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Abstract 

Host cell proteins (HCP) are a major class of impurities derived from recombinant protein production 

process. While HCP are usually monitored by ELISA, mass spectrometry (MS) based approaches are 

emerging as promising orthogonal methods. Here, we developed an original method relying on data 

independent acquisition (DIA) coupling global HCP amounts estimation (Top 3) and absolute 

quantification with isotope dilution (ID). The method named Top 3-ID-DIA was benchmarked against 

ELISA and a gold standard selected reaction monitoring assay (ID-SRM). Various samples generated 

at different steps and conditions of the purification process, including different culture durations, 

harvest procedures and purification protocols were used to compare the methods. Overall, HCP were 

quantified over 5 orders of magnitude and down to sub-ppm level. The Top 3-ID-DIA strategy proved 

to be equivalent to the gold standard ID-SRM in terms of sensitivity (1-10 ppm), accuracy and 

precision. Moreover, 81% of the Top 3 estimations were accurate within a factor of 2 when 

compared to ID-SRM. Thus, our approach aggregates global HCP profiling for comprehensive process 

understanding with absolute quantification of key HCP within a single analysis, and provides an 

improved support for bioprocess development and product purity assessment.  
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Host cell proteins (HCP) constitute a major class of impurities that must be monitored and efficiently 

removed during recombinant protein purification process
1
. Remaining HCP in the final drug product 

can reduce the drug efficacy
2-4

 or induce adverse patient reactions
5,6

. Therefore, HCP amounts in the 

final drug product must be provided to the regulatory authorities
7
. As a rule of thumb, HCP must be 

quantified below 100 ppm in the final product by enzyme-linked immunosorbent assay (ELISA)
8
. 

Evidence is growing however that ELISA does not provide comprehensive HCP quantification since it 

only detects HCP that induced immune response in animals during ELISA development and provides 

only total HCP amounts without any information on the identity of the detected HCP
1,9-13

. Finally, 

developing a specific ELISA is costly and time consuming
10

. 

As an alternative, mass spectrometry (MS) approaches recently revealed to be most promising to 

characterise HCP contents as they allow unbiased quantification and individual HCP monitoring. 

Recent advances in the MS field, notably the use of MS2 signals for quantification by targeted 

methods (selected reaction monitoring SRM
14

 or parallel reaction monitoring PRM
15

) or data 

independent acquisition (DIA) methods, allowed a 2- to 8-fold gain in sensitivity
16

, and a significant 

gain in specificity and dynamic range when compared to the use of MS1 signals. These features are 

particularly crucial in the HCP field in which very low abundant proteins have to be quantified besides 

a highly abundant predominant protein.  

Targeted SRM assays run on triple-quadrupole type instruments and coupled to isotope dilution 

have, for long, been the gold standard MS-based quantification technique offering highest sensitivity, 

accuracy and robustness but with limited multiplexing. More recently, DIA modes based on the 

collection of MS2 information for all detectable species were introduced on high resolution/accurate 

mass (HRAM) instruments in order to extract valuable quantitative information from whole complex 

proteome maps
16

. Two-dimensional liquid chromatography coupled to DIA-type MS
E
 (2D-LC MS

E
) 

technology has been used in a few studies to quantify HCP in monoclonal antibody (mAb) solutions. 

A Top 3 quantification strategy, which assumes that the signal of the three best responding peptides 
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per mole of protein is constant within a coefficient of variation of less than 10%
17

, was used in these 

studies to estimate absolute amounts of HCP down to a lower limit of quantification (LLOQ) of about 

10 ppm
18-23

. Time is also a factor, at least 10 hours were necessary for this type of analysis, which is 

not easily compatible with real time process support. Alternatively, a 1D-LC sequential windowed 

acquisition of all theoretical fragment ion mass spectra (SWATH) DIA approach was recently shown 

by Walker and co-workers
24

 to achieve equivalent sensitivity in only one hour. 

