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Proteomic Analysis of Host Cell 
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Chinese hamster ovary (CHO) cells are the most common cell line used for the production of therapeutic 
proteins including monoclonal antibodies (mAbs). Host cell proteins (HCPs), secreted and released from 
lysed cells, accumulate extracellularly during the cultures of recombinant CHO (rCHO) cells, potentially 
impairing product quality. In an effort to maintain good mAb quality during the cultures, HCPs 
accumulated extracellularly in batch and fed-batch cultures of a mAb-producing rCHO cell line were 
identified and quantified by nanoflow liquid chromatography-tandem mass spectrometry, followed 
by their gene ontology and functional analysis. Due to higher cell concentration and longer culture 
duration, more HCPs were identified and quantitated in fed-batch culture (2145 proteins identified and 
1673 proteins quantified) than in batch culture (1934 proteins identified and 1486 proteins quantified). 
Clustering analysis of HCPs showed that the concentration profiles of HCPs affecting mAb quality 
(Lgmn, Ctsd, Gbl1, and B4galt1) correlated with changes in mAb quality attributes such as aggregation, 
charge variants, and N-glycosylation during the cultures. Taken together, the dataset of HCPs obtained 
in this study provides insights into determining the appropriate target proteins to be removed during 
both the cultures and purification steps for ensuring good mAb quality.

Chinese hamster ovary (CHO) cells are currently the primary choice for the industrial production of monoclonal 
antibodies (mAbs) because of their long history of use in commercial production of therapeutic proteins1. CHO 
cells are well adapted to growing in suspension with different media compositions2. For large-scale commercial 
production of mAbs, fed-batch culture has been widely used at large scales, up to 20,000 L working volume, 
because of its operational simplicity and high-titers. High titers of 3–5 g/L are now routinely achieved in fed-batch 
cultures3,4. However, one of the main challenges in fed-batch process development is to maintain high productiv-
ity while also ensuring good quality of mAb.

In fed-batch culture, periodic feeding of concentrated nutrients to avoid depletion of key media components 
prolongs culture longevity and productivity. Concomitantly, host cell proteins (HCPs) that are released from dead 
cells and secreted from viable cells accumulate extracellularly at a much higher level than they do in batch culture, 
thereby impairing product quality5,6. In particular, proteases7–9 and glycosidases10,11 that accumulate in culture 
medium negatively affect the quality of mAbs in recombinant CHO (rCHO) cell cultures. In addition, although 
the concentrations of HCPs in cell culture harvests are reduced to acceptable levels after a series of purification 
steps, certain HCPs escape an entire purification process and remain in the final mAb drug substance at levels that 
affect product quality and stability12,13. Therefore, it is paramount to characterize and quantify HCPs in fed-batch 
cultures to ensure an optimal mAb quality and perform targeted removal of HCPs during the purification steps.

Recently, secreted proteins from two particular CHO host cell lines (CHO DG44 and CHO-S) were identified 
and quantified using nanoflow liquid chromatography-tandem mass spectrometry (LC-MS/MS)14 and others from 
another CHO host cell line (CHO-K1) were characterized using LC-MS/MS and multiple bioinformatics tools2.  

1Department of Biological Sciences, KAIST, 291 Daehak-ro, Yuseong-gu, Daejeon 34141, Republic of Korea. 
2New Drug Development Center, 123 Osongsaengmyeng-ro, Cheongju-si, Chungbuk 28160, Republic of Korea. 
3Graduate School of Analytical Science & Technology, Chungnam National University, 99 Daehak-ro, Yuseong-gu, 
Daejon 34134, Republic of Korea. *These authors contributed equally to this work. Correspondence and requests 
for materials should be addressed to J.W.K. (email: jonwkim@kbio.kr) or G.M.L. (email: gyunminlee@kaist.ac.kr)

received: 24 November 2016

accepted: 06 February 2017

Published: 10 March 2017

OPEN

mailto:jonwkim@kbio.kr
mailto:gyunminlee@kaist.ac.kr)


www.nature.com/scientificreports/

2Scientific Reports | 7:44246 | DOI: 10.1038/srep44246

In addition, HCPs in cell culture harvests from fed-batch cultures of a mAb-producing CHO GS cell line, after 
being partially purified by SDS-PAGE, were subjected to proteomic analysis to elucidate the correlation between 
secreted proteins and mAb productivity15. However, identification and quantification of HCPs, especially those 
affecting the mAb quality, in culture supernatants during fed-batch cultures of mAb-producing CHO cell lines, 
has not yet been performed.

In this study, in an effort to maintain good mAb quality in fed-batch cultures, HCPs accumulated extracellularly 
at different growth phases of a mAb-producing rCHO cell line were identified and quantified using LC-MS/MS.  
Prior to LC-MS/MS analysis, mAbs, predominantly present in the culture supernatants, were removed by protein 
A affinity chromatography instead of SDS-PAGE to minimize the loss of HCPs. Furthermore, the quality attrib-
utes of the mAbs (aggregation, charge variation, and N-glycosylation) were analyzed to understand the effects 
of HCPs present in the culture supernatants on their quality. A more complete analysis of HCPs in the culture 
supernatants will provide valuable information toward establishing effective methods allowing the production of 
high quality mAbs in fed-batch cultures and the removal of HCPs affecting their stability and quality throughout 
the purification process.

