K1 cell line (Baycin-Hizal et al., 2012), they did not further
explore whether the differences in CHO genome across the six cell
lines (Lewis et al., 2013) translated into appreciable differences in
the proteome.

In our previous work (Krawitz et al., 2006), we studied HCPs
from three null CHO cell lines sharing a close lineage: they were
derived from the dihydrofolate reductase (DHFR)-deficient DUKX
cell line isolated by Urlaub and Chasin (1980). The aim of our earlier
study was to understand differences in cellular protein expression,
but not in cell culture harvests. As such, HCP patterns by 2D-PAGE
were comparable across the cell lines. The samples we tested then
originated from cell pellets, and were not intended to represent the
typical material harvested at the end of cell culture by removing the
cells (i.e., feedstock), which would be supplied to downstream
processing for purification.

In the present work, our first goal was to assess the diversity in
HCPs—in terms of the number and composition of detectable HCP
species as well as the total amount of immunogenic HCPs—in the
feedstock for downstream processing using a variety of in-house cell
lines cultured in their standard processes (Table I). Our second goal
was to investigate the previously observed impact of culture viability
on HCP profiles in supernatants (Grzeskowiak et al., 2009; Jin et al.,
2010; Tait et al., 2011). Our third goal was to compare the findings
from different orthogonal methods for HCP analysis (Tscheliessnig
et al., 2013; Wang et al., 2009; Zhu-Shimoni et al., 2014). To this last
end, we compared two traditional methods for characterizing
HCPs—the quantitative, immunospecific approach of HCP ELISA
and the qualitative, non-specific approach of 2D-PAGE—with the
orthogonal method of liquid chromatography coupled with tandem
MS (LC-MS/MS) that can identify specific HCPs present even at low
levels (Reisinger et al., 2014).

To accomplish these goals, we focused our HCP characterization
efforts primarily on the culture supernatant, which should include
HCPs that were secreted during cell culture as well as those released

into the culture fluid by cell lysis. To evaluate the range of potential
HCP diversity in the cell culture harvests, while eliminating the
confounding factor of recombinant gene expression, we selected
three strains of null cells representing a broader CHO lineage than
what we previously studied (Krawitz et al., 2006): a DUKX-derived
cell line (Host 1), plus two CHO-K1 cell lines (Hosts 2 and 3) that
underwent different media adaptations. Unlike our previous study
(Krawitz et al., 2006), the upstream process (i.e., media and culture
conditions) was not identical for the three cell lines. Specifically, the
upstream process for each null cell line was based on the standard
bioreactor process developed for recombinant cell lines derived from
the same CHO host strain (Table I). This study did not decouple the
effect of cell line from the effect of upstream process because our
intent was to capture the maximum, not minimum, extent of HCP
diversity that may be encountered at the start of downstream
processing. However, for ease of discussion, we referred primarily to
differences in cell line (i.e., Hosts 1–3) without emphasizing the
corresponding differences in upstream process (Table I).

Materials and Methods

Cell Lines

The three null cell lines tested here originated from a common CHO
ancestor: the CHO-K1 subclone (Kao and Puck, 1968) derived from
CHO cells isolated by Puck et al. (1958). These null cell lines—
which did not encode for any recombinant product genes—were
referred to herein as Host 1, Host 2, and Host 3 because they
represented three different CHO-K1 host strains. Host 1 was derived
from a strain of dihydrofolate reductase-deficient DUKX cells that
was previously referred to as DP12 cells (Hu et al., 2013; Krawitz
et al., 2006). The DUKX (also known as DXB11 or DUKX-B11) cells
were generated by mutagenizing the CHO-K1 subclone to create a
missense mutation in one allele and a deletion in the other allele of
the dihydrofolate reductase gene (Urlaub and Chasin, 1980). DP12
cells were developed by transfecting the DUKX cells with a plasmid
containing the coding sequence for preproinsulin and adapting
them to suspension growth in proprietary, chemically defined
media. Host 1 was generated from DP12 cells by transfection with a
plasmid containing dihydrofolate reductase. Hosts 2 and 3 were
both generated by directly adapting the CHO-K1 cell line—obtained
from the American Type Culture Collection (ATCC Cat. No.
CCL-61)—to suspension growth in different series of proprietary,
chemically defined media. In summary, each cell line was exposed
to different culture conditions prior to cryopreservation. Frozen
stocks of Hosts 1–3 were maintained in cell banks and subsequently

Table I. Differences in CHO cell lines and upstream processes used for null runs in 2 L bioreactors.

Cell line details Host 1 Host 2 Host 3

CHO lineage DUKX CHO-K1 CHO-K1
Adaptation historya Cell lines were adapted to grow in different media
Production culture mediaa Medium A Medium B Medium C
Nutrient feeda (on day 3) Feed A Feed A Feed Bb

Production process temperature shift (on day 3) 35�C 33�C 35�C

aAll culture media used were chemically defined.
bAn additional nutrient feed was supplied on day 7.
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thawed and scaled up in shake flasks in preparation for HCP
production studies.

Shake Flask Culture

A shake flask production culture was inoculated in a 250mL
Erlenmeyer flask (Corning) with 80mL of Host 3 cells resuspended
in 100% fresh chemically defined medium C at a viable cell density
(VCD) of �1.2� 106 cells/mL. The culture was agitated on an
orbital shaker (150 rpm, 25mm throw) in a humidified incubator
maintained at 37�C with a 7% CO2 overlay. On day 3, the culture was
supplemented with a concentrated nutrient feed B at 1:5 (v/v) and
maintained thereafter at 35�C. On day 6, the culture was used to
generate three types of samples: (1) cell pellet, (2) supernatant, and
(3) whole cell culture fluid (WCCF). To generate the cell pellet and
supernatant samples, 10mL of WCCF (i.e., a well-mixed sample of
the entire cell culture content) was centrifuged (830 g, 10 min) in a
15mL polypropylene conical tube (Corning). The resulting centrate
was poured into another container and this clarified liquid
represented the supernatant sample. The remaining cell pellet was
resuspended in phosphate-buffered saline (10mL) and centrifuged
(830 g, 10 min), and the centrate was decanted. The washed cell
pellet was resuspended in 10mL of phosphate-buffered saline. This
cell suspension represented the cell pellet sample.
The three types of samples were each subjected to one of the

following treatments: (1) the sample was not further treated by
freeze-thaw or sonication (Fresh); (2) the sample was sonicated
(Sonication); (3) the sample was frozen and then thawed (Freeze-
Thaw); (4) the sample was frozen, thawed, and then sonicated
(Freeze-Thawþ Sonication). To sonicate a sample, the contents
were subjected to a single 3 s pulse at 100% amplitude delivered by
the microtip probe of a Q700 ultrasonic processor (Qsonica, LLC).
To freeze-thaw a sample, the contents were frozen in a �80�C
Forma 8600 Series freezer (Thermo Scientific), and thawed at room
temperature. After each of the samples had undergone one of the
four treatments, all the samples were diluted in an assay diluent
containing 0.05% (v/v) Polysorbate 20 and stored at 2–8�C (for
<24 h) until the samples were analyzed for HCP or PLBL2
concentrations by their respective ELISAs.

