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ARTICLE INFO ABSTRACT

Keywords: Host cell proteins (HCPs) are process-related impurities expressed by the host cells during biotherapeutics’
mAbs manufacturing, such as monoclonal antibodies (mAbs). Some challenging HCPs evade clearance during the
SWATH-MS

downstream processing and can be co-purified with the molecule of interest, which may impact product stability,
efficacy, and safety. Therefore, HCP content is a critical quality attribute to monitor and quantify across the
bioprocess.

Here we explored a mass spectrometry (MS)-based proteomics tool, the sequential window acquisition of all
theoretical fragment-ion spectra (SWATH) strategy, as an orthogonal method to traditional ELISA. The SWATH
workflow was applied for high-throughput individual HCP identification and quantification, supporting char-
acterization of a mAb purification platform. The design space of HCP clearance of two polishing resins was
evaluated through a design of experiment study. Absolute quantification of high-risk HCPs was achieved
(reaching 1.8 and 4.2 ppm limits of quantification, for HCP A and B respectively) using HCP-specific synthetic
heavy labeled peptide calibration curves. Profiling of other HCPs was also possible using an average calibration
curve (using labeled peptides from different HCPs). The SWATH approach is a powerful tool for HCP assessment
during bioprocess development enabling simultaneous monitoring and quantification of different individual
HCPs and improving process understanding of their clearance.

CHO HCP identification

high throughput HCP quantification
Purification platform

Bioprocess development

1. Introduction or posing potential safety risks for patients (Husson et al., 2018; Van-
derlaan et al., 2018; Walker et al., 2017). Although most HCPs are

Host cell proteins (HCPs) are process-related impurities expressed by effectively eliminated during the purification process, some are more
host cells during the production of biologics, such as monoclonal anti- challenging to remove and are commonly present in the drug product
bodies (mAbs). Some HCPs are problematic due to their biological (Huang et al., 2021). Therefore, it is critical to monitor residual HCPs
enzymatic activity or immunogenicity profile, reducing product efficacy during bioprocessing steps (Sim et al., 2020). Current guidelines
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Anion exchange; HIC, Hydrophobic interaction chromatography; Ambic, ammonium bicarbonate; DTT, DL-Dithiothreitol; IAA, Iodoacetamide; TFA, Trifluoroacetic
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recommend total HCP levels in the final drug substance (DS) to be
typically under 100 ppm (Gilgunn and Bones, 2018). The wide dynamic
range of concentrations comprising residual HCP levels as well as the
highly concentrated product of interest is one of the major challenges of
HCP quantification (Vanderlaan et al., 2018).

To the present date, enzyme-linked immunosorbent assay (ELISA) is
the gold-standard method for total HCP quantification, mainly due to its
robustness, simplicity, and high-throughput capacity (Esser-Skala et al.,
2020). However, this method presents several drawbacks: it does not
provide HCP identification data and there is no information on the an-
tigens being measured on the commercially available kits; sensitivity
depends on the immunogenicity of each HCP during reagent generation,
which implies that some HCPs may not be detected even if present; in-
dividual HCPs levels may exceed the specific antibody available,
meaning that quantification may be underestimated; and the method
does not discriminate if the HCP amounts are from an individual HCP or
a sum of several HCPs (Husson et al., 2018; Walker et al., 2017).

To improve process understanding it is critical to obtain a compre-
hensive profiling of HCPs, knowing their identity and their individual
levels to evaluate how process conditions impact HCP clearance and to
guide process optimization in terms of HCP removal (Gilgunn and
Bones, 2018). Advances in the biologics field, emergence of new tech-
nologies, and revision of regulatory requirements are pushing the
development of improved tools and the use of orthogonal methods to
support ELISA data (European Pharmacopoeia. European Pharmaco-
poeia., 2017; US Pharmacopeia. Residual host cell protein measurement in
biopharmaceuticals.USP 39 Published General Chapter <1132>., 2016;
ICH., 2021; ICH Expert Working Group, 1999).

Mass spectrometry (MS)-based methods for HCP identification and
quantification are being explored, and recommended by regulatory
authorities, as orthogonal and complementary approaches to ELISA as-
says (European Pharmacopoeia. European Pharmacopoeia., 2017; US
Pharmacopeia., 2016; “USP., 2015-2020. Available from: https://
callforcandidates.usp.org/node/20136,” n.d.). Data-dependent acquisi-
tion (DDA)-based methods have been most commonly used for quali-
tative proteomics and have been reported as suitable to monitor and
analyze HCPs during manufacturing (Sim et al., 2020). In a DDA
experiment, there is a limited number of ions that are selected for
MS/MS fragmentation. Although high-spectral quality is obtained for
the selected peptides, this means that low abundant HCPs may be missed
(Pilely et al., 2022). Moreover, the stochastic nature of fragmenta-
tion/peptide sampling requires multidimensional separation steps
coupled with lengthy chromatographic gradients, which limits
throughput and the viability to use these methods for bioprocess
development and optimization (Lange et al., 2008; Picotti and Aeber-
sold, 2012; Sim et al., 2020). To address these challenges, targeted ap-
proaches were implemented, such as multiple reaction monitoring
(MRM) (Carr et al., 2014) or parallel reaction monitoring (PRM)
(Bourmaud et al., 2016; Peterson et al., 2012). These approaches deliver
high specificity and sensitivity since predetermined pairs of pre-
cursor/fragments (i.e., transitions) are measured. However, the number
of transitions is limited, even when time-scheduled transitions are used
(transitions are only monitored during a specific time window which is
set according to their respective retention times). Hence, these methods
can only be used when the HCPs to be monitored are previously estab-
lished. Moreover, the list of critical HCPs is not always known a priori, as
HCP co-purification is usually dependent on product-specific binding, or
interactions with, for example, protein A resin (Jones et al., 2021;
Walker et al., 2017). As an alternative, data independent acquisition
(DIA) (reviewed in (Zhang et al., 2020)) can be used for the simulta-
neous quantitation of all HCPs identified, overcoming the limitations of
traditional DDA-based methods and eliminating the need for targeted
analysis (Gillet et al., 2012; Hessmann et al., 2023; Panchaud et al.,
2011; Purvine et al., 2003; Sebastiao et al., 2020, 2018, 2019; Silva
et al.,, 2006; Sima Strasser et al., 2021; Trauchessec et al., 2021).
Sequential window acquisition of all theoretical fragment-ion spectra
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Table 1
List of 9 commonly found HCPs used to generate an average standard cali-
bration curve.

