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Quantitation of Host Cell Proteins by Capillary
LC/IMS/MS/MS in Combination with Rapid
Digestion on Immobilized Trypsin Column

Under Native Conditions
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Host cell protein (HCP) impurities are considered a critical quality attribute of biopharmaceuticals because of
their potential to compromise safety and efficacy, and LC/MS-based analytical methods have been developed
to identify and quantify individual proteins instead of employing enzyme-linked immunosorbent assay to
assess total HCP levels. Native digestion enables highly sensitive detection of HCPs but requires overnight
incubation to generate peptides, limiting the throughput of sample preparation. In this study, we developed an
approach employing native digestion on a trypsin-immobilized column to improve the sensitivity and through-
put. We examined suitable databases for the identification of HCPs derived from Chinese hamster ovary (CHO)
cells and selected RefSeq’s Chinese Hamster as the optimal database. Then, we investigated methods to identify
HCPs with greater efficiency than that of denatured in-solution digestion. Native in-column digestion not only
reduced the digestion time from overnight to 10 min but also increased the number of quantified HCPs from
154 to 226. In addition to this rapid digestion methodology, we developed high-throughput LC/MS/MS with a
monolithic silica column and parallel reaction monitoring-parallel accumulation-serial fragmentation. The
optimized system was validated with synthetic peptides derived from high-risk HCPs, confirming excellent
linearity, precision, accuracy, and low limit of detection (LOD) and limit of quantification (LOQ) (1-3 ppm).
The optimized digestion and analysis method enabled high-throughput quantification of HCPs, and is expected
to be useful for quality control and characterization of HCPs in antibody drugs.
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1. INTRODUCTION

Host cell proteins (HCPs) are impurities derived from the
host cell line, such as Chinese hamster ovary (CHO) cells,
during the production of biopharmaceuticals."” HCPs must
be controlled because they affect the efficacy and safety of
biopharmaceuticals.>® Current guidelines do not provide
guidance on specific acceptable levels of HCPs in final
products, but an informal target level for HCPs is around
100 ppm, based on empirical evidence.”® Enzyme-linked
immunosorbent assay (ELISA) is commonly used for control
of HCPs.”® However, ELISA is usually unable to identify
specific HCPs without preparing anti-HCP antibodies for

individual HCPs, making it difficult to assess the risk asso-
ciated with specific HCPs.” Furthermore, the coverage of
antibodies used in ELISA systems is not always perfect, and
consequently, unexpected HCPs may not be detected.”'” In
fact, it has been reported that even trace amounts of HCPs
(much lower levels than 100 ppm) can have undesirable
effects, including breakdown of additives, immune reactions,
toxicity, and antibody degradation.’''® For example, trace
amounts of phospholipase can degrade polysorbate 80, an
excipient commonly used in biopharmaceutical formulations,
and cause aggregation of antibody drugs.'”” In addition,
HCPs such as clusterin and serine protease HTRA1 have
been reported as high-risk HCPs that are difficult to remove
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TARGETED QuANTITATION Of HCP by CaPiLLARY-LC/MS
with a protein A column.'®?” Regulatory authorities are
aware of the limitations of ELISA systems, and the industry is
now turning to LC/MS/MS as an orthogonal method that can
identify specific HCPs.?"?? LC/MS-based protein identifica-
tion requires an amino acid sequence database that combines
well-curated quality with a sufficient number of entries, and
UniProt/Swiss-Prot is most commonly used for this purpose.
However, Swiss-Prot has only 246 Chinese hamster protein
entries, and further investigation is needed to select the opti-
mal database.

Because the percentage of HCPs in antibody drugs is very
low, sample preparation by conventional digestion methods
is a limiting factor in the detection of HCPs due to ion sup-
pression caused by abundant antibodies, which prevents the
identification of trace HCPs by LC/MS/MS. Therefore, native
digestion was developed for the purpose of identifying trace
amounts of HCPs in antibody drugs.*~* In native digestion,
proteins are digested without denaturation, and as a result,
relatively robust antibodies are less likely to be digested, while
HCPs are preferentially digested. Using native digestion,
Huang et al. extended the dynamic range of HCPs detec-
tion by one to two orders of magnitude. They successfully
identified as many as 60 HCPs, twice as many as previously
reported.” However, digestion for bottom-up proteomics is
generally an overnight process, so that sample preparation is
time-consuming. For faster enzymatic digestion, a method
using trypsin-immobilized columns has been reported.””*®
Masuda et al. performed membrane-based proteomics using
trypsin-immobilized spin columns with a short digestion time
of 15 min.* However, to our knowledge, there is no report
dealing with native digestion using trypsin-immobilized col-
umns for HCPs detection.

In general, bottom-up proteomics requires not only
time-consuming enzymatic digestion but also several hours
per sample for LC/MS/MS measurement. This is because the
measurement is performed at a low flow rate of several hun-
dred nL/min.*>" HCPs characterization studies combining
two-dimensional LC and Field Asymmetric Ion Mobility
Spectrometry (FAIMS) with native digestion have typically
required one to three hours of measurement time.”>” Ma
and Kilby investigated high-throughput measurement of
HCPs and successfully identified HCPs using a 21-minute
gradient with Evosep One.*” However, a higher-throughput
method is needed for the identification and quantification of
HCPs in large numbers of samples.

The data-dependent acquisition (DDA) mode of MS
measurement is widely used for bottom-up proteomics, but
MS/MS involves random sampling, which results in miss-
ing values. Parallel reaction monitoring (PRM) is a method
that continuously acquires product ions selected as targets
and does not suffer from the problem of missing values. In
addition, the PRM mode quantifies peptides based on prod-
uct ions, enabling quantification with higher selectivity. To
further increase the selectivity, a method called prm-PASEF
was recently developed using timsTOF Pro, which employs
a trapped ion mobility spectrometer (TIMS).**** The prm-
PASEF has been reported to be more selective because it uses
ion mobility separation. FAIMS is another commonly used
ion mobility device, but while TIMS traps all ions, FAIMS
acts as a filter that allows only ions with specific ion mobility
to pass through, making it impossible to acquire multiple
ions with different ion mobility simultaneously. Therefore,
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we considered prm-PASEF with TIMS would be suitable for
rapid quantification of HCP.

In this study, we first compared databases to identify HCPs
of antibody drugs produced in CHO cells. We also chose
native digestion with a trypsin-immobilized column to iden-
tify HCPs more sensitively within the constraint of a short
digestion time. Furthermore, we developed a high-throughput
LC/IMS/MS/MS method to quantify high-risk HCPs with
prm-PASEF and validated its quantitative performance.