Bioreactor Cultures

Ten HCP production cultures were inoculated at �0.25% packed
cell volume (PCV) in sparged 2 L stirred-tank bioreactors
(Applikon). All three cell lines were cultured in replicate bioreactors
totaling four for Host 1, three for Host 2, and three for Host 3.
Culture pH, dissolved oxygen, and agitation were maintained at 7.0,
30% of air saturation, and 350 rpm, respectively, throughout the run
duration. The cultivation temperature was 37�C for the first three
days for all cell lines, but was shifted thereafter to 35�C for Hosts 1
and 3, and to 33�C for Host 2. Process setpoints were controlled by
TruBio (Finesse Solutions). Three days post-inoculation, a
concentrated nutrient feed was added to each culture at a ratio
of 1:5 (v/v). Seven days post-inoculation, an additional feed was
also provided for Host 3 cultures. Glucose was supplemented to each
culture as needed, to avoid depletion. The composition of
chemically defined production media and nutrient feeds, in

combination with the process conditions, were unique to each cell
line (Table I). All bioreactor runs were harvested on day 14, except
for two runs with Host 3 that were harvested on day 17 to further
assess the impact of low culture viability on HCP profiles.

Cell Culture Analyses

Culture samples taken from the bioreactors were analyzed
immediately for VCD and viability (V) using either the Vi-Cell
XR (Beckman Coulter) or the BioProfile FLEX Analyzer (Nova
Biomedical); both cell counting devices used Trypan blue dye
exclusion to assess culture viability. Cultures were also analyzed for
PCV by centrifugation (830 g, 10 min) in calibrated sedimentation
tubes (Kimble Chase). Cell growth was therefore represented by
both VCD and percent packed cell volume (%PCV), in which the
PCV measurement was normalized as a percentage of the culture
volume. At-line analysis of culture samples for pH, dissolved
oxygen, carbon dioxide partial pressure (pCO2), glucose, lactate,
and NH4

þ concentrations were conducted using either the
BioProfile FLEX Analyzer or the Bioprofile 400 analyzer (Nova
Biomedical). Additional WCCF and culture supernatant samples
were taken on days 4, 7, 10, 12, and 14 of each production run. To
generate each supernatant sample, a WCCF sample was clarified by
centrifugation (830 g, 10 min). The WCCF and supernatant samples
were stored immediately at �80�C and subsequently thawed at
room temperature for various analyses as described below.

HCP Quantitation by ELISA

The total amount of immunogenic HCP in CHO cell culture samples
was quantified by a proprietary enzyme-linked immunosorbent
assay (ELISA), recently detailed by Vanderlaan et al. (2015). This
HCP ELISA was developed in-house for multi-product use across
CHO cultures at Genentech (Krawitz et al., 2006) and has been used
for monitoring HCP removal during purification (McDonald et al.,
2009; Zeid et al., 2009).

PLBL2 Quantitation by ELISA

PLBL2 in CHO cultures was quantified by a proprietary in-house
ELISA (Vanderlaan et al., 2015). This PLBL2 ELISA used polyclonal
antibodies that were raised against CHO-derived recombinant
PLBL2 in rabbits. The antibodies produced by the rabbits were
purified by an affinity column in which PLBL2 was coupled to
Glycerol CPG (Millipore).

LDH Quantitation by Colorimetric Assay

The enzymatic activity of lactate dehydrogenase (LDH) in culture
supernatant was determined using an LDH-based cytotoxicity
detection kit (Roche Diagnostics GmbH). This colorimetric assay
was based on two enzymatic steps. First, the reduction of NADþ to
NADH and Hþ was coupled to the LDH-catalyzed oxidization of
lactate to pyruvate. Next, the diaphorase catalyst used the NADH
and Hþ generated to reduce a pale yellow tetrazolium salt to a red
formazan product. The absorption of the resulting formazan dye
was measured at 490 nm using an ELISA reader, and the activity of
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LDH in the culture supernatant was normalized to the activity from
an LDH standard (Roche Diagnostics GmbH).

HCP Analysis by 2D-PAGE

Day 14 supernatant samples from bioreactor cultures were
concentrated and then solubilized (5M urea, 2M thiourea, 2%
(w/v) CHAPS, 2% (w/v) ASB-14, 2% (w/v) Zwittergent 3–10, 1%
(w/v) DTT, 2% (w/v) Bio-Lyte 8/10) to a final protein concentration
of 7–10mg/mL. 2D-PAGE was performed on the samples as
described (Champion et al., 2001). In brief, 18 cm pH 3–10 linear
immobilized pH gradient strips (Bio-Rad) were rehydrated
overnight; isoelectric focusing was conducted for a total of
69 kV h to achieve first-dimensional separation; sodium dodecyl
sulfate polyacrylamide gel electrophoresis was conducted using the
ISO-DALT system (GE Healthcare) for second-dimensional
separation (�10–160 kDa) on precast 9–18% gradient gels
measuring 20 cm� 25 cm� 1.5 mm (Jule, Inc.). Each supernatant
sample (�120mg protein) was run in triplicate gels. After
electrophoresis, the gels were fixed and the proteins were stained
with SYPRO Ruby (Life Technologies) as detailed by Nishihara and
Champion (2002). The resulting gel images were acquired by
ChemiDoc MP (Bio-Rad Laboratories) and Delta2D v4.5.1 software
(DECODON GmbH) was used to create a single composite image for
each sample.