HCP UniProt ID (CRIGR)

Cathepsin D

Serine protease HTRA1
Putative phospholipase B-Like 2
Lipoprotein Lipase
Peroxiredoxin-1

Phospholipid transfer protein

G3I4W7_CRIGR
G3IBF4_CRIGR
G3I6T1_CRIGR
G3H6V7_CRIGR
G3GYP9_CRIGR
G3H8V4_CRIGR

Galectin G3I4Z7_CRIGR
Ubiquitin G3I1129_CRIGR
Clusterin G3HNJ3_CRIGR

(SWATH) is a DIA-MS approach that performs fragmentation of all
precursor ions through a sequential series of specified mass ranges
(windows). SWATH relies on targeted data extraction and uses a specific
ion spectral library to enable the extraction of high-quality quantitative
measurements (Sim et al., 2020; Walker et al., 2017). This method has
been reported as suitable for HCP profiling during bioprocess develop-
ment (Blethrow and Johansen, 1997; Sim et al., 2020; Walker et al.,
2017), presenting a high reproducible performance (Collins et al.,
2017). However, processing and analyzing the amount of data generated
during SWATH analysis is still a challenge, often requiring tailored
bioinformatic tools to increase throughput and decrease the number of
false positives (Ludwig et al., 2018; Rosenberger et al., 2017).

Here, we implemented a SWATH-MS workflow that enables simul-
taneous detection and quantification (absolute or semi-absolute, for
some HCPs below 1 ppm range) of individual HCPs, including some that
were unknown a priori. These quantifications rely on specific calibration
curves, using specific heavy labeled peptides (synthetic peptides labeled
with heavy isotopes) of a target HCP, or on an average calibration curve
(using heavy labeled peptides from several HCPs). Nine different HCPs
(Table 1) were selected as targets for absolute quantification. These
proteins are considered high-risk HCPs being potentially relevant to
support the characterization of our platform workflow. As an example,
Serine protease is a problematic HCP due to its potential impact on drug
quality. This HCP has been reported to degrade mAbs in some cases
(Jones et al., 2021).

The SWATH method was applied to evaluate the HCP removal ca-
pacity of a mAb purification platform, focusing on two polishing resins,
through a Design of Experiment (DoE) methodology. This powerful high
throughput tool leverages process understanding and knowledge which
is key for bioprocess development and efficient HCP removal. Moreover,
it can be used in the scope of regulatory discussions by developing
platform understanding of HCP removal across projects, helping to bring
high-quality biologics to the market in a faster and safer manner.

2. Materials and methods
2.1. Sample generation

2.1.1. Biological material

Materials were generated using Chinese hamster ovary (CHO) cells.
Clarified bulk harvest (CBH) and downstream process intermediates of
two mAb molecules were used: mAb1 (IgG4) and mAb2 (IgG1).

2.1.2. Chromatographic experiments

2.1.2.1. Chemicals and reagents. Buffers and solutions were prepared
using chemicals of analytical grade (Sigma). Buffers were prepared by
mixing acid and conjugate base solutions to reach the desired pH.
Conductivity was adjusted by sodium chloride addition.

2.1.2.2. Protein A chromatography. mAbs were purified on protein A
chromatography columns (20 cm bed height) on an AKTA pure 25M
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workstation (Cytiva) monitored with Unicorn 7.6 software. Protein
detection was performed at 280 nm. The protein A column was equili-
brated, loaded with the clarified bulk harvest, and washed. The product
was then eluted with 25mM acetate pH 3.7. Clarified Bulk Harvest
(CBH), Protein A Flowthrough (FT), Protein A wash (wash) and Protein
A eluate (PAE) were sampled for spectral library generation (see Section
2.5.1). Protein A purification runs were operated under non-optimized
conditions (neutral wash buffer) to increase the level/number of HCPs.

2.1.2.3. Characterization of polishing resins. Two polishing resins have
been studied: polishing 1 is a mixed-mode AEX (anion exchange) resin
and polishing 2 is a HIC (hydrophobic interaction chromatography)
resin. Both resins are used in flowthrough mode.