2. EXPERIMENTAL

2.1. Materials

Dithiothreitol (DTT), iodoacetamide (IAA), urea,
ammonium bicarbonate, acetonitrile (ACN), formic acid,
ammonium hydroxide, and trifluoroacetic acid (TFA) were
obtained from FUJIFILM Wako Pure Chemical (Osaka,
Japan). Formaldehyde, sodium cyanoborohydride, and tri-
ethylammonium bicarbonate (TEAB) were obtained from
Sigma-Aldrich (St. Louis, MO, USA). Formaldehyde->CD,
was obtained from ISOTEC Inc. (Canton, GA, USA). Mod-
ified trypsin was obtained from Promega (Madison, WI,
USA). Empore disks were from 3 M (St. Paul, MN, USA).
Water was purified with a Milli-Q system (Merck, Darmstadt,
Germany). CHO cell-derived monoclonal antibody drugs
were provided by the Japan Agency for Medical Research and
Development (AMED) Manufacturing Technology Asso-
ciation of Biologics (MAB). Synthetic peptides of clus-
terin (FMDTVAEK, FM(ox)DTVAEK) and serine protease
HTRA1 (TYTNLCQLR) were obtained from SynPeptide
Co., Ltd. (Shanghai, China). Two types of columns of trypsin
immobilized on silica monolith filters in spin column formats
were supplied by Kyoto Monotech (Kyoto, Japan).

2.2. Investigation of the tryptic digestion
method

For denatured digestion, 10 ytg monoclonal antibody sam-
ples were denatured with 8 M urea (1 M Tris-HCI, pH 9.0).
The denatured proteins were reduced with 10 mM DTT at
25°C for 30 min and alkylated with 50 mM IAA in the dark
at 25°C for 30 min. The proteins were 5-fold diluted with 50
mM ammonium bicarbonate. For in-solution digestion, pro-
teins were digested with trypsin for 16 hours (protein:enzyme
= 100:1). For in-column digestion, proteins were digested
on a trypsin-immobilized column. Centrifugation was per-
formed twice at 100 g for 2 min.

For native digestion, 10 pug monoclonal antibody samples
were digested without denaturation or chemical reaction with
DTT or IAA. For in-column digestion, proteins were digested
on a trypsin-immobilized column. Centrifugation was per-
formed five times at 100 g for 2 min. After digestion, samples
were reduced with 10 mM DTT and denatured at 90°C for
10 min. To remove undigested antibodies, the samples were
centrifuged at 13,000xg. The supernatant was collected and
alkylated with 50 mM IAA in the dark at 25°C for 30 min.
All digests were desalted with reversed-phase StageTips as
described previously.*”

2.3. Stable isotope labeling

Stable isotope dimethyl labeling was carried out as pre-
viously described®® with some modifications. Briefly, the
monoclonal antibody-derived digested peptides or synthetic
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peptides were dissolved in 100 mM TEAB. Then, the pep-
tides were mixed with 4% "*CD,O (antibody sample) or
2CH,O (synthetic peptides) (final concentration 0.15%),
and 600 mM sodium cyanoborohydride was added (final
concentration 22 mM). The mixture was stirred for 60 min
at 25°C. The reaction was stopped by adding 1% ammonium
hydroxide (final concentration 0.15%), and the resulting
samples were mixed with 10% TFA (final concentration
5%). The labeled peptides were desalted with reversed-
phase StageTips.

2.4. Validation of high-throughput LC/IMS/MS/
MS analysis of high-risk HCPs

Antibody drugs were digested in native condition with
trypsin-immobilized columns (trypsin rich) in triplicate.
Digested peptides were labeled with heavy isotopes, as
described above. Synthetic peptides derived from serine
protease HTRA1 (TYTNLCQLR) and clusterin (FMDT-
VAEK, FM(ox)DTVAEK) were labeled with light isotopes
as described above. For 1 ug of heavy isotope-labeled
antibody-derived peptide, 0.1, 0.4, 1, 4, or 10 fmol of light
isotope-labeled synthetic peptide were spiked. Sample prepa-
ration was performed in triplicate, and LC/IMS/MS/MS anal-
ysis was performed for each sample.

2.5. LC/MS/MS

LC/MS/MS analyses were performed on a timsTOF Pro
(Bruker, Bremen, Germany) connected to an Ultimate 3000
RSLCnano pump (Thermo Fisher Scientific, Waltham, MA,
USA) and an HTC-PAL autosampler (CTC Analytics, Zwin-
gen, Switzerland). Peptides were separated on in-house-
packed needle columns (150 mm length, 100 pm ID) of
Reprosil-Pur 120 C18-AQ 1.9 pm reversed-phase material
(Dr. Maisch, Ammerbuch, Germany) or C18 monolithic sil-
ica columns (200 mm length, 100 um ID) (Kyoto Monotech,
Kyoto, Japan). The injection volume was 5 uL. The flow rate
was 500 or 1,500 nL/min. Measurements over 110 min were
performed by applying step linear gradients of 4-8% ACN in
5 min, 8-32% ACN in 60 min, 32-80% ACN in 5 min, and
80% ACN for 10 min in 0.1% formic acid. Measurements
over 40 min were performed by applying step linear gradi-
ents of 4-32% ACN in 10 min, 32-80% ACN in 1 min, and
80% ACN for 9 min in 0.1% formic acid. Measurements over
20 min were performed by applying step linear gradients
of 4-32% ACN in 10 min, 32-80% ACN in 0.3 min, and
80% ACN for 3 min in 0.1% formic acid. Investigations of a
suitable database for HCPs and of digestion methods were
performed in the DDA mode. The TIMS section was oper-
ated with a 100 ms ramp time and a scan range of 0.7-1.4
Vs cm ™. One cycle was composed of a 1-MS scan followed
by 10 PASEF MS/MS scans. MS and MS/MS spectra were
recorded from m/z 100 to 1,700. A polygon filter was applied
so that singly charged ions were not selected. The isolation
width was set to 2 m/z for precursor m/z <700 and 3 m/z
for precursor m/z >800. Optimization of LC conditions for
high-throughput measurements was done in the PRM
mode. High-throughput LC/IMS/MS/MS analysis of high-
risk HCPs was performed using the prm-PASEF mode.