To compare the gel images between day 14 supernatant samples
originating from different cell lines (i.e., Hosts 1–3), six replicate
gels from each cell line were used to create a single representative
2D-PAGE profile of HCPs for that cell line. Each spot on the resulting
composite gel (created using the “union fusion” algorithm on
Delta2D) represented the mean normalized volume for that spot
across replicate gels. The images were not manually edited, and
neither spot filtering nor spot matching was applied in creating the
composite gel images. The resulting digital composite gel for a cell
line was then overlaid with the corresponding digital composite gel
for another cell line. Different cell lines were depicted in different
colors in these overlaid composite gel images to facilitate pairwise
comparisons of HCP expression profiles.

HCP Analysis by LC-MS/MS

Supernatant samples generated by replicate 2 L bioreactors (i.e.,
biological replicates) were analyzed for each cell line, and each
sample was analyzed in duplicate LC-MS/MS runs. In preparation
for LC-MS/MS analysis, supernatant samples were concentrated to
�5mg/mL using centrifugal filter units (Amicon) with a 10 kDa
molecular weight cutoff. Approximately 500mg of the protein
retentate was digested with trypsin as previously described (Yu
et al., 2011). The digested protein mixture (40mg) was separated by
reversed-phase ultra-performance liquid chromatography on an
ACQUITY UPLC H-Class system (Waters Corporation) with a
2.1� 150mm ACQUITY UPLC CSH column (130 Å, 1.7mm). The
separation was performed at 60�C with a flow rate of 0.3 mL/min,
starting with a 100% aqueous mobile phase (0.1% formic acid),
ramping to 40% acetonitrile (0.1% formic acid) over 45min, and
followed by a 5min wash in 95% acetonitrile before re-equilibration
in initial aqueous conditions. Online MS analysis was performed

using a TripleTOF 5,600þmass spectrometer (AB SCIEX)
collecting MS and tandem MS (MS/MS) data in Information
Dependent Acquisition mode with the top 20 most abundant
precursor ions chosen for MS/MS peptide fragmentation. Dynamic
exclusion was set to 10 s and þ1 charged ions were excluded from
the MS/MS analysis. The mass accuracy was 5 ppm and the
precursor ion mass tolerance for the subsequent database search
was 0.05 Da.

LC-MS/MS data files were analyzed using the ProteinPilot
protein identification software version 4.5 (AB SCIEX) to search
against the UniProt database (www.uniprot.org; Proteome ID
UP000001075) for canonical and isoform sequence data on
Cricetulus griseus (Chinese hamster). Two technical replicates
were combined from each culture sample for database searches.
Proteins were considered positively identified if two or more
unique peptide sequences were found at the >95% confidence
level and the proteins satisfied the false discovery rate criterion of
1%. The proteins identified were compared using the ProteoIQ
comparative proteomic analysis software version 2.7 (PREMIER
Biosoft).

Total spectral counts for each sample were normalized by
comparison to total spectral counts obtained in all biological
replicates. The normalized spectral count for each protein was used
as a semi-quantitative measure to rank proteins by abundance, with
higher spectral counts indicating greater protein abundance.
Analysis of HCP composition between samples was performed by
comparing the list of proteins identified in each sample, ranked
from highest to lowest by normalized spectral counts. The top 1,000
ranked proteins in each sample were compared to assess the
amount of overlap between the HCP populations when increasing
the depth of coverage of the CHO proteome.

Calculations

The cell-specific productivity with respect to HCP (QHCP) for each
cell line was estimated from the relationship between HCP
concentration ([HCP]), culture viability (V) and volumetric packed
cell volume (vol.PCV):

½HCP�ðtÞ ¼ QHCP

Z t

0
V•vol:PCVdt ð1Þ

[HCP] was measured in both the culture supernatant and the WCCF
using the HCP ELISA, and vol.PCV was measured in units of L of
packed cells per L of culture. The time integral in equation (1) was
approximated as the volumetric integrated viable packed cell
volume (vol.IVPCV) using the multiple-application trapezoidal rule
(Chapra and Canale, 1988):

Z t

0
V•vol:PCVdt � vol:IVPCVðtÞ ð2Þ

From the plot of [HCP](t) versus vol.IVPCV(t), QHCP was estimated
in units of g of HCP per mL of viable packed cells per day (g mL-
viable cell�1 day�1) from the slope of the linear regression.
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In an analogous manner, cell-specific productivity with respect
to PLBL2 (QPLBL2) for each cell line was assessed by applying
equation (2) to the following relationship:

½PLBL2�ðtÞ ¼ QPLBL2

Z t

0
V•vol:PCVdt ð3Þ

QPLBL2 was estimated in units of g of PLBL2 per mL of viable packed
cells per day (g mL-viable cell�1 day�1) using the slope of the linear
regression generated from plotting [PLBL2](t) versus vol.IVPCV(t).
To minimize complications with estimating cell-specific

productivity in low viability cultures, only data obtained from
cultures with viabilities >70% were used to calculate QHCP and
QPLBL2.

Statistical Analysis

Statistical analyses were performed using JMP 11.0 software (SAS
Institute Inc.). For each linear regression generated, the linear fit
was assessed for statistical significance (P< 0.01) and correlation
of determination (R2) by one-way analysis of variance (ANOVA).
The slopes of the regression lines for Hosts 1–3 cultures were
further assessed for differences by analysis of covariance, unequal
slopes (ANCOVA). Data for Hosts 1–3 were fitted to a linear model
of the form y¼ aþ bxþ c(x*host). If the interaction term, x*host,
showed P< 0.01, the slopes were considered to be significantly
different across Hosts 1–3. ANOVA was also used to compare data
across cell lines (i.e., Hosts 1–3) as well as data across culture
duration within a cell line (i.e., days 10, 14, and 17 for Host 3) to
search for significant differences (P< 0.01).