Results
In an aim to maintain good mAb quality in fed-batch cultures, such cultures of mAb-producing cells were per-
formed in a bioreactor with pH and DO control. Batch cultures were also performed as a control. Culture super-
natants were sampled at different growth phases on days 3, 5, and 8 in batch cultures and on days 3, 8, and 
12 in fed-batch cultures. Cultures were performed three independent times. The workflow used to characterize 
the quality attributes of mAbs and identify HCPs in the culture supernatants is outlined in Fig. 1. Briefly, the 
mAbs present in the culture supernatants were removed by protein A affinity chromatography. Subsequently, 
the removed mAbs were subjected to mAb quality analysis in regard to aggregation, charge variation, and 
N-glycosylation. Since protein-free medium and protein-free nutrient cocktails were used in the cultures, the 
remaining proteins in the culture supernatants after this removal step are HCPs released from dead cells and 
secreted from viable cells. The HCPs were subjected to tryptic digestion and desalting, and were identified by 
LC-MS/MS. Subsequently, Gene ontology (GO) annotation was performed to categorize the proteins. Next, 
MS-based label-free quantitation was performed to compare the abundances of the HCPs at different growth 
phases. Highly abundant proteins were listed and clustering, according to their concentration patterns during the 
cultures, was also performed.

Cell growth, mAb production, and HCPs in culture supernatants.  Figure 2 shows the profiles of 
cell growth, cell viability, mAb production, and HCP concentration in culture supernatants during batch and 
fed-batch cultures. In batch cultures, a maximum viable cell concentration (MVCC) of (3.2 ±​ 0.1) ×​ 106 cells/mL 
was achieved on day 5 (Fig. 2a). In fed-batch cultures, viable cell concentration, viability, and mAb concentrations 
were estimated and plotted daily before feeding nutrient cocktails, to avoid obtaining excessively complex profiles. 
The addition of nutrient cocktails further increased the MVCC and extended culture longevity (Fig. 2a,b). An 

Figure 1.  Workflow used to characterize the quality attributes of mAbs and identify HCPs in the culture 
supernatants. 
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MVCC of (5.6 ±​ 0.3) ×​ 106 cells/mL was achieved on day 8 in fed-batch cultures. Due to the increased MVCC and 
extended culture longevity, the maximum antibody concentration in fed-batch culture (410.1 ±​ 14.5 μ​g/mL) was 
significantly higher than that obtained in batch culture (210.3 ±​ 8.8 μ​g/mL) (P <​ 0.05, Fig. 2c).

To determine the HCP concentrations in the culture supernatants, the mAbs, which are the mainly repre-
sented proteins, were first removed using protein A affinity chromatography. In batch cultures, HCP concen-
trations significantly increased in the declining phase of growth, suggesting that a significant amount of HCPs 
was released from dead cells (P <​ 0.05) (Fig. 2a,b). The HCP concentrations on days 3 and 8 were 13.8 ±​ 0.8 and 
128.4 ±​ 10.5 μ​g/mL, respectively. Likewise, the HCP concentrations significantly increased in the decline phase 
of growth in fed-batch cultures. However, due to the high MVCC, the HCP concentrations at the end of the 
fed-batch cultures (277.1 ±​ 7.3 μ​g/mL on day 12) were approximately 2.2 times higher than those observed in 
batch cultures (Fig. 2a).

Analysis of mAb quality attributes with regard to aggregation, charge variation, and 
N-glycosylation.  To analyze mAb quality, the mAbs present in the culture supernatants sampled at different 
growth phases in batch and fed-batch cultures (as shown in Fig. 2) were purified by protein A affinity chro-
matography. Subsequently, their aggregation, charge variants, and N-glycosylation levels were assessed by size 
exclusion-high performance liquid chromatography (SEC-HPLC), weak cation exchange-HPLC (WCX-HPLC), 
and ultra-performance liquid chromatography (UPLC), respectively. Prior to the analysis of N-glycosylation, the 
N-linked glycans from the mAbs were released using PNGase F enzyme.

Figure 3 shows the profiles of aggregation, charge variants, and N-linked glycan proportion of mAbs dur-
ing the cultures. The SEC-HPLC analysis shows one main peak corresponding to the mAb monomers and one 
minor peak corresponding to smaller fragments, indicating that there were no mAb aggregates generated dur-
ing neither the batch nor the fed-batch cultures (Fig. 3a,d). In fed-batch cultures, the portion of smaller frag-
ments significantly increased from 1.9 ±​ 0.7% on day 3 to 6.8 ±​ 0.8% on day 12 (P <​ 0.05), as summarized in 
Supplementary Table S1. The WCX-HPLC analysis shows that mAbs produced in both batch and fed-batch cul-
tures were separated into an acidic peak, a main peak, and a basic peak (Fig. 3b,e). In both batch and fed-batch 
cultures, acidic charge variants significantly increased with a concomitant decrease of the main peak with culture 
time (P <​ 0.05), as summarized in Supplementary Table S2. The portion of basic variants did not change signifi-
cantly in both cases (P >​ 0.05). In fed-batch cultures, the portion of acidic variants increased from 16.9 ±​ 0.2% on 

Figure 2.  Profiles of (a) cell growth and HCPs concentration, (b) viability, and (c) mAb concentration during 
batch and fed-batch cultures. Batch culture (closed square and black bar) and fed-batch culture (open square 
and gray bar). Arrows correspond to feeding events. The error bars represent the SDs calculated from three 
independent experiments.
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day 3 to 30.4 ±​ 1.1% on day 12 while the main peak portion decreased from 60.0 ±​ 2.7% on day 3 to 48.4 ±​ 1.8% 
on day 12.