2.6. Data analysis
Peptides and proteins were identified through automated
database searching using MS Fragger’”*® version 3.8 and
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Philosopher® version 5.0. For the identification of HCPs,
RefSeq Taxonomy Chinese hamster (138,530 entries;
2023/10 release), TrEMBL Taxonomy Chinese hamster
(83,287 entries; 2023/10 release), Swiss-Prot Taxonomy
Rodentia (27,937 entries; 2023/10 release), Swiss-Prot Tax-
onomy Mouse (17,185 entries; 2023/10 release) and Swiss-
Prot Taxonomy Chinese hamster (246 entries; 2023/10
release) were used as databases. For the identification of
monoclonal antibodies, the AIST mAb sequence (National
Institute of Advanced Industrial Science and Technology)
was used as a database. Digestion mode was set Trypsin/P,
allowing for up to two missed cleavages. Oxidation (M)
and acetylation (protein N-term) were allowed as variable
modifications. Carbamidomethylation (C) was set as a
fixed modification. The false discovery rate (FDR) filter
was set to 0.01 at both the peptide-spectrum match (PSM)
and protein levels. Peptides and proteins were quantified
by IonQuant.*” The data acquired in the PRM or prm-
PASEF*® mode were analyzed in Skyline-daily*" version
20.2.1.384.

2.7. Data availability statement

The MS raw data and analysis files have been depos-
ited with the ProteomeXchange Consortium (https://pro-
teomecentral.proteomexchange.org) via the jPOST partner
repository (https://jpostdb.org)*® with the dataset identifier,
PXD053135.

3. RESULTS AND DISCUSSION

3.1. Investigation of suitable databases for
identification of CHO-derived HCPs

First, we analyzed HCPs of CHO cell-derived antibody
drugs produced by the AMED MAB by preparing samples
using solution digestion under denatured conditions. LC/
IMS/MS/MS measurements were performed in the DDA
mode using a particle-packed column (100 pm i.d.) with a
gradient time of 65 min and a total measurement time of
110 min. Since the samples were derived from CHO cells,
it would be preferable to use the protein sequence database
of Chinese hamsters for database searching, but the num-
ber of reviewed protein sequences of Chinese hamsters is
limited (246 proteins in Swiss-Prot). Therefore, we investi-
gated RefSeq Taxonomy Chinese hamster (138,530 entries),
TrEMBL Taxonomy Chinese hamster (83,287 entries),
Swiss-Prot Taxonomy Rodentia (27,937 entries), Swiss-Prot
Taxonomy Mouse (17,185 entries) and Swiss-Prot Taxon-
omy Chinese hamster (246 entries) as candidate databases
for the identification of HCPs. Searches were performed
in combination with monoclonal antibody sequences.
Because some sequences identical to those of monoclonal
antibody-derived peptides were found in the above data-
bases, they were excluded from the identification list of
HCPs. As a result, the highest identification numbers of
HCPs were obtained with the RefSeq Taxonomy Chinese
hamster and the TrEMBL Taxonomy Chinese hamster data-
bases (Table 1). The other databases were considered to lack
sufficient protein coverage for the identification of HCPs
derived from CHO. Since the number of identified pep-
tides was slightly higher in the RefSeq than in the TrTEMBL
database, we decided to use the RefSeq database for the
subsequent identification of HCPs.
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Table 1. Comparison of databases for identification of HCPs derived from CHO.
Taxonomy Database Protein entries Identified HCPs Iden.tlﬁed nmque
peptides (HCPs)
Chinese hamster RefSeq 138,530 146 490
Chinese hamster TrEMBL 83,287 146 481
Rodentia Swiss-Prot 27,937 136 406
Mouse Swiss-Prot 17,185 105 354
Chinese hamster Swiss-Prot 246 14 136

Antibody drugs produced using CHO cells were analyzed using LC/MS/MS. HCPs were identified by searching with MS
Fragger against the listed protein sequence databases and monoclonal antibody sequences. Some sequences identical to
those of monoclonal antibody-derived peptides were found in the databases, and they were excluded from the identification
list of HCPs. CHO, Chinese hamster ovary; HCPs, host cell proteins.
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Fig. 1.

Comparison of tryptic digestion methods for the quantification of HCPs. In-solution or in-column digestion was performed under denatured or

native conditions. Two types of trypsin immobilization columns were prepared: one with a low level of trypsin immobilization (trypsin poor) and
the other with a high level of trypsin immobilization (trypsin rich). Proteins were identified by MS Fragger and quantified by IonQuant. Proteins
identified in the Chinese hamster database were determined to be HCPs. The green line shows the number of quantified HCPs for each trypsin
digestion method. Bars indicate the total intensity of mAb, trypsin, or HCP-derived peptides. HCPs, host cell proteins; mAb, monoclonal antibody.

3.2. Investigation of high-throughput,
high-sensitivity digestion methods

The most common digestion method in bottom-up
proteomics is in-solution digestion, in which proteins are
digested by adding enzymes to the sample solution. How-
ever, in-solution digestion is generally performed overnight,
resulting in poor sample throughput. Therefore, in-column
digestion with trypsin-immobilized spin columns has devel-
oped as an alternative to solution digestion. The advantages
of trypsin-immobilized spin columns are rapidity and sim-
plicity since digestion can be performed in a short time of
only about 10 min due to the high density of trypsin immo-
bilized on the column. Furthermore, no thermostatic bath or
shaker is required. We compared in-solution digestion and
trypsin-immobilized monolithic spin column digestion for
the quantification of HCPs in CHO cell-derived antibody
drugs under denatured conditions. The identification and
quantification of HCPs were performed by MS Fragger using
the RefSeq taxonomy Chinese hamster database. Reducing
the digestion time from overnight (in-solution) to 4 min

(in-column) slightly decreased the number of quantified
HCPs (Fig. 1). To quantify HCPs more efficiently, we set
out to optimize native digestion. Under native digestion
conditions, antibodies are more stable, and so are less effi-
ciently digested by trypsin compared to HCPs, thus enabling
HCPs-selective digestion. However, column digestion under
native conditions did not improve the number of quantified
HCPs compared with denatured conditions, though the
intensity of mAb showed a marked decrease (Fig. 1). This
result was considered to be due to an insufficient amount of
immobilized trypsin (trypsin poor) since the cleavage effi-
ciency of trypsin is expected to be lower in the case of native
digestion. Therefore, we prepared a column with a larger
amount of immobilized trypsin (trypsin rich). Native diges-
tion with this column increased the intensity of HCPs and
increased the number of quantified HCPs to 226. Thus, the
amount of trypsin immobilized on the column is an import-
ant consideration for native in-column digestion. We identi-
fied two HCPs that have been reported to be particularly high
risk in biopharmaceutical manufacturing.'”'® These were
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Table 2. LC conditions and changes in the synthetic peptide peak.
Condition 1 Condition 2 Condition 3

Gradient time (min) 65 10 10
Flow rate (nL/min) 500 500 1,500
Column Packed column Monolithic silica column ~ Monolithic silica column

(15 cm) (20 cm) (20 cm)
Total run time (min) 110 40 20
Retention time (min) 21.6 18.8 6.8
FWHM (sec) 7.7 4.8 4.5
Peak height 63968 78322 72394
Peak area 589697 440523 370272

Evaluated LC conditions and characteristics of synthetic peptide peaks. A mixture of 5 fmol synthetic peptide labeled with
a dimethyl light tag and 1 pg antibody sample in-column-digested under denatured conditions and labeled with a dimethyl
heavy tag was measured in the PRM mode. The peaks were quantified by Skyline. LC, liquid chromatography; FWHM, full

width at half maximum; PRM, parallel reaction monitoring.

clusterin and serine protease HTRA1. Therefore, we applied
high-throughput enzymatic digestion and high-throughput
LC/IMS/MS/MS measurements to monitor these HCPs
during sample preparation.