In this work, we developed MS-based quantification approaches to characterise and profile HCP 

contents in a variety of mAb samples obtained from different steps and conditions of the purification 

process. We propose an original dual DIA-based HCP quantification method allowing both global HCP 

profiling and absolute quantification of a subset of key HCP, thereby leveraging the advantages of 

global and targeted approaches within a single analysis. Our method was benchmarked against ELISA 

and a reference isotope dilution SRM assay (ID-SRM). 
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Experimental Section 

Cell culture. An IgG4 A33 mAb producing CHO-DG44 cell line (provided by UCB Pharma, Brussels, 

Belgium) was cultivated in batch mode using a protein free and chemically defined CD CHO medium 

(Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 6 mM Glutamine (Thermo Fisher 

Scientific) and 5 nM Methotrexate (Merck, Darmstadt, Germany). Cells were grown in 1 L Erlenmeyer 

flasks (300 mL working volume) and incubated at 36.5°C with 5% CO2 on an orbital shaker (123 rpm). 

The cell concentration and viability were monitored every day using a Vi-Cell (Beckman Coulter, Brea, 

CA, USA). Viable cells were distinguished from dead cells using the trypan blue dye exclusion method. 

Samples production. The ultra scale-down (USD) shearing, harvest procedure and clarified cell 

culture fluid (CCCF) fractions collection protocols are described in Supporting Information. 

Protein A chromatography. mAbs were purified using 1 mL HiTrap MabSelect SuRe columns (GE 

Healthcare Life Sciences, Pittsburgh, PA) on an AKTA Pure system (GE Healthcare Life Sciences). Two 

purification types were performed at 1 mL/min using either (i) a standard protocol
25

 or (ii) a modified 

protocol
26

. (i) Standard protocol: equilibration step (5 column volumes (CV) of PBS, pH 7.4) followed 

by loading of an appropriate volume of CCCF for 20 mg mAb. The column was washed with loading 

buffer, and the mAb was eluted (0.1 M citrate pH 3.6). (ii) Modified protocol: equilibration step (5 CV 

25 mM Tris, 100 mM NaCl pH 7.4) followed by loading of an appropriate volume of CCCF for 20 mg 

mAb. The column was washed with loading buffer. An intermediate wash (5 CV 25 mM Tris, 10% 

isopropanol, 1 M urea, pH 9) and a pre-elution wash (3 CV 50 mM citrate, pH 4.4) were performed 

before mAb elution (100 mM acetate, pH 3.6). After elution, post protein A (PPA) fractions were 

directly neutralised to pH 6 using 2 M Tris HCl pH 8.8. A dedicated new column was used for each 

purification. 

Protein quantification. mAb and global protein quantifications were performed as described in 

Supporting Information. 
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HCP-ELISA. The HCP were quantified using the CHO HCP ELISA kit, 3G (Cygnus Technologies, 

Southport, NC, USA) in technical triplicates according to the manufacturer’s protocol. 

Sample preparation. Samples were separated using SDS-PAGE for spectral library generation (pooled 

CCCF and pooled PPA fractions), or stacked in a single band for HCP quantification. Retention time 

standards (iRT, Biognosys, Schlieren, Switzerland) and four accurately quantified standard proteins 

(on-column 100 fmol ADH (yeast alcohol dehydrogenase P00330), 20 fmol PYGM (phosphorylase b 

P00489), 5 fmol BSA (bovin serum albumin P02769) and 2 fmol ENL (yeast enolase P00924) from the 

MassPREP Digestion Standard Kit, Waters, Milford, MA, USA) were spiked in each samples. For 

absolute quantification experiments, a concentration-balanced mixture of 20 accurately quantified 

stable isotope labelled peptides (AQUA peptides, Thermo Fisher Scientific) were spiked. 

Mass spectrometry analysis. Data dependent acquisition (DDA) and data independent acquisition-

sequential windowed acquisition of all theoretical fragment ion mass spectra (DIA-SWATH) analyses 

were performed on an Eksigent NanoLC 400 system operated in microLC-mode and coupled to a 

TripleTOF 6600 quadrupole-time of flight mass spectrometer (both from SCIEX, Framingham, MA, 

USA). Selected reaction monitoring (SRM) analyses were performed on a Dionex UltiMate 3000 

operated in microLC-mode and coupled to a TSQ Vantage triple quadrupole mass spectrometer (both 

from Thermo Fisher Scientific). On both couplings, 8 µg of peptides were separated on a ZORBAX 

300SB-C18 column (150 mm x 300 µm with 3.5 µm diameter particles, Agilent Technologies). 