2.1.2.3.1. DoE design. The design space of HCP clearance of the two
polishing resins have been characterized using Design of Experiment
(DoE). The Custom Design tool in JMP15 was used to generate a response
surface model to study main effects, pairwise interactions, and quadratic
effects, yielding 16 chromatography experiments per mAb and polishing
resin. The following primary factors have been studied: load factor
(100-300 g/L), load pH (4 -7 for mAbl and 5 -8 for mAb2) and load
NacCl concentration (0 —-300 mM).

2.1.2.3.2. Polishing chromatography method. Experiments were car-
ried out on a Freedom EVO 200 (Tecan) using OPUS RoboColumn pre-
packed columns (Repligen Corporation) of 0.2 mL column volume and
1 cm bed height. The load material was protein A eluate adjusted at the
studied pH and salt concentration. Columns were equilibrated to match
the load pH and conductivity before loading the material. At the end of
the load, the equilibration buffer was used to recover the product. A
residence time of 5 minutes was used throughout the process.

2.1.2.4. Protein concentration and total HCP quantification. The purified
samples were quantified (total protein content) by UV-Vis using a Big
Lunatic spectrophotometer (Unchained Labs). Total HCP content was
determined using Gyrolab disc-based immunoassay with the Gyrolab
CHO-HCP E3G Kit on the Gyrolab xP workstation (Gyros Protein
Technologies).

2.2. SWATH -MS

2.2.1. Chemicals and reagents

Sample digestion was performed using the following reagents: Water
LC-MS grade (Fisher Chemical), ammonium bicarbonate (Ambic)
(Sigma), RapiGest Surfactant (SF) (Waters), DL-dithiothreitol (DTT)
(Sigma), iodoacetamide (IAA) (Sigma), Sequencing Grade Modified
Trypsin (Promega), and trifluoroacetic acid LC-MS grade (TFA) (Fisher
Chemical). Formic acid 0.1% solution in water LC-MS grade (Fisher
Chemical) and formic acid (FA) 0.1% solution in acetonitrile LC-MS
grade (Fisher Chemical) were used for LC-MS runs.

2.2.2. Sample preparation

Protein samples were digested with trypsin before LC-MS analysis. In
all samples, protein concentration was adjusted to 0.8 pg/pL using
50 mM Ambic. One hundred pg of protein was incubated with RapiGest
SF (0.1%) and DTT (5 mM) for 60 min at 60 °C, while mixing at 500 rpm.
The reaction mixture was cooled to room temperature and IAA solution
(15mM) was added and incubated for 30 min at room temperature,
while mixing at 500 rpm. Trypsin was added to the reaction (2.5 pg) and
incubated for 16 hours at 37 °C. The sample was acidified by adding TFA
to a final concentration of 1% and incubated for 45min at 37 °C,
500 rpm mixing. Precipitated RapiGest SF was removed by centrifuga-
tion at 21130 g for 15 min. Digested samples were stored at —80 °C until
further analysis.

2.2.3. LC-MS analysis strategy
DDA and DIA SWATH acquisition were performed using a TripleTOF
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6600 mass spectrometer coupled to Eksigent NanoLC 400 system (in
microL.C mode) (SCIEX).

2.2.3.1. Spectral peptide library generation. A spectral peptide ion library
was generated for the untargeted SWATH analysis of HCPs and the se-
lection of proteotypic peptides for SWATH absolute quantification of
target HCPs. A total of 23 protein samples (CBH, FT, wash and PAE)
were acquired in DDA mode (Top 50 MSMS) in duplicate. 7.8 pg of each
sample were analyzed by MicroLC with a trap-and-elution configuration
using a Micro Trap positive C18 0.3 x10 mm (Phenomenex) and sepa-
ration column (ChromXP C18-CL, 3 pm 120 fo\, 0.3 x 150 mm, Eksigent).
Detailed LC and MS parameters are shown in the supplementary infor-
mation (Suppl. Tables 1 and 2).

The spectral peptide library was created by combining all DDA raw
files into a single ProteinPilot software (v5.0 SCIEX) group file search
with the Paragon algorithm a CHO database (UP000001075, 23885
proteins from Swiss-Prot & TrEMBL, download date 03/18/2022) sup-
plemented with the heavy and light chains of the respective mAb was
used. Proteins within an FDR <1% (Global FDR from fit) were consid-
ered. Shared peptides were set not to be imported. A specific spectral
library was built for each mAb product analyzed, with 502 proteins for
mAb1 and 1074 proteins for mAb2.

2.2.3.2. Selection of proteotypic peptides. For the absolute quantification
of target HCPs using DIA-SWATH-MS, two proteotypic peptides for each
individual target HCP were selected using the Skyline software (version
22.2.0.255) (MacLean et al., 2010). Peptides were selected based on the
following criteria: 0 missed cleavages; 8 -45 amino acid length; exclude
peptides containing Cys, Met, His, RP/KP and NXT/NXS motifs; peptides
must be present in the peptide library (built based on DDA runs
described in Section 2.5.1.). The final list of peptides was ranked by
intensity levels observed on the peptide library, and two peptides per
HCP were selected for the synthesis of heavy labeled peptides (with
stable isotope-labeled C-terminal amino acids). The peptides were pur-
chased from PEPSCAN.