3.3. Optimization of LC conditions for
high-throughput measurements

In nanoLC/MS/MS-based bottom-up proteomics, the
measurement time is generally long because the measure-
ment is performed at a low flow rate with a long gradient.
This enables the identification of many proteins, but the
measurement time can be problematic when perform-
ing multiple sample measurements. Therefore, we inves-
tigated a system that can quantify several peptides in
high-throughput measurements using the PRM mode,
which exhibits high selectivity. The gradient time, flow
rate, and analytical column were optimized to accelerate
the LC/IMS/MS/MS measurement using the synthetic
peptide FM(ox)DTVAEK, a tryptic peptide derived from
clusterin (Table 2), as a model compound. A mixture of
5 fmol synthetic peptide labeled with a “light” dimethyl
tag and 1 pg antibody sample in-column-digested under
denatured conditions and labeled with a “heavy” dimethyl
tag was used as the sample. In a 110 min measurement
using a particle-packed column, which is a typical setup
in bottom-up proteomics, the FM(ox)DTVAEK peak was
detected at a retention time of 21.6 min (Fig. 2). To shorten
the analytical time, we changed the analytical column from
a packed column to a monolithic silica column, because
packed columns have a high column pressure and are not
compatible with high flow rates. Simultaneously, the gradi-
ent time was shortened to 10 min. As a result, a well-shaped
peak of FM(ox)DTVAEK was observed at 18.8 min. Short-
ening the gradient time to 10 min decreased the full width
at half maximum from 7.7 sec to 4.8 sec and increased the
peak height, but the peak area was decreased. This is likely
to be due to ion suppression, as the number of co-eluting
peptides was increased. Even when the gradient time was
shortened to 10 min, the total measurement time was still
40 min at the low flow rate of 500 L/min because 30 min
was required for sample loading, column washing, and
equilibration. Therefore, we increased the flow rate to 1,500
nL/min and performed the measurement for a total time

Condition 1
65 min gradient 500 nL/min
80000
> 60000
2
k5 40000
£ 20000
0 4 . ¢ pimes . )
20.5 21 215 22 225 23
Condition 2
10 min gradient 500 nL/min
80000
> 60000
2 40000
2
£ 20000
0+ v v . ¥ J
17.5 18 18.5 19 19.5 20
Condition 3
10 min gradient 1,500 nL/min
80000
> 60000
2
5 40000
£ 20000
0+ T ¥ b v ‘
55 6 6.5 7 75 8

Retention time (min)

Fig. 2. Extracted ion chromatograms of FM(ox)DTVAEK under different
LC conditions. A mixture of 5 fmol synthetic peptide labeled with
a light dimethyl tag and 1 ug antibody sample in-column-digested
under denatured conditions and labeled with a heavy dimethyl tag
was measured in the PRM mode. LC, liquid chromatography;
PRM, parallel reaction monitoring.

of 20 min. This afforded a well-shaped peak of FM(ox)
DTVAEK at 6.8 min. Although the peak height and area
were decreased due to the decrease of ESI sensitivity at the
high flow rate, it was still possible to detect a well-shaped
peak using a 20-min total run time.
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Calibration curves of synthetic peptides. For synthetic peptides derived from high-risk HCPs, technical triplicates were performed for five
amounts (serine protease HTRA1: 5-512 ppm, clusterin: 5-517 ppm) with a matrix of antibody drug samples. The x-axis displays the amounts
of the light-labeled peptides, and the y-axis shows the peak area. Coefficients of determination (R?) are indicated. HCPs, host cell proteins.

Table 3. Summary of validation test results.

Peptide sequence TYTNLCQLR Peptide sequence FMDTVAEK FM(ox)DTVAEK
LOD 0.67 ppm LOD 0.97 ppm 0.37 ppm
LOQ 2.03 ppm LOQ 2.95 ppm 1.13 ppm

5 ppm 5 ppm
Accuracy [%] 113 Accuracy [%] 97 96
Precision [%] 2.2 Precision [%] 4 1.2

20 ppm 21 ppm
Accuracy [%] 106 Accuracy [%] 109 105
Precision [%] 14 Precision [%] 3 35

51 ppm 52 ppm
Accuracy [%] 107 Accuracy [%] 91 100
Precision [%] 7.7 Precision [%] 6.3 1.1

205 ppm 207 ppm
Accuracy [%] 96 Accuracy [%] 102 99
Precision [%)] 5.6 Precision [%)] 4.6 2.9

512 ppm 517 ppm
Accuracy [%] 100 Accuracy [%] 100 100
Precision [%] 0.2 Precision [%] 4.2 1.5

Validation using synthetic peptides of high-risk HCPs. The LOD and LOQ were determined based on the noise level (¢) and the
slope of the calibration curve (slope) according to the 18th Japanese Pharmacopoeia using the following equations: LOD = 3.3
o/slope, LOQ = 10 o/slope. The accuracy was calculated from the deviation from the calibration curve. Precision was calculated

from relative standard deviations. HCPs, host cell proteins; LOD, the limit of detection; LOQ, the limit of quantification.