Chromatographic gradient and MS settings are given in Supporting Information. 

DIA-SWATH targeted data extraction. A spectral library was generated as described in Supporting 

Information. DIA data were processed using Skyline
27

 (version 3.5.9.10061). Validated proteotypic 

peptides from the spectral library were extracted with following parameters (based on previous 

work
28

 and in-house optimisations on standard samples, data not shown): the 6 most intense 1+ b- 

and y-type product ions were extracted, from ion 3 to last ion – 1, while the precursors with less than 

3 transitions were excluded. Resolving power was set to 50 000, and a retention time tolerance of 5 
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min (+/- 2.5 min) was used. Retention times were predicted with iRT standards (Biognosys). Peaks 

were reintegrated using the target decoy approach (reverse sequences) of the mProphet peak-

scoring model, and a Q-value was assigned to each peak. Peak integrations were manually checked 

and curated for HCP of interest. Fragment areas, detection Q value and library dot product were 

exported for each peptide in .csv files. 

Top 3 estimation. Only peptides with Q-value below 0.01 (corresponding to a false discovery rate of 

1%) and dot-product above 0.6 were kept. The fragment areas were summed for each peptide and 

the 3 best responding peptides were summed for each protein. Only proteins quantified in at least 

two replicates in at least one sample were kept, independently for CCCF and PPA fractions. The 

universal signal response factor
17

 (signal / mol of protein) was calculated using PYGM and was used 

to estimate mol quantities of all proteins. Using molecular weights and mAb quantifications, 

individual HCP amounts in ppm were estimated. Only quantifications with a coefficient of variation 

(CV) below 20% between technical triplicates were used to build a heat map (Table S1) and calculate 

total HCP amounts in each sample.  

Selection of 10 HCP and their proteotypic peptides. Ten HCP were chosen based on their potential 

immunogenicity, proteolytic activity, purification behaviour, or estimated abundance using 

preliminary data acquired on the samples and literature knowledge. The selected HCP and their 

proteotypic peptides are described in Supporting Information and Table S2. 

Absolute quantification. Six transitions were analysed for each precursor ion for both SRM and DIA 

approaches. If comprised in the linear range of the assay as determined by calibration curves 

(detailed procedures for calibration curves and LLOQ determination are provided in Supporting 

Information and Figure S1 and S2), the ratios between endogen and stable isotope labelled AQUA 

peptides were used to calculate the mol amounts of endogenous peptides, which were averaged to 

calculate the mol amounts of corresponding proteins. Using molecular weights and injected mAb 

quantities, individual HCP amounts in ppm were calculated. 
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Results 

Overview of MS approaches developed to monitor HCP contents during bioprocess development 

MS-based HCP quantification strategies were evaluated according to the global workflow presented 

in Figure 1. First, we investigated the impact on the HCP content at harvest of the cell culture 

duration and cell viability, as it was shown to induce significant changes in harvest HCP 

composition
11,12,29-31

. Cell culture fluid was thus collected at days 7 and 10, corresponding to cell 

viabilities of 71% and 8%, respectively (Figure S3). Then, different shear stress conditions during 

harvest were compared using the ultra scale down (USD) shear device
32,33

 developed at University 

College London. Finally, two protein A purification protocols were compared: a standard protocol
25

, 

and a modified protocol
26

 including a high pH wash with a combination of 1 M urea and 10% 

isopropanol in order to disrupt mAb – HCP interactions while preserving mAb – protein A bindings. 

Overall, 4 clarified cell culture fluid (CCCF) and 8 post protein A (PPA) fractions were collected (Figure 

2). 

MS-based quantification methods were developed and benchmarked for HCP monitoring on all 

samples: an original Top 3-ID-DIA approach combining DIA and Top 3 quantification of all detected 

HCP with isotope dilution for absolute quantification of a subset of 10 selected HCP, and a gold 

standard isotope dilution SRM assay to absolutely quantify the same 10 selected HCP. 

For global profiling, a spectral library was generated as described in Experimental Section and used to 

extract signals for all detectable HCP. For Top 3 amount estimations, the PYGM protein was used as 

the reference protein, and ADH, BSA and ENO were used as quantification controls. Stable isotope 

labelled peptides were spiked into all samples to allow accurate absolute quantification of the 10 

selected HCP with both Top 3-ID-DIA and ID-SRM methods. 