2.2.3.3. DIA-SWATH MS. For the quantitative analysis of HCPs by MS,
7.8 ug of protein digest was analyzed by SWATH-MS acquisition in
triplicate runs. Chromatographic conditions were similar to the previ-
ously described DDA run. SWATH-MS data were acquired using a set of
64 overlapping variable SWATH windows (Suppl. Table 3), calculated
using the SWATH Variable Window Calculator V1.0 (SCIEX).

Each sample was spiked with 20 fmol of the four heavy peptides
standards of the HCPs targeted for absolute quantification. MS signals
and retention times of the spiked heavy labeled peptides were used as
internal controls to ensure system stability. For the absolute quantifi-
cation of each targeted HCP, an external calibration curve was generated
for every heavy-labeled proteotypic peptide selected. Ten calibration
points (ranging from 0.25-50 fmol) were analyzed in mAb1 as matrix.

2.2.4. Data analysis

2.2.4.1. DIA-SWATH untargeted data extraction for relative
quantification. Untargeted data processing was performed using a
SWATH 2.0 processing plug-in for PeakView 2.2 (Sciex) using the
spectral peptide libraries. F Manual inspection was performed for the
peptides of the target HCPs to check the quality of the data before data
processing, and ions were edited when required. Data were processed
considering a maximum of 6 peptides per protein and six transitions for
each peptide (Suppl. Table 4).

The SWATH export files containing the peak area of the HCP peptides
were used for the relative quantification which compares the levels of
each HCP between different samples without the need for a standard
curve. The SWATH export file was further analyzed and filtered using an
in-house Python-based tool. This tool gathers critical information (that
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Fig. 1. SWATH-MS approach for HCP landscape characterization. Workflow for sample generation, sample preparation and data acquisition for SWATH-MS based
HCP quantification of mAb samples. CHO-derived mAb were clarified and purified by protein A affinity chromatography. A DoE study was performed to characterize
two alternative polishing resins using different loading and chromatographic conditions. Digested samples were spiked with heavy peptides specific for targeted HCP
and analyzed by SWATH-MS. The SWATH-MS data sets were processed and HCP identification was based on the comprehensive CHO IDA library generated (Suppl.
1). HCP absolute quantification was performed using the heavy peptides to generate calibration curves specific for each HCP or for an average calibration curve
(semi-absolute quantification). SWATH data enabled relative quantification of all the HCP identified.
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Fig. 2. Matrix effect evaluation. Comparison of a HCP A specific heavy peptide (spiked at 20 fmol) peak area using mAbl STD PAE or mAbl WC PAE (protein A
eluate purified at worst case scenario conditions) as matrix (C). Comparison of a specific heavy peptide (spiked at 20 fmol) peak area using mAb1l STD PAE or mAb2
WC PAE (protein A eluate purified at worst case scenario conditions) as matrix (D). STD = standard conditions; PAE = Protein A eluate; WC = worst case conditions.

usually is split into different output tables) to guide decisions on
considering or discarding any given peptide reported on the export file
for quantification purposes. Data was filtered by the removal of true
decoys, heavy peptides, proteins quantified by <2 peptides and MS2
spectra with FDR > 0.01 and Score < 1.3.

2.2.4.2. DIA-SWATH targeted data extraction for absolute quantification.

For the absolute quantification of targeted HCPs using SWATH data, the
SWATH files were processed using Skyline software (version
22.2.0.255). The default transition settings for proteotypic peptides
were used (Suppl. Table 5). Peak integrations were manually checked
and curated for each HCP of interest. The correct endogenous peptide
was selected based on the heavy peptide signal. Fragment peak areas
from the endogenous light peptide and the heavy labeled internal
standard were used for the absolute quantification of each target HCP.

The peak areas of these heavy peptides were used to generate
external calibration curves for HCP A and HCP B. A log 2 transformation
was applied to stabilize data variance of higher concentrations/peak
areas. The quantifier peptide and the best transition were selected after
the analysis of the calibration curves (i.e., three transitions per peptide
and two peptides per HCP). Selection criteria included: CV <20% among
technical triplicates, correlation coefficient (R% >0.99 and signal in-
tensity. Calibration curves y=aO-+alx were obtained using a linear
regression model and the coefficient of variation (CV) was calculated for
each concentration level. The amount of each endogenous HCP in the
samples was determined using the external calibration curves normal-
ized by the corresponding internal standard (IS) (heavy peptide spiked
in each sample at 20 fmol). The concentration of each HCP was
expressed in ppm taking into consideration the molecular weight of the
target HCP.
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Fig. 3. HCP A calibration curve. LOD and LOQ for HCP A and HCP B. Representative calibration curve of heavy peptide 1 from HCP A. Calibration points ranged
from 0.25 to 50 fmol. Peak areas and concentrations were log 2 transformed (A). Limit of detection (LOD) and limit of quantification (LOQ) definition using signal to
noise (S/N) approach (LOD corresponds to a concentration where S/N >3 and LOQ corresponds to a concentration where S/N >10) for HCP A (B) and HCP B (C).
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2.2.4.3. DIA-SWATH for semi-absolute quantification of non-target
HCPs. SWATH-MS data was also used for semi-absolute quantification
of any HCPs present in the samples (and previously identified through
the ion library). This was achieved using a generic average standard
curve with several heavy-labeled peptides from 9 different HCPs
(Table 1). Further analysis was performed as described for absolute
quantification (see Section 2.6.2).