The UPLC analysis shows that most of the N-glycans of mAbs produced in both types of culture had 
a core fucose and varying terminal galactose contents (G0F, G1F, and G2F) (Fig. 3c,f ). In both the batch 
and fed-batch cultures, G0F, G1F, and G2F represented 94–95% of the total glycan amount on day 3  
(see Supplementary Table S3). In both types of culture, G1F and G2F then decreased, whereas G0F increased with 
culture time. In fed-batch cultures, G1F and G2F significantly decreased from 44.8 ±​ 0.0% and 9.4 ±​ 0.1% on day 
3 to 33.3 ±​ 0.6% and 4.9 ±​ 0.1% on day 12, respectively (P <​ 0.05). In addition, small portions of monogalacto-
sylated glycan with fucose and N-acetylneuramic acid (G1F +​ NANA, 0.4 ±​ 0.2%) and digalactosylated glycan 
with NANA (G2F +​ GN +​ NANA, 0.9 ±​ 0.3%) were observed on day 12 (see Supplementary Table S3).

Identification of HCPs in culture supernatants.  To characterize the HCPs in the culture supernatants, 
these were isolated from the culture supernatants sampled at different growth phases in batch and fed-batch 
cultures (as shown in Fig. 2), subsequently analyzed by high-resolution LC-MS/MS (Q-exactive), and finally 
subjected to data analysis using SEQUEST and X! Tandem, as outlined in Fig. 1. A total of 2460 HCPs in culture 

Figure 3.  Profiles of aggregation (a,d), charge variation (b,e), and N-linked glycosylation analysis (c,f) of mAbs 
during batch (a–c) and fed-batch cultures (d–f). Day 3 (◾​), day 5 ( ), and day 8 ( ) in batch culture. Day 3 (◾), day 
8 ( ), and day 12 ( ) in fed-batch culture. G0, agalactosylated glycan without fucose; G0F, agalactosylated glycan 
with fucose; G1, monogalactosylated glycan without fucose; G1F, monogalactosylated glycan with fucose; G2F, 
digalactosylated glycan with fucose; G1F +​ NANA, monogalactosylated glycan with N-acetylneuramic acid; 
G2F +​ GN +​ NANA, digalactosylated glycan with N-acetylglucosamine and N-acetylneuramic acid.
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supernatants were identified at a minimum confidence level >​99%, with at least two unique peptides, and a false 
discovery rate (FDR) <​5%.

Figure 4 shows the number of identified HCPs in culture supernatants during the cultures. From a total of 
2460 identified HCPs, 1619 were commonly identified in both batch and fed-batch cultures (Fig. 4a). A total of 
1934 and 2145 HCPs were identified in batch and fed-batch cultures, respectively. Additionally, approximately 
73–74% of them were identified at all three sampling times. In both types of culture, the number of identified 
HCPs increased toward the end of the culture process as cell viability decreased (Fig. 4b). In addition, more HCPs 
were identified in the fed-batch cultures, due to higher cell concentrations compared to those in batch culture 
(Fig. 2a). In fed-batch culture, 2074 HCPs were identified on day 12, while contrastingly, in batch culture, 1878 
HCPs were identified on day 8. A complete list of the 2460 identified HCPs is provided in Supplementary Table S4.

To understand the biological roles of the identified HCPs, GO analysis of identified HCPs was performed 
using the Uniprot bioinformatics resource. GO terms of 1104 identified HCPs in batch culture and 1171 identified 
HCPs in fed-batch culture were successfully determined and functionally classified into cellular component (CC), 
molecular function (MF), and biological process (BP). The 3 sets of GO categorizations are overlapping, i.e., the 
proteins are placed into one or more categories.

Figure 5 shows the top 20 enriched GO terms classified into CC, MF, and BP during the cultures. Regarding 
CC, intracellular organelle was the most common (~20%) in both batch (Fig. 5a) and fed-batch cultures (Fig. 5b). 
However, unlike in the batch culture, mitochondrion (~10% on day12) and nuclear lumen (~7% on day12) 
became common at the end of the fed-batch culture (Fig. 5b). For MF, nucleotide binding was the most common 
(~23%) in both cultures. Regarding BP, protein localization was the most common (~9%) in both cultures. In 
addition, RNA processing and mRNA metabolic process increased toward the end of both cultures. Complete 
lists of GO analysis in batch and fed-batch cultures are provided in Supplementary Tables S5 and S6, respectively.

Quantification of identified HCPs in culture supernatants.  A total of 1486 and 1673 proteins, which 
were identified in all six LC-MS/MS runs (technical triplicate ×​ biological duplicate) at each sampling time in 
batch and fed-batch cultures, respectively, were subjected to quantitation. The relative values of protein abun-
dance were estimated by spectral counting method, followed by normalized spectral abundance factor (NSAF) 
method for reliable normalization20. Since large proteins usually tend to contribute more to the ‘peptide/spectra’ 
than small ones, the NSAF method is useful to minimize the variations originated from protein length. NSAF val-
ues of chicken lysozyme that was used as an internal control were satisfied with CV <​1% in all 36 LC-MS/MS runs 
(data not shown). Furthermore, all linear correlation values (R2) between two biological experiments were greater 
than 0.96 in both batch and fed-batch cultures (see Supplementary Fig. S1), suggesting that semi-quantification of 
identified HCPs was highly reproducible.