Global HCP contents estimation over bioprocess steps  
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We generated a comprehensive HCP spectral library from the mAb-producing CHO cell line 

containing 25 338 proteotypic peptides corresponding to 3 220 proteins. The use of a SDS-PAGE 

separation prior to LC-MS/MS analyses allowed limiting interferences from overwhelming mAb 

peptides and building a large spectral library specifically corresponding to the producing cell line, 

without having to use a null CHO cell line. Two distinct acquisition methods using 75 variable 

windows were optimised for CCCF and PPA fractions (Table S3), respectively, to reduce potential 

interferences and achieve highest specificity in DIA analysis. Transition groups specific to all peptides 

contained in the spectral library were extracted using their predicted retention times (thanks to 

retention time standards) as described in the Experimental Section. Noteworthy is that in PPA 

samples, the low number of target HCP peptides makes the differentiation between targets and 

decoys challenging, the false discovery rate strategy suboptimal
34

 and an additional dot product 

threshold was thus applied to remove highly interfered peptides in these samples. The universal 

response factor
17

 (signal / mol of protein) allowed the quantification controls ADH, BSA and ENO 

spiked at 100 fmol, 5 fmol and 2 fmol, to be estimated at 140 ± 12 fmol, 7 ± 2 fmol and 0.5 ± 0.2 fmol, 

respectively. Only quantifications achieved with a coefficient of variation (CV) of less than 20% 

between triplicates were summed to calculate total HCP amounts for each sample. On average, 1 454 

HCP were quantified in the CCCF fractions representing 288 513 to 389 657 ppm and 119 HCP in the 

PPA fractions representing 2 646 to 5 386 ppm (Figure 2). These global HCP amounts are in 

accordance with previous studies focused on HCP quantification by MS
19,23

. We could estimate 

individual HCP amounts ranging from 0.5 to 16 192 ppm in the CCCF fractions, and from 0.1 to 731 

ppm in the PPA fractions, thus covering a dynamic range of 5 orders of magnitude (Table S1). In 

parallel, HCP were quantified in PPA fractions using ELISA and ranged from 276 to 959 ppm, which is 

significantly lower when compared to Top 3-ID-DIA estimations (on average 8 times lower).  

Absolute quantification of 10 selected HCP 
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ID-SRM quantification. Working with the same LC gradient as for the Top 3-ID-DIA analyses, a time-

scheduled ID-SRM method was developed, first, using 20 crude stable isotope labelled synthetic 

peptides spiked in CCCF and PPA matrices. Six specific transitions were chosen for each peptide, and 

collision energy values were individually optimised for each transition. Then, accurately quantified 

stable isotope labelled AQUA peptides were spiked in known amounts into the samples for absolute 

quantification. Calibration curves were realised for each peptide to determine the linear 

quantification range and LLOQ of the assay (Figure S1). FDA-approved criteria
35

 were applied for 

calibration curves interpretation as detailed in Supporting Information. LLOQ values could be 

determined for 13 out of the 20 peptides. Absolute quantification could be obtained for 8 out of the 

10 targeted HCP, ranging from 1.7 to 23 681 ppm thus covering a dynamic range of 4.1 orders of 

magnitude (Table S4, Figure S4). As expected, Pyruvate kinase was found very abundant in CCCF 

fractions (from 13 674 to 23 681 ppm), while cytoplasmic Isoleucyl-tRNA synthetase was very low 

abundant in PPA fractions (below 18 ppm). Difficult to remove HCPs were detected in the PPA 

fractions from 1.7 to 106 ppm with the exception of Pyruvate kinase found at 157 and 536 ppm in 

PPA 7 and 8 fractions, respectively. HEAT repeat-containing protein 3 and Eukaryotic translation 

initiation factor 3 subunit L were not quantified because no valid calibration curve could be built for 

their corresponding peptides. 

Top 3-ID-DIA quantification. The same 10 HCP were absolutely quantified using isotope dilution 

within the Top 3-ID-DIA experiment. Identical criteria were applied as for the ID-SRM approach to 

build calibration curves and determine LLOQ in DIA mode. Calibration curves and LLOQ values could 

be determined for 17 out of the 20 peptides (Figure S2). The 10 HCP were accurately quantified from 

0.7 to 26 017 ppm thus covering a dynamic range of 4.6 orders of magnitude (Table S4, Figure S4). 