3.4. High-throughput LC/IMS/MS/MS analysis
of high-risk HCPs

As the next step, we evaluated the quantitative perfor-
mance of the combination of high-throughput native diges-
tion on a trypsin-immobilized column with high-throughput
LC/IMS/MS/MS measurement within 20 min. We validated
the method for HCPs quantification with respect to linear-
ity, precision, accuracy, limit of detection (LOD) and limit
of quantification (LOQ) using synthetic peptides derived
from serine protease HTRA1 (TYTNLCQLR) and clusterin
(FMDTVAEK, FM(ox)DTVAEK), which are high-risk HCPs
identified in CHO cell-derived antibody drugs produced
by AMED MAB. As a sample matrix, 1 pug of antibody drug
was native-digested using a trypsin-immobilized column.
Synthetic peptides were labeled with light isotopes, while
matrix peptides derived from antibody drugs were labeled
with heavy isotopes. For 1 ug of heavy isotope-labeled
antibody-derived peptide, 0.1, 0.4, 1, 4, or 10 fmol of light

isotope-labeled synthetic peptide were spiked. Based on the
injected amount of synthetic peptides, the weight ratio of
each HCP to the antibody drug was calculated to be 5-512
ppm for serine protease HTRA1 and 5-517 ppm for clus-
terin. LC/IMS/MS/MS measurements were performed using
a relatively new technique, prm-PASEF. PRM is a selective
measurement method because it continuously isolates and
fragments specific precursor ions, and quantifies them
based on the fragment ions. Moreover, prm-PASEF can also
isolate targets based on ion mobility, making it even more
selective. Six fragment ions with high intensity were chosen
for extracting chromatograms and quantification. The peak
areas of the three synthetic peptides showed good linearity
(Fig. 3). The LOD, LOQ, accuracy, and precision for each
peptide are shown in Table 3. As regards accuracy, recovery
rates of 91-113% were consistently obtained. As for pre-
cision, the relative standard deviation (RSD%) was in the
range of 0.2-7.7%. The LOD and LOQ were determined
based on the noise level (o) and the slope of the calibration
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curve (slope) according to the 18th Japanese Pharmacopoeia
using the following equations: LOD = 3.3 o/slope, LOQ =
10 o/slope. The LOD and LOQ values were 0.37-0.97 ppm
and 1.13-2.95 ppm, respectively. Thus, the high selectiv-
ity of prm-PASEF contributed to the high sensitivity and
quantitative character of the system. The results for linear-
ity, accuracy, and precision corresponding to the injection
amount are shown in Fig. S1 and Table S1. The contents
of HCPs in heavy-labeled antibody drugs were estimated
from the peak area ratio of the synthetic peptides, and it
was calculated that the antibody drugs contained 20.3 ppm
of serine protease HTRA1 and 728.3 ppm of clusterin. The
relative standard deviations of the contents of the three rep-
licates were 1.5% (serine protease HTRA1) and 0.5% (clus-
terin), indicating that the reproducibility of this method is
very high. These results demonstrate that the combination
of our high-throughput digestion method (10 min) and
high-throughput LC/IMS/MS/MS analysis (20 min) could
sensitively and selectively quantify HCPs.

4. CONCLUSION

In this study, we developed an approach employing native
digestion on a trypsin-immobilized column to improve the
sensitivity and throughput of HCP quantification in antibody
drugs. First, we examined suitable databases for the identifi-
cation of HCPs derived from CHO cells and concluded that
RefSeq’s Chinese hamster database was the best choice for the
highly sensitive identification of HCPs. Next, we compared
in-solution and in-column denatured and native digestion
strategies to determine the best method for quantifying HCPs
with high sensitivity. Native digestion in-column required
optimization of the amount of trypsin immobilized on the
column. Compared to the in-solution digestion of denatured
samples, the optimized conditions not only reduced the
digestion time from overnight to 10 min but also increased
the number of HCPs quantified from 154 to 226. Among
the identified HCPs, we focused on clusterin and the serine
protease HTRAI1, which have been reported as high-risk
HCPs. For rapid analysis of these HCPs, we used monolithic
silica columns at high flow rates. In addition, high sensitivity
and selectivity were obtained by using a prm-PASEF data
acquisition method that enables ion mobility separation. The
optimized system was validated with synthetic peptides, con-
firming excellent linearity, precision, accuracy, and low LOD
and LOQ (1 to 3 ppm). The optimized digestion and analysis
method enables high-throughput quantification of HCPs and
is expected to be useful for quality control and characteriza-
tion of antibody drugs.

ACKNOWLEDGMENTS

This work was funded by the Japan Agency for Medical
Research and Development program (No. 20ae¢0101056h0003),
the JST Strategic Basic Research Program CREST (No.
JPMJCR1862), JSPS Grants-in-Aid for Scientific Research
23H04924 and 23K18185 to Y.I.

COMPETING INTEREST

The authors declare the following competing financial
interest(s): R.T. is an employee of Shionogi & Co., Ltd. The
remaining authors declare no competing interests.

Vol. 1% (2024), AO152

REFERENCES

1) T. Ito, H. Lutz, L. Tan, B. Wang, J. Tan, M. Patel, L. Chen, Y.
Tsunakawa, B. Park, S. Banerjee. Host cell proteins in monoclonal
antibody processing: Control, detection, and removal. Biotechnol.
Prog. 40: 3448, 2024.

2) J. Guo, R. Kufer, D. Li, S. Wohlrab, M. Greenwood-Goodwin, F. Yang.
Technical advancement and practical considerations of LC-MS/MS-
based methods for host cell protein identification and quantitation to
support process development. MAbs 15: 2213365, 2023.

3) K. Pilely, M. R. Johansen, R. R. Lund, T. Kofoed, T. K. Jorgensen, L.
Skriver, E. Mortz. Monitoring process-related impurities in biologics-
host cell protein analysis. Anal. Bioanal. Chem. 414: 747-758, 2022.

4) S. Oshinbolu, L. J. Wilson, W. Lewis, R. Shah, D. G. Bracewell. Mea-
surement of impurities to support process development and manufac-
ture of biopharmaceuticals. Trends Analyt. Chem. 101: 120-128, 2018.

5) J. H. Chon, G. Zarbis-Papastoitsis. Advances in the production and
downstream processing of antibodies. N. Biotechnol. 28: 458-463, 2011.

6) C. E. M. Hogwood, D. G. Bracewell, C. M. Smales. Measurement
and control of host cell proteins (HCPs) in CHO cell bioprocesses.
Curr. Opin. Biotechnol. 30: 153-160, 2014.

7) J. Zhu-Shimoni, C. Yu, J. Nishihara, R. M. Wong, FE. Gunawan, M.
Lin, D. Krawitz, P. Liu, W. Sandoval, M. Vanderlaan. Host cell pro-
tein testing by ELISAs and the use of orthogonal methods. Biotech-
nol. Bioeng. 111: 2367-2379, 2014.

8) X. Wang, A. K. Hunter, N. M. Mozier. Host cell proteins in biolog-
ics development: Identification, quantitation and risk assessment.
Biotechnol. Bioeng. 103: 446-458, 2009.

9) A. L. Tscheliessnig, J. Konrath, R. Bates, A. Jungbauer. Host cell
protein analysis in therapeutic protein bioprocessing—Methods
and applications. Biotechnol. J. 8: 655670, 2013.