To quantitate the identified HCPs in the culture supernatants, the normalized spectral count of each HCP 
was multiplied by the HCPs concentration of the culture supernatants shown in Fig. 2a. Then, the HCPs with  

Figure 4.  Number of identified HCPs in the culture supernatants during batch and fed-batch cultures. 
(a) Venn diagram representing total number of proteins. (b) The number of identified HCPs in the culture 
supernatants during batch (black) and fed-batch cultures (gray).
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CV < 20%, which was calculated from technical triplicates of each sample, were filtered out for reliable quantita-
tion. As a result, a total of 530 and 569 proteins were quantitated in batch and fed-batch cultures, respectively, as 
summarized in Supplementary Table S7.

The top 30 most abundant HCPs in the culture supernatants sampled in the exponential growth phase (day 3 
in both batch and fed-batch cultures) and at the end of the culture (day 8 in batch culture and day 12 in fed-batch 
culture) were plotted as % of total mass of detected HCPs in Fig. 6. HCPs with higher quantities at each sam-
pling time were very similar between batch and fed-batch cultures. However, in both types of culture, highly 
represented HCPs in the exponential growth phase were different from those observed at the end of the cultures. 
For example, high quantities of clusterin (Clu), metalloproteinase inhibitor 1 (Timp1), and sparc (Sparc) were 
observed in both the exponential and stationary phases of growth, whereas high quantities of 14-3-3 protein 
(Ywhae), peroxiredoxin 1 (Prdx1), and cofilin 1 (Cfl1) were observed at the end of the cultures (Fig. 6a,b).To 
understand the biological roles of these top 30 most abundant HCPs, GO analysis was performed using the 
Uniprot bioinformatics resource.

Figure 7 shows the GO terms of the top 30 most abundant HCPs, which were classified into CC. In both batch 
and fed-batch cultures, HCPs with the highest percentages in the exponential growth phase were associated with 
the extracellular region (Fig. 7a,b). At the end of the fed-batch cultures, the percentage of HCPs associated with 
the extracellular region, extracellular matrix, and extracellular space was significantly lower due to the emergence 
of HCPs associated with the cytoplasm, melanosome, and ER. This result suggests that HCPs in the culture super-
natants during the exponential growth phase include a high percentage of extracellular proteins secreted from 

Figure 5.  Top 20 enriched GO terms classified into CC, MF, and BP. (a) GO terms of the 1104 identified 
HCPs during batch culture; day 3 (◾​), day 5 ( ), and day 8 ( ). (b) GO terms of the 1171 identified HCPs 
during fed-batch culture; day 3 (◾​), day 8 ( ), and day 12 ( ).
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viable cells, whereas HCPs at the end of the culture process involve a significant portion of intracellular proteins 
resulting from cell lysis.

Cluster analysis of quantified HCPs.  To evaluate the changes in HCP concentration in the culture 
supernatants during the cultures, relative concentration changes of quantified HCPs were visualized through 
a heat map. A compressed heat map provides an overview of all values in the dataset, in row-column format. 
Furthermore, clustering analysis of quantified HCPs was performed manually according to their concentration 
profiles during the cultures.

Figure 8 shows the heat map and 4 clusters of quantified HCPs during the cultures. In the heat map, blue 
corresponds to low abundances and red to high abundances. The scale extends from 0.00 (blue) to 5.90 (red) as 
relative concentrations. In both types of culture, more than half of the quantified HCPs (350 proteins in batch cul-
ture and 391 proteins in fed-batch culture) were hardly detected, reaching almost zero in the scale, in exponential 
growth phase. In general, the HCP concentration increased at the end of the cultures, indicating that a number of 
proteins were released from dead cells as a result of cell lysis. However, the concentrations of some HCPs tended 
to decrease at the end of the cultures (Fig. 8a). For further analysis, HCPs were classified in four clusters according 
to their concentration profiles during the cultures (Fig. 8b). Cluster 1 represents HCPs that were detected only 
at the end of the cultures. Cluster 2 and cluster 3 represent HCPs whose concentrations increased throughout 
the cultures, but either at a faster or slower rate toward the end of the cultures, respectively. Cluster 4 represents 
HCPs whose concentrations were the highest in the middle of culture process, but decreased in its later phase. As 
summarized in Supplementary Table S7, 215, 152, 45, and 118 proteins in batch culture and 218, 178, 55, and 118 
proteins in fed-batch culture were grouped into clusters 1, 2, 3, and 4, respectively.

To understand the biological functions of the clustered HCPs, ClueGO analysis of the four clustered HCPs 
groups shown in Fig. 8B was performed to construct key functional and structural groups based on the KEGG 

Figure 6.  Percentage of total mass of detected HCPs. (a) Top 30 most abundant HCPs in culture supernatants 
sampled on day 3 (◾) and day 8 ( ) in batch culture. (b) Top 30 most abundant HCPs in culture supernatants 
sampled on day 3 (◾) and day 12 ( ) in fed-batch culture. The top 30 most abundant HCPs in the culture 
supernatants sampled in the exponential growth phase were plotted as % of total mass of detected HCPs in 
descending order.
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pathway (see Supplementary Fig. S2). Many HCPs were associated with lysosome (33 proteins), glycan deg-
radation (8 proteins), and N-glycan biosynthesis (5 proteins), which potentially affect the quality attributes of 
mAbs. These HCPs were themselves classified into various clusters. For example, cathepsin D (Ctsd) generates 
C-terminal heavy chain fragments by cleaving mAbs12. Ctsd and other cathepsin proteases including Ctsa, Ctsb, 
Ctsl, and Ctsz were associated with lysosome and classified in cluster 2 for both batch and fed-batch cultures. 
Legumain (Lgmn) is also a lysosomal protease and forms acidic charge variants by removing an amide functional 
group from the asparagine residues of mAbs16. Lgmn was classified into cluster 3 and 4 in batch and fed-batch cul-
tures, respectively. Beta-galactosidase 1 (Glb1) and beta-1,4-galactosyltransferase (B4galt1) directly affect galac-
tosylation of mAbs17. Glb1 was associated with lysosome in cluster 3 and B4galt1 was associated with N-glycan 
biosynthesis in cluster 4 in both batch and fed-batch cultures. In general, the concentration profiles of these HCPs 
correlated with changes in mAb quality during the cultures.