Results and Discussion

Relationship Between Supernatant and WCCF

To investigate the relationship between supernatant and WCCF
samples, as well as the impact of different treatment methods on the
immunogenic HCP and PLBL2 content of samples, we tested Host 3
cells from a shake flask production culture. The viability and VCD
for the day 6 culture used to generate the different sample types
were 97% and 1.1� 107 cells/mL, respectively. Prior to the addition
of assay diluent for analyses by HCP and PLBL2 ELISAs, the
sonicated samples derived from cell pellets and WCCF were
inspected under a microscope to verify complete cell lysis.
Within a given type of culture sample (i.e., cell pellet,

supernatant, or WCCF), the immunogenic HCP (Fig. 1A) or
PLBL2 (Fig. 1B) concentrations were comparable, irrespective of the
sample treatment method. These findings indicate that the addition
of assay diluent containing 0.05% (v/v) Polysorbate 20 to the
samples prior to HCP and PLBL2 analyses by ELISAwas as effective
as sonication in releasing HCPs and PLBL2 from cell pellets and
WCCF. They also indicate that the freeze-thaw method did not
impact HCP and PLBL2 measurements relative to the other sample
treatment methods. Additional testing of these different sample
treatment methods using several recombinant CHO cell lines
(derived from the same CHO origins as Hosts 1–3) further

corroborated these conclusions (data not shown). Therefore, for
ease and consistency of operation, subsequent studies used samples
that were treated with the freeze-thaw method.
WCCF samples, comprised of cells and supernatant, were

intended to represent the well-mixed contents of the culture vessel.
Supernatant samples should be cell-free, and contain HCPs released
into the extracellular environment from secretion or cell lysis, or
both. Based on the principle of mass balance, the HCP
concentration in the WCCF sample should approximate the sum
of the HCP concentrations in the cell pellet and the supernatant
samples. This mass balance principle should also apply for PLBL2.
The immunogenic HCP and PLBL2 concentrations measured in the
cell pellet, supernatant, and WCCF samples were consistent with
this assumption (Fig. 1). Additional testing using several
recombinant CHO cell lines (covering the same range of CHO
strains as Hosts 1–3) also supported this mass balance principle for
the distribution of immunogenic HCP and PLBL2 across the cell
pellet, supernatant, and WCCF samples (data not shown).
Therefore, to avoid the extra sample manipulations required to

Figure 1. Comparison of sample treatment methods on (A) HCP, and (B) PLBL2

measured in cell pellet, supernatant, and WCCF samples. Four types of treatment

methods were evaluated using samples taken from a Host 3 culture: (1) no freezing or

sonication (Fresh); (2) sonication only (Sonication); (3) freezing to �80�C followed by

thawing at room temperature (Freeze-Thaw); and (4) freezing to �80�C followed by

thawing at room temperature and sonication (Freeze-Thawþ Sonication). Error bars

represent one standard deviation from the mean for three technical replicates.
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generate cell pellet samples, subsequent studies used WCCF
samples to estimate the combined cellular and extracellular content
of immunogenic HCPs and PLBL2.

Cell Culture Profiles

Hosts 1–3 showed distinct growth (as measured by VCD and
PCV) and viability profiles (Fig. 2) when cultured in their
respective standard bioreactor processes (Table I). Within a cell
line, the differences between the VCD and PCV profiles illustrate
the contribution of viability to VCD. Across the cell lines, the
relative differences in growth profiles illustrate the contribution
of cell size to PCV. For example, Host 1 cells were, on average,
smaller than Host 2 cells. To minimize the effects of different cell
sizes, subsequent cell-specific productivity calculations consid-
ered only PCV (in conjunction with culture viability) instead
of VCD.

The three null cell lines also displayed distinct extracellular
lactate, NH4

þ, osmolality, and pCO2 profiles (Fig. 3). The decline in
viability for Host 3 cultures, especially evident after day 10, was
associated with continuous lactate production (Fig. 3A), which
would elevate culture osmolality (Fig. 3C) because of the base
addition required to maintain culture pH. Such high levels of
extracellular lactate (�10 g/L) and osmolality (>500mOsm/kg)
should be detrimental to viability and growth for mammalian cells
(Omasa et al., 1992; Zhu et al., 2005). To assess the effects of
prolonged cultivation at low viability on HCP profiles, the run
duration was extended from day 14 to day 17 for two Host 3
cultures.

HCP Profiles by ELISA

The time-course profiles for HCP (measured by ELISA) in both the
supernatant (Fig. 4A) and WCCF (Fig. 4B) from the null production
runs were unique to each cell line: HCP levels increased with culture
duration for Host 1 and Host 2 cultures, but did not show a clear
increase after day 10 for Host 3 cultures, when viability profiles
diverged (Fig. 2C).

The HCP time-course profiles for Host 3 cultures differed from
the findings by Tait et al. (2012) in two aspects. First, Tait et al.
found that when viabilities for a null CHO cell line (identified as
Null8) decreased from�70% (day 12) to 35% (day 14), HCP levels
increased from 119	 11mg/L to 148	 5mg/L, in contrast to the
observed plateau in HCP levels we observed for Host 3 cultures after
day 10 (Fig. 4A). Second, Tait et al. reported HCP levels (using a
commercial ELISA kit) from Null8 cultures that were an order of
magnitude lower than those detected in Host 3 cultures using our
proprietary ELISA, even though Null8 cultures achieved comparable
peak VCDs (>8� 106 cells/mL between days 7 and 10) to our Host
3 cultures (Fig. 2A). By contrast, the HCP levels produced by our
null runs (�1–2 g/L) fell well within an order of magnitude of one
another (across Hosts 1–3) in spite of differences in upstream
process (Table I) and culture performance (Figs. 2 and 3). The HCP
levels in our null runs also fell within the product titer range for the
IgG1s produced (�1–3 g/L) by some of our recombinant CHO cell
lines derived from the same host strains and cultured using similar
processes (Hsu et al., 2012; Yuk et al., 2015).

To differentiate the contributions from cell growth and viability
from that of QHCP towards the HCP time-course profiles, we plotted
HCP concentration in the supernatant (Fig. 4C) and in the WCCF
(Fig. 4D) as a function of vol.IVPCV for each cell line. The resulting
QHCP values—obtained from the slope of the linear regression—
were comparable across Hosts 1–3: the P-values by ANCOVA for the
three slopes were 0.87 (Fig. 4C) and 0.32 (Fig. 4D) based on

Figure 2. Comparison of (A) VCD, (B) PCV, and (C) culture viability profiles for null

runs with three CHO cell lines (Hosts 1–3). Two of the three replicate runs for Host 3

were extended to day 17. Error bars represent one standard deviation from the mean

for replicate runs using the same cell line in 2 L bioreactors.
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measurements for supernatant and WCCF samples, respectively.
Therefore, the differences in HCP concentrations by ELISA across
these three null cell lines resulted from differences in cell growth
and viability instead of differences in QHCP. In theory, the QHCP value
obtained for a specific CHO cell line can be used in combination
with cell growth and viability profiles to estimate the final
immunogenic HCP levels at the time of harvest for future
production runs using the same cell line and upstream process.
However, such an estimate would not account for potential QHCP
changes with cell age for that cell line (Valente et al., 2015).