10) S. Takagi, M. Shibata, N. Suzuki, Y. Ishihama. Immunoreactivity
profiling of Anti-Chinese hamster ovarian host cell protein anti-
bodies by isobaric labeled affinity purification-mass spectrometry
reveals low-recovery proteins. J. Chromatogr. A 1685: 463645, 2022.

11) N. Dixit, N. Salamat-Miller, P. A. Salinas, K. D. Taylor, S. K. Basu.
Residual host cell protein promotes Polysorbate 20 degradation in a
sulfatase drug product leading to free fatty acid particles. J. Pharm.
Sci. 105: 1657-1666, 2016.

12) T. Hall, S. L. Sandefur, C. C. Frye, T. L. Tuley, L. Huang.
Polysorbates 20 and 80 degradation by group XV lysosomal phos-
pholipase A, isomer X; in monoclonal antibody formulations.
J. Pharm. Sci. 105: 1633-1642, 2016.

13) T. Romer, E Peter, P. Saenger, J. Starzyk, B. Koehler, E. Korman,
M. Walczak, R. Wasik, M. Ginalska-Malinowska, E. Solyom, A.
Berghout. Efficacy and safety of a new ready-to-use recombinant
human growth hormone solution. J. Endocrinol. Invest. 30: 578-
589, 2007.

14) S. K. Fischer, M. Cheu, K. Peng, J. Lowe, J. Araujo, E. Murray, D.
McClintock, J. Matthews, P. Siguenza, A. Song. Specific immune
response to phospholipase B-like 2 protein, a host cell impurity in
lebrikizumab clinical material. AAPS J. 19: 254-263, 2017.

15) C. L. Z. de Zafra, V. Quarmby, K. Francissen, M. Vanderlaan,
J. Zhu-Shimoni. Host cell proteins in biotechnology-derived products:
A risk assessment framework. Biotechnol. Bioeng. 112: 2284-2291, 2015.

16) X. Li, E Wang, H. Li, D. D. Richardson, D. J. Roush. The measure-
ment and control of high-risk host cell proteins for polysorbate
degradation in biologics formulation. Antib. Ther. 5: 42-54, 2022.

17) M. Jones, N. Palackal, E Wang, G. Gaza-Bulseco, K. Hurkmans, Y.
Zhao, C. Chitikila, S. Clavier, S. Liu, E. Menesale, N. S. Schonenbach,
S. Sharma, P. Valax, T. Waerner, L. Zhang, T. Connolly. “High-risk”
host cell proteins (HCPs): A multi-company collaborative view. Bio-
technol. Bioeng. 118: 2870-2885, 2021.

18) S. Gilgunn, H. El-Sabbahy, S. Albrecht, M. Gaikwad, K. Corrigan, L.
Deakin, G. Jellum, J. Bones. Identification and tracking of problem-
atic host cell proteins removed by a synthetic, highly functionalized
nonwoven media in downstream bioprocessing of monoclonal anti-
bodies. J. Chromatogr. A 1595: 28-38, 2019.

Page 7 of 8


https://doi.org/10.1002/btpr.3448
https://doi.org/10.1002/btpr.3448
https://doi.org/10.1002/btpr.3448
https://doi.org/10.1002/btpr.3448
https://doi.org/10.1080/19420862.2023.2213365
https://doi.org/10.1080/19420862.2023.2213365
https://doi.org/10.1080/19420862.2023.2213365
https://doi.org/10.1080/19420862.2023.2213365
https://doi.org/10.1007/s00216-021-03648-2
https://doi.org/10.1007/s00216-021-03648-2
https://doi.org/10.1007/s00216-021-03648-2
https://doi.org/10.1016/j.trac.2017.10.026
https://doi.org/10.1016/j.trac.2017.10.026
https://doi.org/10.1016/j.trac.2017.10.026
https://doi.org/10.1016/j.nbt.2011.03.015
https://doi.org/10.1016/j.nbt.2011.03.015
https://doi.org/10.1016/j.copbio.2014.06.017
https://doi.org/10.1016/j.copbio.2014.06.017
https://doi.org/10.1016/j.copbio.2014.06.017
https://doi.org/10.1002/bit.25327
https://doi.org/10.1002/bit.25327
https://doi.org/10.1002/bit.25327
https://doi.org/10.1002/bit.25327
https://doi.org/10.1002/bit.22304
https://doi.org/10.1002/bit.22304
https://doi.org/10.1002/bit.22304
https://doi.org/10.1002/biot.201200018
https://doi.org/10.1002/biot.201200018
https://doi.org/10.1002/biot.201200018
https://doi.org/10.1016/j.chroma.2022.463645
https://doi.org/10.1016/j.chroma.2022.463645
https://doi.org/10.1016/j.chroma.2022.463645
https://doi.org/10.1016/j.chroma.2022.463645
https://doi.org/10.1016/j.xphs.2016.02.029
https://doi.org/10.1016/j.xphs.2016.02.029
https://doi.org/10.1016/j.xphs.2016.02.029
https://doi.org/10.1016/j.xphs.2016.02.029
https://doi.org/10.1016/j.xphs.2016.02.022
https://doi.org/10.1016/j.xphs.2016.02.022
https://doi.org/10.1016/j.xphs.2016.02.022
https://doi.org/10.1016/j.xphs.2016.02.022
https://doi.org/10.1007/BF03346352
https://doi.org/10.1007/BF03346352
https://doi.org/10.1007/BF03346352
https://doi.org/10.1007/BF03346352
https://doi.org/10.1007/BF03346352
https://doi.org/10.1208/s12248-016-9998-7
https://doi.org/10.1208/s12248-016-9998-7
https://doi.org/10.1208/s12248-016-9998-7
https://doi.org/10.1208/s12248-016-9998-7
https://doi.org/10.1002/bit.25647
https://doi.org/10.1002/bit.25647
https://doi.org/10.1002/bit.25647
https://doi.org/10.1093/abt/tbac002
https://doi.org/10.1093/abt/tbac002
https://doi.org/10.1093/abt/tbac002
https://doi.org/10.1002/bit.27808
https://doi.org/10.1002/bit.27808
https://doi.org/10.1002/bit.27808
https://doi.org/10.1002/bit.27808
https://doi.org/10.1002/bit.27808
https://doi.org/10.1016/j.chroma.2019.02.056
https://doi.org/10.1016/j.chroma.2019.02.056
https://doi.org/10.1016/j.chroma.2019.02.056
https://doi.org/10.1016/j.chroma.2019.02.056
https://doi.org/10.1016/j.chroma.2019.02.056

TARGETED QuANTITATION Of HCP by CaPiLLARY-LC/MS

19)

20)

21)

22)

23)

24)

25)

26)

27)

28)

29)

30)

Q. Zhang, A. M. Goetze, H. Cui, J. Wylie, S. Trimble, A. Hewig,
G. C. Flynn. Comprehensive tracking of host cell proteins during
monoclonal antibody purifications using mass spectrometry. MAbs
6:659-670, 2014.