Again, as expected, Pyruvate kinase was found highly abundant in CCCF fractions (from 15 494 to 

26 017 ppm), while cytoplasmic Isoleucyl-tRNA synthetase was very low abundant in PPA fractions 

(below 32 ppm). Difficult to remove HCPs were consistently detected in PPA fractions from 0.7 to 120 
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ppm, excepted for Pyruvate kinase which was quantified at 172 and 456 ppm in PPA 7 and 8 

fractions, respectively. 

 

 

Discussion 

Benchmarking of MS methods for HCP quantification 

The sensitivity of the Top 3-ID-DIA method was evaluated by comparing LLOQ values (obtained from 

established calibration curves) to the ones achieved with the gold standard ID-SRM assay (Figure 

S5a). Most LLOQ values determined for both methods were below 10 ppm, with minima at 0.3 ppm 

for ID-SRM and 0.1 ppm for ID-DIA. These sensitivities are consistent, even better, when compared to 

previous works that published LLOQ values of 10 ppm using 1D LC-SWATH
24

 and 2D-LC MS
E23

. The 

accuracy of both Top 3 estimations and ID-DIA absolute quantifications simultaneously achievable 

with the Top 3-ID-DIA method, was assessed using pairwise comparisons to ID-SRM absolute 

quantifications (Figure S5b). Absolute quantifications achieved by ID-SRM and ID-DIA were all 

consistent within a factor of 2. Top 3 estimations presented wider errors attributable to both 

acquisition mode and quantification strategy changes. It is of note that 81% of the Top 3 estimations 

were consistent with ID-SRM quantification values within a factor of 2. These results are also in line 

with previous evaluations of the Top 3 estimation strategy for HCP quantification
22,24

. Finally, the 

precision of quantification was probed using coefficients of variation (CV) between technical 

triplicates (Figure S5c). All three approaches, Top 3 estimation, ID-DIA and ID-SRM displayed 

equivalent and good precision with a vast majority of CV values between technical triplicates below 

5%. 

Overall, our results demonstrate that Top 3-DIA estimations are reasonably accurate and constitute a 

good compromise with limited method setup requirements and limited cost, while providing a wider 
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view and understanding of the HCP content. Though, when accurate quantification of specific HCP of 

interest needs to be provided (which is certainly the case for problematic HCP such as for instance 

recognised immunogenic ones), the use of stable isotope dilution combined to a targeted MS assay 

like ID-SRM is still recommended. In the present work, we proved that combining both strategies 

within a single Top 3-ID-DIA method is possible without compromising performances. By spiking a 

reference protein and an optimised mixture of stable isotope labelled AQUA peptides corresponding 

to key HCP into the samples, we reached equivalent performances compared to the gold standard ID-

SRM approach for a subset of HCP (ID-DIA) in addition to provide estimations of all detected HCP 

amounts within a single analysis. The combined Top 3-ID-DIA strategy thus constitutes a solution of 

choice that could be generalised in the HCP characterisation field. 

Benchmarking of MS quantification against ELISA quantification 

In PPA fractions, total HCP contents were quantified by the Top 3-ID-DIA approach and by a generic 

ELISA. Overall, the MS-HCP quantification raised on average an 8 fold higher total HCP content, which 

is in line with previous reports
36-38

. This can be explained by the biases intrinsic to ELISA 

quantification (i) the anti-HCP antibodies only detect a subset of HCP (those who elicit an immune 

response during ELISA development) while MS allows unbiased quantification of all detectable HCP, 