PLBL2 Profiles by ELISA

The HCP profiles by ELISA across Hosts 1–3 focus on a wide
population of HCPs and do not illustrate how the abundance of an
individual HCP species may change with culture duration. Given
our interest in PLBL2—an HCP species present in CHO cultures

that can interact with certain recombinant humanized monoclonal
antibodies (Vanderlaan et al., 2015)—we chose PLBL2 as our HCP
of interest to profile in these null runs. The PLBL2 time-course
profiles (measured by PLBL2-specific ELISA) in both the super-
natant (Fig. 5A) andWCCF (Fig. 5B) were distinct across Hosts 1–3.
As revealed by PLBL2 levels in the culture supernatant (Fig. 5C),

cell-specific PLBL2 productivity (QPLBL2)—estimated by the slope
of the linear regression of PLBL2 versus vol.IVPCV—did not vary
significantly across Hosts 1-3 (P¼ 0.38 by ANCOVA). The
considerable spread in the data used for generating the linear
regressions, especially for Host 3 (Fig. 5C), lowered the reliability of
the QPLBL2 values estimated for each cell line. Since PLBL2 is a
lysosomal protein (Jensen et al., 2007; Lakomek et al., 2009), we
expect it to be retained inside viable cells. Taking the cellular
content of PLBL2 into consideration, QPLBL2 based on PLBL2 levels
in the WCCF (Fig. 5D) differed significantly across Hosts 1–3
(P< 0.01 by ANCOVA); average cell-specific production of PLBL2

Figure 3. Comparison of extracellular (A) lactate, (B) NH4
þ, (C) osmolality, and (D) pCO2 profiles for null runs with three CHO cell lines (Hosts 1–3). Two of the three replicate

runs for Host 3 were extended to day 17. Error bars represent one standard deviation from the mean for replicate runs using the same cell line in 2 L bioreactors.

Yuk et al.: Host Cell Protein in CHO Cell Cultures 7

Biotechnology and Bioengineering



in Host 1 cultures was almost fivefold higher than in Host 3 cultures.
Similar to the concept described for QHCP, if we assume that each cell
line has its own characteristic QPLBL2 value, then this value can be
used with the IVPCV value to estimate the PLBL2 levels in a
production run using the same cell line and upstream process. In
addition to demonstrating the inherent ability of our CHO-K1 cell
lines to produce PLBL2, our findings also demonstrate that the
extracellular presence of PLBL2 does not depend on the secretion of
recombinant product.

Correlations between HCP, PLBL2, and LDH

PLBL2 is known to be reactive in the CHO-based HCP ELISA used
for this study (Vanderlaan et al., 2015). To compare the
contribution of PLBL2 towards the total level of immunogenic
HCP across Hosts 1–3 cultures, PLBL2 concentration (obtained

by the PLBL2 analyte-specific ELISA) was plotted against HCP
concentration (obtained by the multi-analyte HCP ELISA) in the
culture supernatant (Fig. 6A) and WCCF (Fig. 6B). The resulting
slope of the linear regression for each cell line provided the
estimate for the average mg of PLBL2 present per g of HCP. The
differences in slope across cell lines were statistically significant
(P< 0.01 by ANCOVA) whether the analysis was performed on
the supernatant or WCCF. However, the actual differences in slope
were relatively small and therefore, these differences are not likely
to be biologically significant. In Hosts 1–3 cultures, PLBL2
contributed to <1% of the total HCP measured by ELISA. For a
multi-analyte ELISA used to monitor a wide array of HCPs, this
level of reactivity to a single analyte is expected.

At a given duration for each culture, the difference in HCP
concentration between the WCCF and supernatant samples
should correspond to the cellular HCP concentration. Therefore,

Figure 4. Comparison of HCP concentration in null runs with three CHO cell lines (Hosts 1–3), each cultured in replicate 2 L bioreactors. HCP concentration was plotted as a

function of culture duration in (A) culture supernatant, and (B) WCCF. HCP concentration was plotted as a function of cumulative viable packed cell volume, represented by vol.

IVPCV, in (C) culture supernatant, and (D) WCCF. HCP concentration was determined by HCP ELISA. Error bars represent one standard deviation from the mean for replicate runs

using the same cell line. Slopes generated by the linear regression in the plots of HCP versus vol.IVPCV represent the cell-specific HCP productivity (QHCP).
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the slope of the linear regression from plotting HCP in the
supernatant versus HCP in the WCCF should provide the average
fraction of HCP present in the supernatant relative to the entire
culture content (Fig. 6C). Averaged over the run duration, �73–
86% of the total amount of immunogenic HCPs in the cultures
were located in the supernatants; these numbers did not differ
significantly across the three cell lines (P¼ 0.61 by ANCOVA). By
extending this analysis to PLBL2 (Fig. 6D), we infer that �47–
75% of the total PLBL2 in the cultures were located in the
supernatants. For all bioreactor runs (n¼ 10), >60% of the total
amount of HCPs and >30% of the total amount of PLBL2 in the
cultures were located in the supernatant at day 14. We have not
encountered reports of similar head-to-head comparisons of total
HCP content or the concentration of a specific lysosomal protein
in cell-free supernatant versus cell-containing WCCF samples.

Despite the absence of literature reports on such comparisons, we
had expected a smaller fraction of total HCP—and of PLBL2 in
particular—to be located in the supernatant, especially in the
highly viable cultures for Hosts 1 and 2.
We assumed PLBL2 was not actively secreted by viable cells

because there are no known pathways for PLBL2 secretion. Based
on this assumption, cell lysis would need to occur, even in the
highly viable cultures for Hosts 1 and 2, to account for the
unexpectedly large fraction of PLBL2 present in the supernatant
relative to the WCCF at the time of day 14 harvest (Fig. 6D). To
gauge the extent of cumulative cell lysis in the null runs, we
analyzed the levels of lactate dehydrogenase (LDH) in the
supernatant samples. LDH is an intracellular enzyme that should
only be released upon loss of cell membrane integrity;
supernatant LDH measurements can reveal low levels of cell

Figure 5. Comparison of PLBL2 concentration in null runs with three CHO cell lines (Hosts 1–3), each cultured in replicate 2 L bioreactors. PLBL2 concentration was

plotted as a function of culture duration in (A) culture supernatant, and (B) WCCF. PLBL2 concentration was plotted as a function of cumulative viable packed cell volume,

represented by vol.IVPCV, in (C) culture supernatant, and (D) WCCF. PLBL2 concentration was determined by PLBL2 ELISA. Error bars represent one standard deviation from

the mean for replicate runs using the same cell line. Slopes generated by the linear regression in the plots of PLBL2 versus vol.IVPCV represent the cell-specific PLBL2

productivity (QPLBL2).