2.2.4.4. Statistical analysis. All Statistical analyses were performed
using GraphPad version 9.1.1 (Dotmatics, San Diego, CA, USA). Differ-
ences (%) between the HCP A concentration obtained using individual
calibration curve (with specific heavy labeled peptides) and average
calibration curve (using heavy labeled peptides from several commonly
found HCPs) were assessed using a Bland—Altman analysis (Bland and
Altman, 1986). From this analysis, the mean bias indicates the average
deviation between the two quantification methods whereas the limit of
agreement corresponds to the 95% confidence interval for the differ-
ences. The closer to zero the mean bias is, and the smaller the range
between the limits of agreement, the more similar are the evaluated
results.

2.2.5. Method validation for absolute quantification

Method validation was performed according to the European Medi-
cines Agency (EMA) guidelines on bioanalytical method validation (E.
M.A. European Medicines Agency., 2011). Parameters evaluated were
matrix effect/specificity, linearity, threshold of detection, threshold of

Table 2
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quantification, precision and accuracy. For more information, please see
Supplementary Information.

3. Results and discussion
3.1. SWATH-MS approach for HCP identification and quantification

The SWATH-MS HCP quantification approach reported here was
developed following the workflows described in Fig. 1 and Suppl. 1.
This method was designed to characterize the HCP clearance capacity of
a purification platform developed for mAbs and related molecules
(antibody-drug conjugates, multi-specific antibodies, Fc-Fusion pro-
teins, or hybrids). Two polishing resins, with orthogonal modes of
interaction, were studied: a mixed-mode AEX resin and a HIC resin, both
operated in flowthrough mode. The design space of HCP clearance was
evaluated using Design of Experiments (DoE) over a wide range of
operating conditions (pH, salt concentration and load factor). HCP
profiling and quantification was performed using DIA-SWATH-MS. This
method allows for the untargeted HCP identification and relative
quantification, using a spectral ion library for data analysis. To enrich
the spectral peptide library, protein A purification runs were performed
under non-optimized conditions (neutral wash buffer) that increase the
level of HCPs. Additionally, the analysis of samples that do not contain
the highly abundant mAb peptides (FT and wash), reduces the dynamic
range and data noise, increasing the number of HCP identifications. A
different library was generated for each specific mAb molecule analyzed

Method precision analysis. Intra-assay variability was evaluated by analyzing mAb1 PAE STD sample (with a known concentration of endogenous HCP A) spiked with 8
different concentrations of an HCP A heavy-labeled peptide in triplicate (n =24). The intra-assay variability was determined by calculating the HCP A endogenous
concentration and the CV considering all 24 points and only the 3 points corresponding to the 20 fmol spiking (the amount used for samples spiking). Inter-assay
variability was assessed by conducting 3 independent runs and measuring HCP A endogenous concentration in 8 mAb1 PAE samples per run (from three indepen-
dent digestions), spiked with different concentrations of an HCP A heavy-labeled peptide. The inter-assay variability was determined by calculating the average HCP A
endogenous concentration and the CV for all the spiking concentrations (highlighted in yellow, bottom row).

Intra-assay variability

Samp|e spiking n [HCP A]expected AVg [HCP A]measured stdev CV (%)
(fmol) (fmol) (fmol) (fmol)
1-50 24 20.8 2.3 11.3
mAb1 PAE STD 20
20 3 20.2 1.2 5.9
Inter-assay variability
Samp|e Splklng Run # n [HCP A]expected AVg [HCP A]measured stdev Cnv
(fmol) (fmol) (fmol) (fmol) (%)
1,2,3 3 18.1 0.3 1.5
1,2,3 3 171 0.8 4.9
1,2,3 3 19.0 1.7 8.7
mAb1 PAE STD 10 1,2,3 3 20 23.8 2.0 8.4
20 1,2,3 3 19.4 2.0 10.3
30 1,2,3 3 21.8 2.3 10.5
40 1,2,3 3 22.7 2.2 9.6
50 1,2,3 3 19.2 1.0 54
mAb1 PAE
STD 1-50 1,2,3 3 20 20.0 2.6 12.9
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Table 3

Method accuracy was assessed by measuring the recovery of samples at three
spiking concentration levels, 1, 20 and 40 fmol. mAb1 matrix PAE sample was
spiked with an HCP A heavy-labeled peptide and the recovery was calculated.
Accepted recovery ranges were defined based on the EMA guidelines (E.M.A.
European Medicines Agency, 2011).

[HCP Alspiked (fmol) [HCP Almeasureda (fmol) Recovery (%)

1 1.2 117.0
1 1.0 103.1
20 18.8 93.8
20 21.0 105.2
40 40.8 101.9
40 42.7 106.8

in this study, which is critical to improve HCP identification and
quantification, decreasing the number of false identifications. With the
inclusion of heavy labeled peptides specific to targeted HCPs (known a
priori), absolute quantification was performed using the SWATH-MS
data with targeted data extraction (Husson et al., 2018). HCP A and
HCP B were defined as target HCPs for absolute quantification. More-
over, the addition of heavy peptides from seven other commonly found
and problematic HCPs (2 proteotypic peptides per HCP, 14 peptides in
total), were used to generate an average calibration curve (Jones et al.,
2021). This enables the semi-absolute quantification of unexpected
HCPs identified using the untargeted SWATH-MS analysis.