Discussion
Maintaining good quality of mAbs in fed-batch cultures of rCHO cells is challenging because HCPs, including 
proteases and glycosidases, which are released from dead cells and secreted from viable cells, accumulate, reach-
ing high enough levels to impair the mAb quality. Therefore, to characterize HCPs potentially affecting mAb 
quality, the detailed analysis of HCPs in the culture supernatant of fed-batch cultures of rCHO cells producing 
rituximab was performed in this study. Because of the masking effect generated by highly abundant mAbs, low 
abundant HCPs in the culture supernatants were difficult to characterize. However, after removal of the mAbs 
from the culture supernatants using protein A chromatography, HCPs in both batch and fed-batch cultures could 
be analyzed using LC-MS/MS and bioinformatics tools.

Due to higher cell concentration and longer culture duration, more HCPs were identified and quantitated in 
fed-batch cultures than in batch cultures. Among the HCPs identified in both batch (1934 proteins) and fed-batch 
cultures (2145 proteins), approximately 73–74% of them were identified throughout the cultures, including the 
exponential growth phase with a cell viability over 95%, suggesting that a number of HCPs were secreted from 
viable cells. In fact, when comparing the top 30 most abundant HCPs at each sampling time, eight HCPs (Clu, 
Timp1, Ywhae, decorin (Dcn), sulfated protein1 (Psap), dickkopf-related protein 3 (Dkk3), nidogen 1 (Nid1), 
and peptidyl-prolyl cis-trans isomerase (Ppi)) were identified conjointly in both the batch and fed-batch cultures 
(see Supplementary Table S7). These HCPs are located in either the cytoplasm or extracellular region and are 
secreted proteins. In addition to these 8 HCPs, 11 more HCPs (annexin (Anx), Rho GDP-dissociation inhibitor 1 
(Arhgdia), Cfl1, glutathione S-transferase P (Gstp), 78 kDa glucose-regulated protein (Hspa5), phosphoglycerate 
kinase (Pgk), pyruvate kinase (Pkm), Prdx1, phosphserine aminotransferase (Psat), 60S acidic ribosomal protein 
P2 (Rplp2), and transketolase (Tkt)), which were among the top 30 most abundant HCPs at the end of both the 
batch and fed-batch cultures, are also secreted proteins. Although they were not among the top 30 most abundant 
HCPs, many HCPs such as collagens, tubulins, fibronectins, and proteoglycans were associated with membrane 
proteins including vesicle- and lysosome-related ones. These proteins are secreted by exocytosis after being sorted 
in the trans-Golgi network into transport vehicles18. Furthermore, the concentration of lactate dehydrogenase 
(Ldh), which is most widely used to quantify the degree of cell lysis, increased significantly toward the end of the 
cultures, but were not part of the top 30 most abundant HCPs at the end of neither the batch nor the fed-batch 
cultures. Accordingly, a significant portion of HCPs in the culture supernatants was secreted from viable cells.

ClueGO analysis of HCPs, classified into four clusters according to their concentration profiles during the 
cultures, provided further understanding of their cellular components or biological functions. As shown in 

Figure 7.  GO analysis of the top 30 most abundant HCPs classified into CC. (a) GO terms of the top 30 
HCPs during batch culture; day 3 (◾) and day 8 ( ). (b) GO terms of the top 30 most abundant HCPs during 
fed-batch culture; day 3 (◾) and day 12 ( ).
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Supplementary Fig. S2, abundant HCPs in cluster 1 were associated to transcription (spliceosome) and translation 
(RNA transport, aminoacyl-tRNA biosynthesis, and mRNA surveillance). In cluster 2, HCPs associated with car-
bohydrate metabolism and protein processing in ER, particularly molecular chaperones affecting protein folding 
and assembly such as Prdx1, Hspa5, and Pdi, were abundant. In addition, glutathione-related HCPs such as glu-
tathione synthetase (Gss), gamma-glutamylcyclotransferase (Ggct), and glutathione S-transferases (Gstm, Gsto, 
Gstp, and Gstt) were abundant in cluster 2. In cluster 3, glycan degradation-related HCPs, including aspartylglu-
cosaminidase (Aga), alpha-glucosidase (Gaa), Glb1, and beta-hexosaminidase b (Hexb), were highly represented. 
Furthermore, HCPs associated with lysosome were also abundant. In cluster 4, N-glycan biosynthesis-related 
HCPs, which affect terminal mannose and galactose residues of N-linked glycans, were abundant.