Yuk et al.: Host Cell Protein in CHO Cell Cultures 9

Biotechnology and Bioengineering



lysis that may not be detectable by Trypan blue dye exclusion
(Petersen et al., 1988; Racher et al., 1990).

The LDH concentrations in the supernatants on day 14 (Fig. 7A)
were comparable across Hosts 1–3 (P¼ 0.20 by ANOVA), despite
the significantly lower final viabilities observed for Host 3 cultures.
This apparent contradiction may be explained by the significantly
higher cell growth in Host 1 and 2 relative to Host 3 cultures (Fig. 2):
even if the fraction of cells that lysed in Host 1 and 2 cultures were
smaller than in Host 3 cultures, the total number of lysed cells may
be comparable across Host 1–3 cultures by the end of the
production runs. These LDH observations highlight the possibility
that the extent of cumulative cell lysis can be substantial in high cell
density fed-batch CHO cultures, despite high viability readings by
Trypan blue dye exclusion.

Over the course of culture, LDH concentration correlated
negatively with viability (Fig. 7B), and positively with immunogenic

HCP (Fig. 7C) and PLBL2 (Fig. 7D) levels; for each set of correlations,
the linear regression slopes differed across Hosts 1–3 (P< 0.01 by
ANCOVA). The increase in LDH with culture duration across Hosts
1–3 provides evidence that cell lysis was occurring, even in the Host 1
and 2 cultures with high viabilities (>70%). As a result of this
cumulative cell lysis, we would expect a corresponding accumulation
of intracellular proteins in the culture supernatant over run duration.
However, our findings not rule out other currently unknown
pathways for the release of PLBL2 from viable cells.

The WCCF analyses for Host 3 cultures corroborates the
expectation that even if complete cell lysis occurred at day 14, the
extracellular levels of HCP and PLBL2 would increase minimally
because cell-associated HCPs (Fig. 4B) and PLBL2 (Fig. 5B) were
outweighed by their counterparts in the supernatant. This applies
not only for Host 3 cultures, but also Host 1 and 2 cultures at the
typical time of harvest (day 14). Therefore, operational issues

Figure 6. Correlations in HCP and PLBL2 concentrations for null runs with three CHO cell lines (Hosts 1–3). PLBL2 concentration as a function of HCP concentration for culture

samples from (A) supernatant, and (B) WCCF. Concentration in supernatant as a function of concentration in WCCF for (C) HCP, and (D) PLBL2. The number of replicate 2 L

bioreactors used to generate the data shown was four for Host 1, three for Host 2, and three for Host 3. HCP concentration was determined by HCP ELISA; PLBL2 concentration was

determined by PLBL2 ELISA. Equations represent the linear regression generated using data for each cell line.
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during the harvest operation that lead to additional cell lysis for the
range of CHO cultures tested here should only fractionally increase
the total amount of immunogenic HCP in the feedstock for
downstream processing.
The extracellular HCP (Fig. 4A) and PLBL2 (Fig. 5A) time-course

profiles observed for these null cell lines resemble the extracellular
IgG1 product titer profiles previously observed for our recombinant
CHO cell lines (Hsu et al., 2012; Yuk et al., 2015): in cultures with
consistently high (>70%) viabilities, IgG1 concentrations would
continuously increase; in cultures that drop in viability, the start of
the plateau in IgG1 concentrations would coincide with onset of a
decline in viability. In those recombinant cell lines, extracellular
LDH levels would continuously increase, regardless of the viability
profiles (data not shown). Therefore, the apparent disparity in
extracellular profiles for immunogenic HCPs (Fig. 4A) and PLBL2
(Fig. 5A) versus LDH (Fig. 6A) after day 10 in Host 3 cultures is

consistent with our prior observations for extracellular profiles of
IgG1 product titer and LDH in recombinant CHO cell lines with
viability decline.

HCP Profiles by 2D-PAGE

Although ELISA is the most practical and widely used method for
HCP analysis (Wang et al., 2009), and considered to be the gold
standard (Tscheliessnig et al., 2013), there are limitations
associated with multi-analyte immunoassays (Vanderlaan et al.,
2015; Zhu-Shimoni et al., 2014). In light of these limitations, we
further analyzed the HCPs generated by the three null cell lines via
the well-established orthogonal method of 2D-PAGE (Champion
et al., 2001; Chevalier 2010; Rabilloud et al., 2010).
Since our primary goal for this work was to understand potential

differences in the starting load for downstream processing, we

Figure 7. Comparison of extracellular LDH concentration in null runs with three CHO cell lines (Hosts 1–3), each cultured in replicate 2 L bioreactors. LDH concentration was

plotted as a function of (A) culture duration, and (B) culture viability. Extracellular concentrations of (C) HCP, and (D) PLBL2 were plotted as a function of LDH concentration. Error

bars represent one standard deviation from the mean for replicate runs using the same cell line in 2 L bioreactors. Equations represent the linear regression generated using data for

each cell line.
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chose to focus the labor-intensive 2D-PAGE analysis on the most
relevant samples. We selected day 14 supernatant samples because
they represent the typical culture duration and type of feedstock for
downstream processing. To discern between variability within

biological replicates and variability across Hosts 1–3, we compared
2D-PAGE images for day 14 culture supernatants from duplicate
bioreactors for each cell line (Fig. 8). The 2D-PAGE patterns differed
more noticeably between the cell lines than between biological