3.2. SWATH-MS absolute-quantification method validation

The absolute quantification method validation included analysis of
matrix effect, linearity, precision and accuracy, threshold of detection
and quantification parameters. To investigate the matrix effect, we
determined the peak area of a HCP A-specific heavy-labeled peptide
using different mAb matrices (mAbl and mAb2) and purification stra-
tegies (STD or WC scenario conditions). Fig. 2A shows that the heavy
peptide peak area is similar for different purification conditions. There is
a slight difference of 8.5%, higher for the WC purification when
compared to the STD. Moreover, using a different mAb molecule the
peak area variation is also comparable for both conditions, being 9.4%
higher for the mAb2 WC PAE sample (Fig. 2B). This data indicates that
the matrix selected for the calibration curve generation (mAbl PAE
STD) is representative of the samples to be analyzed.

For each targeted HCP, two proteotypic peptides were selected ac-
cording to the criteria described in Section 2.5.2. The peak areas for each
transition (MS/MS) of these heavy labeled peptides, at different

Journal of Biotechnology 384 (2024) 1-11

concentrations, were determined and used to generate individual cali-
bration curves. The calibration curve of each transition/peptide was
evaluated according to the acceptance criteria: CV (triplicate runs per
point) < 25% and R? > 0.99. Peptide transitions that do not meet these
criteria were excluded. For each peptide, the quantification reported
was based on only one transition (the final selection step of the best
transition per peptide was based on signal intensity). The quantification
was also verified by a second peptide. Fig. 3A depicts a representative
calibration curve for heavy peptide 1 of HCP A (R? > 0.99). The linear
quantification range can be established from 0.25 up to 50 fmol, with all
calibration curve points presenting CVs below the 25% threshold. The
limit of detection (LOD) and limit of quantification (LOQ) were calcu-
lated based on the signal-to-noise ratio (European Medicines Agency,
1995). For HCP A estimation of LOD and LOQ was 0.25 fmol and 0.5
fmol, respectively, corresponding to 2.1 and 4.2 ppm (Fig. 3B). For HCP
B, the LOD was set at 0.25 fmol (0.92 ppm) and LOQ at 0.5 fmol
(1.84 ppm) (Fig. 3C). These values are within the expected range of
HCPs in biologics. It also demonstrates that the method has the sensi-
tivity and the capability to detect and quantify low-range concentrations
of HCPs (low ppm range), even with the wide dynamic range of con-
centrations present. Moreover, as the SWATH method described here
intends to provide a high throughput tool for polishing platform char-
acterization and screening of bioprocess purification conditions, this
range of operation supports the objective.

Method precision was assessed by measuring the intra and inter-
assay variability (Table 2). The mAbl PAE STD sample was spiked
with eight different concentrations (from 1 to 50 fmol) of the HCP A-
specific heavy-labeled peptide (n=24, triplicates of injection in the same
run). Endogenous HCP A concentration was calculated for each condi-
tion. The intra-assay CV results were consistent, presenting values
around 11% (for the 24 points) or below 6% (for 20 fmol (n=3), the
amount used for samples spiking), revealing good repeatability. Inter-
assay variability was assessed by analyzing three independent sample
preparations and SWATH runs. Individual CV values for each spiking
condition (8 different spiking concentrations evaluated) were between
1.5% and 10.5%. Considering all the spiking concentrations, the average
CV value is below 13%, which indicates a good intermediate precision.
Moreover, we investigated if samples could be quantified using a cali-
bration curve from an independent SWATH run. Differences observed in
a reference sample quantification results obtained with a curve run in
the same batch or with a curve previously run (a few weeks before) are
within the method variability described (20.8 fmol vs 20.6 fmol,
respectively). These results suggest that calibration curves from inde-
pendent SWATH runs could be considered in future quantification
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Fig. 4. SWATH-MS HCP absolute quantification. HCP A (A) and HCP B (B) absolute quantification for the load and the 16 different DoE conditions evaluated for
polishing resin 1 and polishing resin 2 for both mAb1 (blue circle marker) and mAb2 (orange circle marker) molecules. The LOQ values are plotted for the conditions

where the levels of HCP are below this threshold.
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studies. Method accuracy was assessed over three spiking concentration
levels by calculating the recovery (ratio between the concentration
calculated based on the calibration curve and the theoretical concen-
tration of each spiked sample). Table 3 shows that the recovery values
are within the regulatory established ranges. These results confirm the
suitability of the DIA-SWATH method for the absolute quantification of
HCP A.