The mAb quality attributes, with regard to aggregation, charge variants, and N-glycosylation, varied during 
the cultures. The fragmentation of therapeutic proteins by HCPs in the culture supernatants has been observed 
in rCHO cells producing mAbs9, Fc-fusion proteins7,19,20, interferon γ​21, factor VIII8, and erythropoietin (EPO)22. 
Cathepsins in the culture supernatants have been reported as enzymes that break down proteins23–26. In par-
ticular, Ctsd cleaves mAbs, generating C-terminal heavy chain fragments12. In this study, five different cathep-
sins (Ctsa, Ctsb, Ctsd, Ctsl, and Ctsz) were identified, with their concentrations gradually increasing during the 
cultures (see Supplementary Table S7). The amount of smaller fragments of mAbs also increased significantly 
during the culture, suggesting that the increased concentration of Ctsd is in part responsible for the increased 
fragmentation of mAbs.

MAbs were chemically and enzymatically modified during cultures, resulting in the formation of charge var-
iants and the alteration of their isoelectric pH (pI) values27,28. Rituximab, in particular, suffered an increase in its 
amount of acidic charge variants over culture time28. In this study, acidic charge variants of mAbs also increased 
gradually during the cultures (Fig. 3b,e). It was reported that acidic charge variants are generated by a number 
of modifications such as deamidation of asparagine or glutamine29,30, sialylation31, reduced disulfide bonds, and 
C-terminal lysine cleavage32. Deamidation of asparagine residue, a common mechanism generating acidic charge 
variants, is mediated by asparagine endopeptidase29,30 and Lgmn16. In this study, Lgmn concentration increased 
during the cultures, suggesting that the increased acidic charge variants of mAbs was in part due to both asparag-
ine deamidation by Lgmn and C-terminal cleavage by Ctsd.

The terminal galactose residues of mAbs affect the complement dependent cytotoxicity (CDC) by altering 
the binding affinity of mAbs to C1q in the complement system33. An increase in terminal galactose content of 
rituximab increased CDC activity34. Therefore, it is important to maintain galactosylation of rituximab during 

Figure 8.  Heat map (a) and four established clusters of quantified HCPs (b) during batch and fed-batch 
cultures.



www.nature.com/scientificreports/

1 0Scientific Reports | 7:44246 | DOI: 10.1038/srep44246

rCHO cell cultures. However, the proportion of terminal galactose residues (G1F and G2F) of mAbs decreased 
during the cultures (Fig. 3c,f). Glb1 and B4galt1 are directly involved in galactosylation of mAbs. Glb1 removes 
the terminal galactose linked to N-acetylglucosamine (GlcNAc) in the N-linked glycan35, and B4galt1 transfers 
the galactose efficiently to GlcNAc36. In this study, Glb1 was not among the top 30 most abundant HCPs, but its 
concentration in the culture supernatants increased during the cultures, which contributed in part to decreased 
terminal galactosylation of mAbs. In addition, HCPs related to N-linked glycan biosynthesis such as B4galt1, 
Hexb, and mannosidase alpha class 2A member 1 (Man2a1), mannosidase alpha class 2B member 1 (Man2b1), 
and fucosidase alpha-L-1 (Fuca1) were quantitated during batch and/or fed-batch cultures. These enzymes, which 
were classified into cluster 3 or 4, are involved in N-glycan chain extension, galactosylation, and N-glycan degra-
dation37. In particular, B4galt1 concentration was almost zero at the end of both the batch and fed-batch cultures, 
suggesting that a low expression level of enzymes involved in N-glycan synthesis also contributed in part to the 
decreased galactosylation level of the mAbs at the end of the cultures.

Many other proteases have been reported to affect the quality of therapeutic proteins produced in rCHO 
cells. Metalloproteinase 3 (MMP3), MMP10, and MMP12 degrade the recombinant factor VIII, resulting in 
protein heterogeneity, denaturation, and attenuation of protein function8. Gelatinase, also known as MMP9, 
cleaves interferon-β​38. Carboxypeptidase (Cpd) removes both the C-terminal lysine and arginine of IgG, EPO, 
and tissue plasminogen activator39,40, and serine and threonine class of proteases cleave the N-terminal resi-
dues of glucagon like peptide-1-antibody fusion proteins41. In addition, acidic protease, as well as serine and 
cysteine classes of proteases, cleave IgG1 and recombinant Fc-fusion proteins, respectively42. As summarized in 
Supplementary Table S8, all these proteases were detected and/or quantitated in the culture supernatants in both 
batch and fed-batch cultures. Furthermore, the concentration of these proteases in fed-batch cultures was much 
higher than that observed in batch cultures.

In the formulation of therapeutic proteins, surfactants such as polysorbates 20 (PS20) and 80 are commonly 
used for both preventing surface adsorption and as stabilizers against protein denaturation and aggregation43. 
Recently, PS80 degradation was observed during the long-term storage of CHO-derived purified mAbs with 
detectable quantities of endogenous lysosomal phospholipase A2 isomer X1 (Lpla2)44. PS degradation resulted 
in the generation of free fatty acids, which precipitated to form particles during long-term storage and impacted 
product quality45. In this study, Lpla2 was not identified in any of the culture supernatants. However, phospholi-
pase A2 activating protein (Plaa) was identified and quantified in both batch and fed-batch cultures. Thus, Plaa 
should be removed during the mAb purification steps for long-term storage of mAbs formulated with PS.

CHO cell lines derived from the CHO-K1, DG44, and CHO-S lineages show several different phenotypic 
features due to genomic heterogeneity46. Therefore, the HCP concentration profiles during culture may differ 
among rCHO cell lines. It would be interesting to investigate the HCP concentration profiles during the cultures 
of other rCHO cell lines.