(ii) intracellular enzymes including proteases released at harvest (increased probability with 

increased shear stress
32

) may degrade HCP and thus prevent their recognition by ELISA, while 

degraded HCP can still be detected by MS
2-4,39

, and (iii) the generic ELISA standard HCP sample that is 

used to generate the standard curve does not contain the same HCP population as the tested 

samples thus biasing the quantification. Interestingly, the ratio obtained between MS and ELISA 

quantifications increases when the samples diverge from a “standard” sample. The MS over ELISA 

amounts ratio is about 4 for “standard” samples (PPA 1, 2 and 3) generated using standard protocols, 

while it increases for “non-standard” samples, up to 14.4 for PPA 8 fraction. Forty-six HCP were 

detected uniquely in the PPA 8 fraction representing 904 ppm over a total of 5 386 ppm for 154 HCP. 
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This observation again argues that ELISA targets only a subset of all possible HCP. Ultimately, this 

argument could also be raised for our Top 3-ID-DIA approach as it is limited to HCP present in the 

spectral library used to extract the data. Though, building an HCP spectral library is less demanding of 

time and resources than developing a new ELISA assay, and improving an HCP spectral library by 

adding newly identified peptides is possible anytime (provided retention time standards are spiked in 

newly analysed samples). Thus, an HCP spectral library can be considered as an evolving resource 

that can be easily shared and collectively enriched to reach the largest proteome coverage of the 

concerned cell line. Alternatively, non-library-based algorithms are currently being developed by the 

computational proteomics community to interpret DIA data and, even if the results are still not 

reaching the quality levels of library-based approaches, the output of these solutions has recently 

significantly improved in terms of proteome coverage and false discovery proportions control
28,40

. 

HCP characterisation using MS techniques would also greatly benefit from a better curated CHO 

protein database
41

, as the one that is currently available on public resources contains 99% 

unreviewed and highly redundant sequences (mostly UniProtKB-TrEMBL entries). Database 

redundancy is in the end the most limiting factor as only unique peptides are considered for 

quantification and numerous peptides are therefore unnecessarily discarded based on non-unicity 

criteria. 

MS allows better understanding of process-related behaviours 

Beyond global HCP contents estimation and unlike ELISA, the Top 3-ID-DIA approach also allowed 

precise identification of about 1 450 HCP in CCCF fractions and 120 HCP in PPA fractions. Precisely 

identifying and individually quantifying HCP is of crucial importance if one aims to understand 

ongoing mechanisms and eventually improve bioprocess.  

For instance, global HCP contents were estimated gradually higher when cell culture fluids were 

exposed to low or high shear stress or when cells were cultivated for an extended duration. Both 

observations are in line with previous studies
11,12,29,30

. This tendency was not observed in PPA 
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fractions which can be tentatively explained by looking at specific HCP behaviours (Figure S6a). A 

gradual and strong enrichment of ribosomal proteins was observed with increasing shear stress: from 

1 804 ppm without shear stress (CCCF 1) to 3 619 and 12 409 ppm with low (CCCF 2) and high (CCCF 

3) shear stress, respectively. Shear stress is known to induce cell breakage and therefore intracellular 

content release among which ribosomal proteins are highly abundant
32

. However, these differences 

were not observed among PPA fractions (in which ribosomal proteins were quantified around 50 

ppm regardless their originating CCCF fraction) demonstrating that the protein A purification step 

efficiently removed these abundant intracellular proteins.  

An extended cell culture duration led to overrepresentation of heat shock proteins family in the CCCF 

fractions (Figure S6b): Heat shock protein (tr|A0A061ID29|A0A061ID29_CRIGR) was quantified at 24 

ppm at 7 days versus 124 ppm at 10 days, Endoplasmin (tr|G3HQM6|G3HQM6_CRIGR) at 8 798 ppm 

at 7 days versus 16 192 ppm at 10 days, and 78 kDa glucose-regulated protein 

(tr|G3I8R9|G3I8R9_CRIGR) at 6 059 ppm at 7 days versus 12 009 ppm at 10 days. While Heat shock 

protein is totally removed (not detected) and 78 kDa glucose-regulated protein is partially removed 

from all PPA fractions (average 54 ppm), Endoplasmin remains more abundant in PPA fractions 

obtained at 10 days (on average 110 ppm in all PPA fractions from 7 days compared to 172 and 405 

ppm in PPA 7 and 8 fractions from 10 days). On the contrary, several proteins are underrepresented 

in CCCF fractions after an extended culture duration, like Annexins 

(tr|A0A061IML2|A0A061IML2_CRIGR, tr|G3I5L3|G3I5L3_CRIGR, tr|G3IG05|G3IG05_CRIGR) which 

were quantified at 245, 797 and 324 ppm at 7 days versus 0, 51 and 18 ppm at 10 days. Annexins 

were efficiently removed by the protein A purification and were not detected in any PPA fraction.  