3.3. Targeted HCP absolute quantification for polishing platform
characterization

After implementing the SWATH-MS method for absolute quantifi-
cation, HCP A and HCP B were targeted as model HCPs to characterize
the design space of clearance for two polishing resins (polishing 1, AEX
and polishing 2, HIC) for two distinct mAb molecules (mAb1 and mAb2).
The load samples (Protein A eluates) and the 16 DoE conditions per resin
were analyzed for HCP absolute quantification (Fig. 4). Focusing on HCP
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A (Fig. 4A), the starting level in the Load samples of mAb1 is drastically
higher when compared to mAb2 (716 ppm vs 48 ppm). However, we
observed the same trends between the 2 mAbs in terms of clearance by
the polishing resins. HCP A removal is dependent on the operating
conditions evaluated for polishing 1 resin, presenting concentration
values widely distributed, whereas polishing 2 resin robustly clears this
HCP for all tested conditions. For mAb1, one of the conditions presents a
HCP A level higher than the Load (1060 ppm). This unexpected result
may be related to the aggregation of the mAb molecule observed for this
condition (low pH and high salt concentration) potentially causing some
interference with the MS signal. The quantification of HCP B (Fig. 4B)
presented a range of absolute values much lower compared to HCP A.
For the two mAbs, polishing 2 resin showed again a superior removal
capacity with almost all conditions being able to remove the HCP (only
one condition presenting a concentration of 1 ppm) compared to pol-
ishing 1 resin.

Since polishing 2 resin showed robust clearance over a wide range of
process parameters, a focus on polishing 1 resin was made for the DoE
analysis. Fig. 5 shows the contour plots of HCP A and HCP B clearance
obtained from the DoE model, for both molecules. Results are expressed
in Log Reduction Value (LRV), defined as the logarithm of the ratio of
the absolute levels of HCP in the Load sample and the polishing sample.
Overall, the clearance of both HCPs is strongly impacted by pH, with
best performances obtained at higher pH. The mode of separation of
polishing 1 resin is mainly based on electrostatic interactions. High pH is
expected to favor the interactions between the HCP and the positively
charged ligand, by reducing the net charge of the HCP (theoretical pI
(isoelectric point) of both HCPs is above 5.5) (Jones et al., 2021). The
impact of NaCl addition depends on the HCP. For HCP B (Fig. 5C and
5F), clearance decreases with NaCl concentration at high pH. Increasing
the ionic strength induces competition, weakening the interaction be-
tween the ligand and the HCP, which begins to elute. However, for HCP
A, better clearance performance is observed for conditions with
increasing NaCl concentration (Fig. 5A and 5E). In this case, salt addi-
tion could enable salting-out effects participating to the interaction be-
tween the hydrophobic moieties of both the ligand and the HCP,
especially when nearing the isoelectric point of the protein. Potential

disruption of local repulsive charges may also favor the retention of this
HCP under high salts conditions. Finally, the impact of the load factor
was significant only for mAbl. For both HCPs, the clearance decreases
with the load factor at high pH, when ligand availability becomes
potentially limiting, leading to a gradual breakthrough of the HCP
(Figs. 5B and 5D).

These results highlight the different behavior and selectivity of the
resins against specific HCPs, emphasizing the complementarity of total
HCP quantification vs individual HCP identification. It reinforces the
need to have several purification steps with orthogonal interaction in a
platform process. The various HCPs produced during the cell culture will
exhibit different molecular properties such as charge, hydrophobicity,
size, and will interact specifically with each resin. Furthermore, char-
acterizing the behavior of HCPs individually against a wide range of
conditions, for each platform resin, allows to further design and opti-
mize new purification processes by selecting the proper resin and con-
ditions to remove a specific contaminant.

3.4. HCP landscape characterization

One main advantage of DIA-SWATH MS method over the targeted
MRM-MS method for absolute quantification is that it enables the un-
biased non-targeted detection of HCPs using the ion library generated.
Using this approach, we identified 6 additional HCP for mAbl and 11
additional HCPs for mAb2 (i.e., HCPs not targeted and therefore without
heavy labeled peptides). To perform a semi-absolute quantification of
identified untargeted HCPs, we evaluated the use of an average cali-
bration curve using the peak areas of all the spiked heavy peptides (from
different commonly found HCPs) (Fig. 6A). We hypothesized that,
although the MS response intensity varies according to the peptide
sequence, an average calibration curve with a large population of pep-
tides would balance out the peptides’ specific MS detection signal. A
generic/"universal” calibration curve could be suitable for the quanti-
fication of any HCP in the samples under study, considering the risk of
being more accurate for some proteins than for others, depending on the
peptides used. To evaluate the suitability of the semi-absolute quanti-
fication approach, we compared the quantification of HCP A using its
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individual calibration curve with specific heavy labeled peptides and
using the average curve, for both mAbl and mAb2 samples. HCP A
quantification is comparable for both methods, as indicated by the
Bland-Altman plot (Fig. 6B). The mean bias is small (5.2%) and most of
the differences are within the limits of agreement (from —32.2% to
42.5%). A difference of 30% was used as an acceptable threshold,
analogous to established MS-based quantification methods (Piehowski
et al., 2013). The green area depicted in the figure covers this 30%
acceptable variation. As observed, except for three conditions, all the
measurements are within this range, suggesting that the average curve is
suitable for HCP quantification. This strategy represents a great
advantage since it allows a semi-absolute quantification of all HCPs
detected on the SWATH analysis without having their specific heavy
peptides to perform quantification. Similar approaches using standard
proteins (not related to the sample) spiked at defined concentrations in
the sample preparation step were previously reported (Pilely et al.,
2022).