In conclusion, HCPs accumulated extracellularly in batch and fed-batch cultures of a mAb-producing rCHO 
cell line were identified and quantified using LC-MS/MS. Quantitative LC-MS/MS results were combined with 
GO and functional analysis of HCPs to characterize their effects on the quality attributes of mAbs. In general, the 
concentration profiles of HCPs affecting mAb quality correlated with changes in mAb quality during the cultures. 
The dataset of HCPs obtained in this study provides insights toward determining the proper target proteins and 
thereby maintain good mAb quality during the cultures through the addition of appropriate protease inhibitors 
and/or through CHO cell engineering.

Methods
Cell line and culture maintenance.  The rCHO cell line producing rituximab (SM-0.025) was established 
by transfection of a vector containing glutamine synthetase (GS) and antibody genes into GS knockout CHO-K1 
cells using Lipofectamine 2000 (Invitrogen, Carsbad, CA), following the manufacturer’s protocols, and subse-
quent selection using 25 μ​M methionine sulfoximine (MSX, Sigma-Aldrich, St. Louis, MO)47. SM-0.025 cells 
were adapted to grow in a serum-free suspension culture in 125 mL Erlenmeyer flasks (Corning, Corning, NY) 
containing 50 mL of culture medium and incubated in a climo-shaking incubator (ISF1-X, Adolf Kuhner AG, 
Birsfelden, Switzerland). The culture medium was protein-free, chemically defined PowerCHO2CD (Lonza, 
Basel, Switzerland) supplemented with 1 ×​ GSEM (Sigma-Aldrich, St. Louis, MO) and 25 μ​M MSX.

Cell culture.  Exponentially growing cells were inoculated at 3.0 ×​ 105 cells/mL into a bioreactor (New 
Brunswick Scientific, Edison, NJ) containing 2.0 L of culture medium. Bioreactor cultures were maintained at 
37 °C, pH 7.2, 50% air saturation, and an agitation speed of 50 rpm. Samples were taken every 24 h to determine 
viable cell concentrations. Culture supernatants were aliquoted and kept frozen at −​70 °C for later analyses. For 
fed-batch cultures, three different feed supplements (protein-free, chemically defined Cell Boost 2, Cell Boost 5, 
and Cell Boost 6, Hyclone, Logan, UT) were mixed in a ratio of 1:1:1, and dissolved in water at a concentration of 
70 g/L to prepare the stock solution. This solution was then added to the culture medium at a 5% v/v ratio once 
every other day from day 4, until day 10. Bioreactor cultures were performed three independent times.

Viable cell concentration and mAb assays.  The cell concentration was estimated using a CountessII®​ 
FL automated cell counter (Invitrogen, Waltham, MA), and viable cells were distinguished from dead cells using 
the trypan blue dye exclusion method. The secreted mAb concentration was quantified using an enzyme-linked 
immunosorbent assay, as described previously48. The specific mAb productivity (qmAb) was evaluated from a plot 
displaying the mAb concentrations against the time integral values of the viable cell concentrations49.

Purification of mAbs.  Culture supernatants sampled from the bioreactor were centrifuged at 300 g for 5 min 
without damaging cells and then filtered gently through a 0.45 μ​m syringe filter (Millipore, Billerica, MA) to 
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remove cells and cell debris. Subsequently, the secreted mAbs in the culture supernatants were purified by protein 
A affinity chromatography using MabSelect SuReTM (GE Healthcare, Uppsala, Sweden), according to the manu-
facturer’s protocol. Purified mAbs were stored at −​70 °C until further analysis.

SEC-HPLC analysis.  Size variants of mAbs were analyzed by SEC-HPLC under isocratic conditions using 
an Agilent Bio-3 SEC column (4.6 mm ×​ 300 mm, 3.0 μ​m particle size, Agilent, Santa Clara, CA) according to the 
manufacturer’s protocol. The signal was monitored at a wavelength of 280 nm.

WCX-HPLC analysis.  Acidic and basic charge variants of mAbs were analyzed by WCX-HPLC using an 
Agilent bio Mab column (4.6 mm ×​ 250 mm, 5.0 μ​m particle size, Agilent), according to the manufacturer’s pro-
tocol. The mobile phase A (10 mM sodium phosphate, pH 7.0) and B (0.1 M sodium choloride, pH 7.0) were used. 
The signal was monitored at a wavelength of 220 nm.

UPLC analysis.  For N-glycosylation analysis, N-glycans were detached from mAbs via PNGase F (New 
England Biolabs, Ipswich, MA) and labeled by RapiFluor-MS (Waters, Millford, MA) according to the manu-
facturer’s protocol. N-glycans were analyzed using Acquity UPLC I-class system (Waters) with Acquity UPLC 
Glycan BEH amide column (Waters) according to the manufacturer’s protocol. The signal was monitored at 
265 nm excitation and 425 nm emission wavelengths.