N. Aboulaich, W. K. Chung, J. H. Thompson, C. Larkin, D.
Robbins, M. Zhu. A novel approach to monitor clearance of host
cell proteins associated with monoclonal antibodies. Biotechnol.
Prog. 30: 1114-1124, 2014.

Q. Ji, I. Sokolowska, R. Cao, Y. Jiang, ]. Mo, P. Hu. A highly sensitive
and robust LC-MS platform for host cell protein characterization in
biotherapeutics. Biologicals 82: 101675, 2023.

D. G. Bracewell, R. Francis, C. Mark Smales. The future of host
cell protein (HCP) identification during process development and
manufacturing linked to a risk-based management for their con-
trol. Biotechnol. Bioeng. 112: 1727-1737, 2015.

L. Huang, N. Wang, C. E. Mitchell, T. Brownlee, S. R. Maple, M. R.
De Felippis. A novel sample preparation for shotgun proteomics
characterization of HCPs in antibodies. Anal. Chem. 89: 5436-
5444, 2017.

R. O. Johnson, T. Greer, M. Cejkov, X. Zheng, N. Li. Combination
of FAIMS, protein A depletion, and native digest conditions enables
deep proteomic profiling of host cell proteins in monoclonal anti-
bodies. Anal. Chem. 92: 10478-10484, 2020.

R. Kufer, M. Haindl, H. Wegele, S. Wohlrab. Evaluation of peptide
fractionation and native digestion as two novel sample preparation
workflows to improve HCP characterization by LC-MS/MS. Anal.
Chem. 91: 9716-9723, 2019.

S. Y. E, Y. Hu, R. Molden, H. Qiu, N. Li. Identification and quan-
tification of a problematic host cell protein to support therapeutic
protein development. J. Pharm. Sci. 112: 673-679, 2023.

S. Ota, S. Miyazaki, H. Matsuoka, K. Morisato, Y. Shintani, K.
Nakanishi. High-throughput protein digestion by trypsin-immobilized
monolithic silica with pipette-tip formula. J. Biochem. Biophys. Methods
70: 57-62, 2007.

T. Masuda, N. Saito, M. Tomita, Y. Ishihama. Unbiased quantitation
of Escherichia coli membrane proteome using phase transfer sur-
factants. Mol. Cell. Proteomics 8: 2770-2777, 2009.

J. Abian, A. J. Oosterkamp, E. Gelpi. Comparison of conventional,
narrow-bore and capillary liquid chromatography/mass spectrometry
for electrospray ionization mass spectrometry: Practical consider-
ations. J. Mass Spectrom. 34: 244-254, 1999.

G. Hopfgartner, T. Wachs, K. Bean, ]. Henion. High-flow ion spray
liquid chromatography/mass spectrometry. Anal. Chem. 65: 439-
446, 1993.

31)

32)

33)

34)

35)

36)

37)

38)

39)

40)

41)

12)

Vol. 13 (2024), AO152

A.J. Oosterkamp, E. Gelpi, J. Abian. Quantitative peptide bioanal-
ysis using column-switching nano liquid chromatography/mass
spectrometry. J. Mass Spectrom. 33: 976-983, 1998.

J. Ma, G. W. Kilby. Sensitive, rapid, robust, and reproducible work-
flow for host cell protein profiling in biopharmaceutical process
development. J. Proteome Res. 19: 3396-3404, 2020.

A. Lesur, P-O. Schmit, E Bernardin, E. Letellier, S. Brehmer,
J. Decker, G. Dittmar. Highly multiplexed targeted proteomics ac-
quisition on a TIMS-QTOE Anal. Chem. 93: 1383-1392, 2021.

E Meier, A.-D. Brunner, S. Koch, H. Koch, M. Lubeck, M. Krause, N.
Goedecke, J. Decker, T. Kosinski, M. A. Park, N. Bache, O. Hoerning,
J. Cox, O. Rither, M. Mann. Online parallel accumulation-serial
fragmentation (PASEF) with a novel trapped ion mobility mass
spectrometer. Mol. Cell. Proteomics 17: 25342545, 2018.

J. Rappsilber, Y. Ishihama, M. Mann. Stop and go extraction tips
for matrix-assisted laser desorption/ionization, nanoelectrospray,
and LC/MS sample pretreatment in proteomics. Anal. Chem. 75:
663-670, 2003.

P. J. Boersema, R. Raijmakers, S. Lemeer, S. Mohammed, A. J. R.
Heck. Multiplex peptide stable isotope dimethyl labeling for quan-
titative proteomics. Nat. Protoc. 4: 484-494, 2009.

A. T. Kong, E V. Leprevost, D. M. Avtonomov, D. Mellacheruvu,
A. L. Nesvizhskii. MSFragger: Ultrafast and comprehensive peptide
identification in mass spectrometry-based proteomics. Nat. Meth-
ods 14: 513-520, 2017.

G. C. Teo, D. A. Polasky, E Yu, A. I. Nesvizhskii. Fast deisotoping
algorithm and its implementation in the MSFragger search engine.
J. Proteome Res. 20: 498-505, 2021.

F da Veiga Leprevost, S. E. Haynes, D. M. Avtonomov, H.-Y.
Chang, A. K. Shanmugam, D. Mellacheruvu, A. T. Kong, A. L
Nesvizhskii. Philosopher: A versatile toolkit for shotgun proteom-
ics data analysis. Nat. Methods 17: 869-870, 2020.

E Yu, S. E. Haynes, A. I. Nesvizhskii. IonQuant enables accu-
rate and sensitive label-free quantification with FDR-controlled
match-between-runs. Mol. Cell. Proteomics 20: 100077, 2021.

B. MacLean, D. M. Tomazela, N. Shulman, M. Chambers, G. L.
Finney, B. Frewen, R. Kern, D. L. Tabb, D. C. Liebler, M. J. MacCoss.
Skyline: An open source document editor for creating and analyzing
targeted proteomics experiments. Bioinformatics 26: 966-968, 2010.

S. Okuda, Y. Watanabe, Y. Moriya, S. Kawano, T. Yamamoto, M.
Matsumoto, T. Takami, D. Kobayashi, N. Araki, A. C. Yoshizawa,
T. Tabata, N. Sugiyama, S. Goto, Y. Ishihama. jPOSTrepo: An inter-
national standard data repository for proteomes. Nucleic Acids Res.
45(D1): D1107-D1111, 2017.