Figure 8. Comparison of 2D-PAGE images for HCPs from three CHO cell lines: (A) Host 1, (B) Host 2, and (C) Host 3. Day 14 culture supernatants from null runs in 2 L bioreactors

were stained with SYPRO Ruby. Each image represents the composite of technical replicates (triplicate gels) from (i) one bioreactor, and (ii) a duplicate bioreactor.
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replicates, as confirmed by pairwise comparison of the super-
imposed 2D-PAGE images from different cell lines (Fig. 9). These
differences are more pronounced when comparing Host 1 to either
Host 2 (Fig. 9A) or Host 3 (Fig. 9C). Given that Hosts 2 and 3 share
the closest lineage amongst the three null CHO cell lines (Table I),

whereas Hosts 1 and 2 share the most similar culture media and cell
culture performance (Figs. 2 and 3), cell line origin appears to have
a greater impact on HCP patterns than upstream process (i.e.,
media and culture conditions) and culture performance (including
viability).
The apparent bias towards acidic proteins via 2D-PAGE analysis

observed here (Figs. 8 and 9) was previously reported for CHO
culture supernatant samples (Jin et al., 2010). This bias should
include secreted proteins and intracellular proteins released by cell
lysis. Since this acidic bias was not apparent in the CHO cell pellet
samples previously analyzed (Krawitz et al., 2006), and a significant
portion of the CHO-K1 proteome is glycosylated (Baycin-Hizal et al.,
2012), we speculate that this bias reflects contributions from
secreted proteins that are heavily glycosylated.
Ultimately, without further investigation, it is hard to discern if

the 2D-PAGE spot patterns across Hosts 1–3 (Figs. 8 and 9) are
more sensitive to cell line, upstream process, culture viability or
other cell culture attributes. However, some of these spot differences
are likely due to extracellular modifications. In a typical cell culture
environment, extracellular proteins are subject to chemical
modifications like deamidation (Zheng and Janis, 2006) and
glycation (Yuk et al., 2011), to proteolytic degradation by proteases
that are secreted or released upon cell lysis (Ryll et al., 2000; Yang
and Butler, 2000), and to removal of post-translational modifica-
tions by glycosidases (Gramer and Goochee, 1993). The extent of
these types of extracellular modifications should increase with
culture duration, and should result in charge and/or size
heterogeneity that can be detected by 2D-PAGE.
In addition, some of the 2D-PAGE spot differences may be due to

intracellular processing. For example, NH4
þ, osmolality, or pCO2

levels in CHO cultures can affect the glycosylation of recombinant
and native proteins (Hossler et al., 2009; Pacis et al., 2011; Zanghi
et al., 1999). Considering the differences in NH4þ, osmolality, and
pCO2 profiles in our null runs (Fig. 3), we may expect differences in
glycosylation of secreted HCPs across Hosts 1–3 and also across
culture duration within a cell line. We previously observed changes
in both charge variant and glycosylation profiles over culture
duration for an IgG1 produced by a recombinant cell line derived
from the same CHO strain as Host 1 (Yuk et al., 2015). Likewise, our
Genentech colleagues also observed changes in glycosylation
profiles, correlating with increasing osmolality over culture
duration, for several other recombinant IgG1s produced by cell
lines derived from the same CHO strain as Host 1 (Pacis et al.,
2011). By extension, secreted HCPs can also display these types of
glycoform differences that may be captured by 2D-PAGE.

HCP Profiles by LC-MS/MS

In our previous work, to understand the reasons for differences
observed in 2D-PAGE spot patterns of cell pellet samples from three
null CHO cell lines, we excised the differentially expressed spots and
identified them by MS (Krawitz et al., 2006). Our previous study
revealed that only a small number of these spots were the result of
apparent qualitative (on-off) differences, and that the differences
were due to post-translational modifications or protein isoforms
rather than bone fide on-off differences in protein expression. Our
earlier findings are consistent with the limitations associated with

Figure 9. Pair-wise comparison of representative HCP patterns for three CHO cell

lines by overlaying 2D-PAGE images for (A) Host 1 (magenta) and Host 2 (green), (B)

Host 2 (green) and Host 3 (magenta), and (C) Host 1 (green) and Host 3 (magenta).

Day 14 culture supernatants from null runs in 2 L bioreactors were stained with SYPRO

Ruby. Each image represents an overlay of composite images from two cell lines. The

composite image for each cell line was generated from six replicate gel images from

duplicate bioreactors.
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2D-PAGE (Chevalier 2010; Godovac-Zimmermann and Brown,
2001; Rabilloud et al., 2010), especially with respect to its use in
HCP analysis (Tscheliessnig et al., 2013; Valente et al., 2014).

In this work, we utilized advances in label-free LC-MS/MS
shotgun proteomics for detecting and quantifying differential
protein expression (Zhang et al., 2006), and for identifying HCP
species present at low levels in drug substance samples (Reisinger
et al., 2014). Although two-dimensional liquid chromatography
coupled to MS has also been proven effective for HCP analysis
(Doneau et al., 2012; Schenauer et al., 2012; Zhang et al., 2014), we
chose here to rely on the one-dimensional LC-MS/MS approach
because it has higher throughput and is more robust (Reisinger
et al., 2014).

In applying this orthogonal proteomics approach towards a semi-
quantitative analysis of HCPs across Hosts 1–3, we found that the
overall LC-MS/MS spectral and peptide counts were reproducible
between technical replicates (data not shown), and that the
numbers of peptides and proteins identified were comparable
within biological replicates for each cell line and across cell lines
(Table II). When we searched the LC-MS/MS data for the expression
of our HCP of interest, we found that PLBL2 spectral counts differed
significantly across Hosts 1–3 (P< 0.01) and correlated linearly
with measurements by PLBL2 ELISA (R2¼ 0.90; P< 0.01).

A comparable number of peptides and proteins identified by LC-
MS/MS (Table II) may not translate into comparable HCP
populations. To explore this possibility, we compared the identities
of the top 1,000 proteins identified by LC-MS/MS across Hosts 1–3
and found considerable overlap: 80% of the identified CHO proteins
were common to supernatants from all three cell lines. Considering
that the overlap in top 1,000 proteins achieved for technical
replicates was 92–93%, the 80% overlap across Hosts 1–3 indicates
that the overall protein populations were very similar amongst these
different null CHO cell lines cultured in their respective upstream
processes. These findings are consistent with our expectation that
extracellular modifications and glycoform variations result in
different spot patterns by 2D-PAGE, but they do not change the
overall protein populations in the samples, as indicated by our LC-
MS/MS findings. When Carlage et al. (2009) used LC-MS/MS to
compare the proteomes of two recombinant cell lines derived from
the same CHO DG44 host, they identified 339 proteins in the high
producer, and 352 proteins in the low producer. Although they did
not reveal the overlap in the identities of the proteins between the
two CHO cell lines, they provided the number of proteins detected in
six categories based on their cellular origins. If we assume that the

overlap in the number of proteins within each category
corresponded to a 100% match in protein identities, the number
of proteins identified that were common to both the high and low
producers would be 296. Therefore, the 80% overlap in the top 1,000
proteins detected across Hosts 1–3 is comparable to the theoretical
maximum overlap of�85% across two recombinant CHODG44 cell
lines (Carlage et al., 2009).