The identified HCPs by the untargeted SWATH-MS analysis were
semi-absolutely quantified using the average calibration curve exem-
plified in Fig. 6A. The Load sample of both mAb molecules and the 16
different conditions for each polishing resin were analyzed (Fig. 7). The
concentration of these HCPs is represented according to a color scale
code, where green corresponds to O ppm (< LOQ) and red to the
maximum value observed for each molecule and resin. mAb1 samples
present a smaller number of identifications (6 HCPs) and, in general,
lower concentration levels when compared to mAb2. This trend is in line
with what we observed when analyzing these samples for total HCP
content. Comparison of mAbl total HCP values (measured by ELISA)
and absolute quantification of the targeted HCPs (measured by SWATH-
MS) showed very similar profiles among the different conditions (Suppl.
Table 6). For mAb2 the profiles of both methods are not similar, and the
total HCP values are higher than the absolute quantification of the
selected HCP (Suppl. Table 7). These results suggest that other unde-
tected HCP(s) may be present in mAb2 samples, contributing to these
discrepancies in the profiles. The list of HCPs present in mAb1 samples,
and respective removal trends for the different polishing conditions, are
similar for both resins (Fig. 7A and Fig. 7B). We can observe that HCP1,
HCP2, and HCP3 are identified across almost all the operating condi-
tions tested in the DoE. Particularly, the two polishing resins are inef-
ficient in clearing HCP 1 over the tested operating ranges. This result
highlights that other methods of removal, such as protein A wash,
should be evaluated for this specific HCP. In the context of this study,
high level of HCP1 in the Load might result from the Protein A neutral
wash condition. By contrast, HCPs 4-6 are only present in the Load or at
low concentrations (< 24 ppm) in the polishing samples. For mAb2,
HCPs 1-3 are also the most challenging ones. For both resins, clearance
performances vary depending on operating conditions (Fig. 7C and
Fig. 7D). Most of the HCPs identified are commonly found in mAb
processes using CHO and are not reported as critical.

However, it is interesting to highlight that HCP 11 is Cathepsin B,
which is a well-known higher-risk HCP that may impact drug product
quality by fragmentation (Jones et al., 2021). The quantification of this
HCP was challenging, in particular for polishing resin 2, with several
conditions presenting values above the Load (highlighted with *)
(Fig. 7D). These values are not in line with what was expected, as we
should not observe an enrichment of this HCP. Given this, results suggest
that some conditions of polishing resin 2 may be impacting the MS
signal, overestimating Cathepsin B quantification. Nevertheless, we are
able to assess which conditions are optimal for this HCP clearance (at
least in polishing resin 1). Fig. 8A illustrates the concentration values of
Cathepsin B for the different conditions of polishing 1 and polishing 2
resins. Cathepsin B level for polishing 1 resin depends on operating
conditions ranging from 0 to 25 ppm. Fig. 8B shows the contour plot of
Cathepsin B clearance by polishing 1 resin obtained from the DOE
model. Clearance is mainly impacted by NaCl concentration. The best
result is obtained at pH above 6 (theoretical pI of Cathepsin B is 5.7
based on the sequence (Jones et al., 2021)) and NaCl concentration
below 150 mM. Higher NaCl concentration is likely to weaken or even
disrupt electrostatic interactions between the HCP and the ligand.

Finally, SWATH data enables a complete HCP landscape character-
ization, not only identifying all the HCPs present in the sample (and
previously identified in the library) but also enabling their relative
quantification or semi-absolute quantification (using the average cali-
bration curve). Moreover, this HCP profiling enables also the identifi-
cation of which ones are “breaking through” the platform polishing
resins.

4. Conclusions

The HCP profiles of a biotherapeutic in both its intermediate and
final forms are critical and must be well understood throughout process
development. Some HCPs have been identified as high risk due to po-
tential immunogenicity, biological activity, or enzymatic activity with
the risk to degrade either product molecules or excipients used in the
formulation. The SWATH-MS method described here proved to be
suitable for a fast and accurate overview of a CHO HCP landscape in the
context of mAb bioprocessing. This approach allows the identification
and quantification of individual proteins present in the downstream
intermediates.

Using this SWATH-MS tool, with a single experiment, we can assess:
1) absolute quantification of targeted HCPs using calibration curves with
specific heavy peptides; 2) relative quantification of all the HCPs iden-
tified (if present in a library previously generated); and 3) semi-absolute
quantification of untargeted HCPs, taking advantage of an average
calibration curve (created with heavy peptides from several commonly
found HCPs). Moreover, with SWATH-DIA approach, if new HCPs are
identified later, the previously generated library can be updated by
adding new proteins to the list, and the acquired sample file can then be
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reanalyzed bioinformatically. The developed method is proficient in
HCP profiling, at different DSP steps and process conditions, across the
wide dynamic ranges observed (mAb vs HCPs).

HCP identification and respective clearance profiles enabled a
deeper characterization of a mAb purification platform. This study
generated platform knowledge and process understanding on two pol-
ishing resins, which is key in guiding bioprocess development. In addi-
tion to supporting the characterization of a purification platform, the
results also show how one might leverage such analysis when per-
forming process development for a specific therapeutic antibody. The
SWATH-MS approach has the potential to become a powerful tool in
HCP analysis, assisting high-throughput monitoring, assessing eventual
process failures, or evaluating the impact of process changes.
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