Several HCP keep constant over time in CCCF fractions but are significantly more abundant in PPA 

fractions obtained after 10 days of culture like Pyruvate kinase 

(tr|A0A098KXC0|A0A098KXC0_CRIGR) which was quantified on average at 60 ppm in PPA fractions 

from 7 days versus 183 and 445 ppm in PPA 7 and 8 fractions from 10 days, 6-phosphogluconate 
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dehydrogenase, decarboxylating (tr|G3IHY5|G3IHY5_CRIGR) which was not detected in PPA fractions 

except in PPA 7 and 8 fractions from 10 days at 32 and 67 ppm, respectively, Heat shock cognate 71 

kDa protein (sp|P19378|HSP7C_CRIGR) which was quantified on average at 21 ppm in PPA fractions 

from 7 days versus 94 and 250 ppm in PPA 7 and 8 fractions from 10 days, respectively. These 

behaviours are not easy to understand but one could hypothesise that the presence of specific HCP 

after 10 days in the CCCF fraction could help other HCP to co-purify with the mAb. Thereby, an HCP 

that is known to be easily removed could become challenging in the presence of certain cofactors.  

Finally, the modified protein A purification protocol that we evaluated allowed a more efficient 

removal of some HCP when compared to the standard purification protocol (Figure S6c) : 

Heterogeneous nuclear ribonucleoprotein U-like protein 1 (tr|G3IA10|G3IA10_CRIGR) was 

quantified on average at 298 ppm in PPA fractions obtained using the standard purification protocol, 

but at 59  and 14 ppm in PPA 4 and 8 fractions obtained using the modified purification protocol; 

Putative phospholipase B-like 2 (tr|G3I6T1|G3I6T1_CRIGR) was quantified on average at 62 ppm in 

PPA fractions obtained using the standard purification protocol, but at only 12 ppm using the 

modified purification protocol. The absolute quantification of Phospholipase B-like 2, or PLBL-2, by 

ID-SRM and ID-DIA confirmed the Top 3-DIA estimations as shown in Figure 3. This is particularly 

interesting since PLBL-2 is known for its immunogenicity
5,6

 and currently constitutes a major 

purification challenge
42

. 

More generally, it becomes obvious that after the protein A purification step, downstream 

purification process has to face with co-purifying HCP that either specifically bind to the mAb
19,43-46

 or 

bind to protein A and are co-eluted, as it was demonstrated for chromatin-bound histone 

impurities
47,48

. Though published evidence using Null cell lines indicates, the presence of mAb is the 

critical factor to seeing elevated HCP levels
26,44
. In this context also, the specific identification of 

“difficult to remove” HCP by MS and the consecutive development of robust targeted quantification 

methods constitute tools of choice to help in designing an appropriate HCP clearance strategy. 
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Altogether, these examples show that MS-based quantification approaches, and especially the 

proposed combined Top 3-ID-DIA approach, provide additional valuable information to ELISA: HCP 

contents can be precisely monitored in a more comprehensive manner with high throughput, and 

can lead process development to release cleaner and safer products. 
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Supporting Information Available 

Supporting Information is available free of charge via http://pubs.acs.org/. 

It includes detailed experimental procedures, complete lists of quantified proteins, calibration curves 

and a series of graphical views of the quantification results.  
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Figure legends 

 

Figure 1: Overview of MS-based quantification strategies developed for HCP monitoring. 

Figure 2: Estimations of global HCP contents using Top 3-ID-DIA (and ELISA quantification for PPA 

fractions). Quantification was performed using the 3 best responding peptides per protein relative to 

a standard spiked protein (20 fmol PYGM), deriving ppm values and summing all proteins amounts to 

obtain a total HCP content in ppm. ELISA quantification was obtained using a generic ELISA kit 

according to the manufacturer’s protocol. 

Figure 3: Quantification results obtained for Phospholipase B-like 2 protein in PPA fractions. PPA 1, 2, 

3, 5, 6 and 7 fractions were obtained with the standard purification protocol, while PPA 4 and 8 

fractions were obtained with the modified purification protocol. 
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Figure 1 
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Figure 3 
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