When we compared the HCP expression of Host 3 across run
duration, the overlap was found to be 86% amongst the top 1,000
identified proteins observed across the three time-points (days 10,
14, and 17). This suggests that as culture viability drops, the
predominant HCP population does not significantly change, and is
consistent with the observation that PLBL2 was observed in HCCF
at all cell culture viabilities tested in this study. Levy et al. (2014)
also reported similar findings using supernatant from cultures
harvested at 97–99% viability: two-thirds of the proteins that
interact with recombinant antibody products were characterized as
intracellular proteins. For Host 3, LC-MS/MS analysis showed no
significant differences in the number of peptides (P¼ 0.33) or
proteins (P¼ 0.11), or in the PLBL2 spectral counts (P¼ 0.11) for
culture supernatants taken on days 10, 14, and 17. Likewise, we
obtained comparable HCP levels for these Host 3 samples, as
evaluated by HCP ELISA (Fig. 4A) and PLBL2 ELISA (Fig. 5A). In
addition, the plateau in extracellular levels of immunogenic HCP
and PLBL2 is reminiscent of the plateau in extracellular product
titer sometimes observed for recombinant CHO cell lines, which
also typically coincides with viability decline (Hsu et al., 2012; Yuk
et al., 2015); these observations indicate that cellular protein
production may stall when cells lose viability.

Conclusions

The three null cell lines tested here were similar in their cell-specific
productivities for immunogenic HCPs, as well as in the total
numbers and major populations of proteins detected in day 14
supernatants by LC-MS/MS (Table III). These findings are
surprising, in light of the diversity in upstream inputs
(Table I)—which ranged from differences in CHO lineage,
adaptation history, upstream processes, and resulting cell culture
performances (Figs. 2 and 3)—as well as the distinct protein spot
patterns by 2D-PAGE (Fig. 9). The weight of the evidence indicates
that switches amongst these cell lines (inexorably tied to their
corresponding upstream processes) should not result in order-of-
magnitude differences in the amount of immunogenic HCP, or in

Table II. Number of peptides and proteins identified as well as PLBL2 spectral counts obtained by LC-MS/MS analysis of culture supernatants from

null runs with three CHO cell lines (Hosts 1–3).

Cell line (#biological replicates) Day #Peptides identified #Proteins identifieda Normalized spectral counts for PLBL2

Host 1 (n¼ 2) 14 16532 	 451 1483 	 24 96 	 6
Host 2 (n¼ 3) 14 15576 	 1150 1439 	 79 65 	 15
Host 3 (n¼ 3) 14 16174 	 560 1434 	 53 49 	 2
Host 3 (n¼ 2) 10 15432 	 59 1350 	 4 55 	 2
Host 3 (n¼ 2) 17b 15535 	 723 1363 	 43 43 	 7

aFor the top 1,000 ranked proteins identified in day 14 samples, the overlap across Hosts 1–3 was 80%. For the top 1,000 ranked proteins identified in Host 3 samples, the
overlap across days 10, 14, and 17 was 86%. For technical replicates, the overlap for a given sample was 92–93%.

bFor Host 3, culture duration was extended to day 17 for two of the three replicate bioreactors.
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the number and identities of the HCPs present in the feedstock for
downstream processing. When we applied these HCP analyses to
supernatant samples from the cell line (Host 3) that showed a sharp
drop in viability after day 10, we observed no significant changes in
the amounts of immunogenic HCP and PLBL2, or in the numbers
and major species of HCPs detected across days 10, 14, and 17,
despite multifold increases in extracellular LDH levels. The Host 3
findings provide a counter example in which a delay to the harvest
operation upon viability decline may not affect the amount and
composition of HCPs in the feedstock for downstream processing as
severely as originally expected. In addition, despite the higher
viabilities (>70%) observed for Host 1 and 2 cultures, their
extracellular LDH levels at day 14 were comparable to that of Host 3
cultures with low final viabilities (<25%). These LDH findings
demonstrate that the cumulative extent of cell lysis in high cell
density (>107 cells/mL) CHO cultures can be considerable.
Therefore, cell lysis in these fed-batch cultures would contribute to
the extracellular presence of intracellular HCPs such as PLBL2.
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Parker, and Zoe Kuznia, for performing HCP, ELISA, and LDH assays;
Andrew Hu and Jacob B. Mauger for technical assistance with the 2 L
bioreactor runs; Kathy Francissen and Robert Ming Wong for helpful
discussions; and John Joly, John Stults, Bob Kiss, Andy Lin, and Pat
Rancatore for supporting this cross-functional collaboration.

Nomenclature
2D-PAGE two-dimensional polyacrylamide gel electrophor-

esis
2-D DIGE two-dimensional fluorescence difference gel elec-

trophoresis
%PCV percent packed cell volume
ANOVA one-way analysis of variance
ANCOVA analysis of covariance, unequal slopes
CHO Chinese hamster ovary
ELISA enzyme-linked immunosorbent assay
HCP host cell protein
IVPCV integrated viable packed cell volume
LC-MS/MS liquid chromatography coupled with tandem mass

spectrometry
LDH lactate dehydrogenase
MS mass spectrometry
MS/MS tandem mass spectrometry
n number of biological replicates
pCO2 carbon dioxide partial pressure
PCV packed cell volume

PLBL2 phospholipase B-like 2
QHCP cell-specific productivity with respect to HCP
QPLBL2 cell-specific productivity with respect to PLBL2
R2 correlation of determination
V viability
VCD viable cell density
vol.IVPCV volumetric integrated viable packed cell volume
vol.PCV volumetric packed cell volume
WCCF whole cell culture fluid
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