Protein extraction and digestion.  After centrifugation and filtration, mAbs in the culture supernatants 
were eliminated by protein A affinity chromatography. The remaining proteins in the culture supernatants (300 μ​g)  
were concentrated using an Amicon®​ ultra-15 centrifugal 10 K filter (Millipore), precipitated with 100% cold 
acetone (4 volumes of sample) for 10 min at −​70 °C, and then washed in 600 μ​L of 70% cold acetone by centrifu-
gation at 14,000 g for 10 min at 4 °C. Protein pellets were solubilized with 100 μ​L of 100 mM Tris buffer (pH 8.0, 
Sigma-Aldrich) and the protein concentration was determined using Bradford assay. Then, 0.5 μ​g of chicken 
lysozyme (Sigma-Aldrich) was spiked into an aliquot of protein sample (100 μ​g and 30 μ​L) to generate an internal 
standard. The resulting protein samples were reduced, alkylated, and digested with minor modifications50. Briefly, 
after adding 60 μ​L of 9 M urea and 30 mM dithiothreitol (Sigma-Aldrich) in 10 mL of 100 mM Tris-base (pH 8.0) 
to each protein sample, samples were incubated for 30 min at 37 °C. After samples were allowed to cool at 20 °C, 
9 μ​L of 500 mM iodoacetamide (Sigma-Aldrich) was added to each sample, followed by 20 min incubation at 
20 °C. After diluting the urea down to a concentration of 0.6 M by adding 771 μ​L of 100 mM Tris buffer (pH 8.0), 
protein samples were digested with trypsin (Promega, Madison, WI) at a protein-to-enzyme ratio of 50:1 at 37 °C 
overnight. The digestion was quenched with 50 μ​L of 0.1% formic acid (FA). Then, the digested peptide mixture 
was applied to an HLB oasis cartridge (Waters) for desalting. The peptides were eluted twice with 1 mL of 40% 
acetonitrile (ACN) with 0.1% FA solution and 1 mL of 60% ACN with 0.1% FA solution.

Protein identification by Q-Exactive analysis.  To collect specific MS/MS spectra, digested peptides 
were analyzed by online nanoflow LC-MS/MS on a NanoAcquity UPLC system (Waters) that was connected to a 
Q-Exactive spectrometer (Thermo Scientific, Bremen, Germany) through a nanoelectrospray ion source. Briefly, 
digested peptides were loaded at a flow rate of 300 nL/min by an autosampler onto a precolumn (2 cm long; ID, 
180 μ​m; particle size, 5 μ​m) and an analytical column (10 cm long; ID, 150 μ​m; particle size, 1.7 μ​m), which were 
both packed with reversed-phase C18 material. The peptides were separated on a linear ACN gradient from 3% to 
40% for 120 min and from 40% to 60% for 60 min, and peptides were eluted between 3 min and 180 min.

The Q-Exactive instrument was operated in the data-dependent mode (DDA) to switch automatically between 
full-scan MS and MS/MS modes of acquisition. A survey of full-scan MS spectra (350–1600 m/z) was acquired 
on the Orbitrap with a resolution of 70,000 at 200 m/z after ions accumulated to a 3 ×​ 106 target value, based on 
predictive automatic gain control (AGC) from the previous full-scan. The dynamic exclusion was set to 30 s. The 
10 most intense multiply charged ions (z ≥​ 2) were sequentially isolated and fragmented by higher-energy colli-
sional dissociation (HCD) in an octopole collision cell with a fixed injection time of 60 ms, an AGC target value of 
5 ×​ 104, and a resolution of 17,500. The typical mass spectrometric conditions were as follows: S-lens RF level, 65;  
spray voltage, 2 kV; heated capillary temperature, 320 °C; and normalized HCD collision energy, 30%. The under 
fill ratio, MS/MS ion selection threshold, and isolation width were set to 1%, 8.3 ×​ 103 counts, and 2 m/z, respec-
tively. The fixed first m/z was set to 100.

Database searching and label-free quantitation.  Database searching was performed using Proteome 
Discoverer (SEQUEST, Thermo Fischer Scientific, ver 1.4.0.288) and Scaffold (X! Tandem, version Scaffold_4.4.6, 
Proteome Software, Portland, OR). The MS/MS data were queried against the Chinese hamster database 
(UniProt-CHO) using the following parameters: MS accuracy, 10 ppm; MS/MS accuracy, 0.8 Da for HCD; trypsin 
digestion with 2 missed cleavages allowed; fixed carbamidomethyl modification of cysteine, +​57.0215 Da; and 
variable modification of oxidized methionine, +​15.9949 Da. The number of peptides and proteins in the protein 
groups was estimated using Scaffold program. Peptide identifications were accepted if they could be established at 
a probability, greater than 91.0% to achieve a FDR lower than 0.4% by the Scaffold Local FDR algorithm. Protein 
identifications were accepted if they could be established at a probability greater than 99.0%, and they contained 
at least two identified peptides.

For the label-free quantitation, summation of the spectral counts, validation of MS/MS-based peptides and 
protein identification, and annotation of peptide into proteins were performed using the Scaffold program. The 
spectral count result was reported by the Scaffold program, which provides an estimate of the relative values of 
protein abundance among time points. For reliable normalization among sample runs, a NSAF method was used. 
NSAF is defined as follows: NSAF =​ (SpC/Mw)/Σ​(SpC/Mw)N, where “SpC” represents spectral counts, “Mw” 
represents the protein molecular weight in kDa, and “N” represents the total number of proteins51.
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GO and pathway analysis.  GO terms in the protein datasets were determined using Uniprot bioinfor-
matics resource (http://www.uniprot.org), which allows functional classification of the identified proteins into 
CC, MF, BP. Functional enrichment analysis was performed using ClueGO, which facilitates the visualization 
of functionally related genes displayed as a clustered network and pathway52,53. The statistical test used for the 
enrichment was based on the two-sided hypergeometric option with Bonferroni step-down correction and a 
kappa score of 0.4.
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