Page 8 of 8


https://doi.org/10.4161/mabs.28120
https://doi.org/10.4161/mabs.28120
https://doi.org/10.4161/mabs.28120
https://doi.org/10.4161/mabs.28120
https://doi.org/10.1002/btpr.1948
https://doi.org/10.1002/btpr.1948
https://doi.org/10.1002/btpr.1948
https://doi.org/10.1002/btpr.1948
https://doi.org/10.1016/j.biologicals.2023.101675
https://doi.org/10.1016/j.biologicals.2023.101675
https://doi.org/10.1016/j.biologicals.2023.101675
https://doi.org/10.1002/bit.25628
https://doi.org/10.1002/bit.25628
https://doi.org/10.1002/bit.25628
https://doi.org/10.1002/bit.25628
https://doi.org/10.1021/acs.analchem.7b00304
https://doi.org/10.1021/acs.analchem.7b00304
https://doi.org/10.1021/acs.analchem.7b00304
https://doi.org/10.1021/acs.analchem.7b00304
https://doi.org/10.1021/acs.analchem.0c01175
https://doi.org/10.1021/acs.analchem.0c01175
https://doi.org/10.1021/acs.analchem.0c01175
https://doi.org/10.1021/acs.analchem.0c01175
https://doi.org/10.1021/acs.analchem.9b01259
https://doi.org/10.1021/acs.analchem.9b01259
https://doi.org/10.1021/acs.analchem.9b01259
https://doi.org/10.1021/acs.analchem.9b01259
https://doi.org/10.1016/j.xphs.2022.10.008
https://doi.org/10.1016/j.xphs.2022.10.008
https://doi.org/10.1016/j.xphs.2022.10.008
https://doi.org/10.1016/j.jbbm.2006.10.005
https://doi.org/10.1016/j.jbbm.2006.10.005
https://doi.org/10.1016/j.jbbm.2006.10.005
https://doi.org/10.1016/j.jbbm.2006.10.005
https://doi.org/10.1074/mcp.M900240-MCP200
https://doi.org/10.1074/mcp.M900240-MCP200
https://doi.org/10.1074/mcp.M900240-MCP200
https://doi.org/10.1002/(SICI)1096-9888(199904)34:4%3c244::AID-JMS775%3e3.0.CO;2-0
https://doi.org/10.1002/(SICI)1096-9888(199904)34:4%3c244::AID-JMS775%3e3.0.CO;2-0
https://doi.org/10.1002/(SICI)1096-9888(199904)34:4%3c244::AID-JMS775%3e3.0.CO;2-0
https://doi.org/10.1002/(SICI)1096-9888(199904)34:4%3c244::AID-JMS775%3e3.0.CO;2-0
https://doi.org/10.1021/ac00052a021
https://doi.org/10.1021/ac00052a021
https://doi.org/10.1021/ac00052a021
https://doi.org/10.1002/(SICI)1096-9888(1998100)33:10<976::AID-JMS710>3.0.CO;2-7
https://doi.org/10.1002/(SICI)1096-9888(1998100)33:10<976::AID-JMS710>3.0.CO;2-7
https://doi.org/10.1002/(SICI)1096-9888(1998100)33:10<976::AID-JMS710>3.0.CO;2-7
https://doi.org/10.1021/acs.jproteome.0c00252
https://doi.org/10.1021/acs.jproteome.0c00252
https://doi.org/10.1021/acs.jproteome.0c00252
https://doi.org/10.1021/acs.analchem.0c03180
https://doi.org/10.1021/acs.analchem.0c03180
https://doi.org/10.1021/acs.analchem.0c03180
https://doi.org/10.1074/mcp.TIR118.000900

https://doi.org/10.1074/mcp.TIR118.000900

https://doi.org/10.1074/mcp.TIR118.000900

https://doi.org/10.1074/mcp.TIR118.000900

https://doi.org/10.1074/mcp.TIR118.000900

https://doi.org/10.1021/ac026117i
https://doi.org/10.1021/ac026117i
https://doi.org/10.1021/ac026117i
https://doi.org/10.1021/ac026117i
https://doi.org/10.1038/nprot.2009.21
https://doi.org/10.1038/nprot.2009.21
https://doi.org/10.1038/nprot.2009.21
https://doi.org/10.1038/nmeth.4256
https://doi.org/10.1038/nmeth.4256
https://doi.org/10.1038/nmeth.4256
https://doi.org/10.1038/nmeth.4256
https://doi.org/10.1021/acs.jproteome.0c00544
https://doi.org/10.1021/acs.jproteome.0c00544
https://doi.org/10.1021/acs.jproteome.0c00544
https://doi.org/10.1038/s41592-020-0912-y
https://doi.org/10.1038/s41592-020-0912-y
https://doi.org/10.1038/s41592-020-0912-y
https://doi.org/10.1038/s41592-020-0912-y
https://doi.org/10.1016/j.mcpro.2021.100077
https://doi.org/10.1016/j.mcpro.2021.100077
https://doi.org/10.1016/j.mcpro.2021.100077
https://doi.org/10.1093/bioinformatics/btq054
https://doi.org/10.1093/bioinformatics/btq054
https://doi.org/10.1093/bioinformatics/btq054
https://doi.org/10.1093/bioinformatics/btq054
https://pubmed.ncbi.nlm.nih.gov/27899654
https://pubmed.ncbi.nlm.nih.gov/27899654
https://pubmed.ncbi.nlm.nih.gov/27899654
https://pubmed.ncbi.nlm.nih.gov/27899654
https://pubmed.ncbi.nlm.nih.gov/27899654
https://pubmed.ncbi.nlm.nih.gov/27899654
https://pubmed.ncbi.nlm.nih.gov/27899654
https://pubmed.ncbi.nlm.nih.gov/27899654
https://pubmed.ncbi.nlm.nih.gov/27899654
https://pubmed.ncbi.nlm.nih.gov/27899654
https://pubmed.ncbi.nlm.nih.gov/27899654
https://pubmed.ncbi.nlm.nih.gov/27899654
https://pubmed.ncbi.nlm.nih.gov/27899654
https://pubmed.ncbi.nlm.nih.gov/27899654
https://pubmed.ncbi.nlm.nih.gov/27899654
https://pubmed.ncbi.nlm.nih.gov/27899654
https://pubmed.ncbi.nlm.nih.gov/27899654
https://pubmed.ncbi.nlm.nih.gov/27899654
https://pubmed.ncbi.nlm.nih.gov/27899654
https://pubmed.ncbi.nlm.nih.gov/27899654
https://pubmed.ncbi.nlm.nih.gov/27899654
https://pubmed.ncbi.nlm.nih.gov/27899654
https://pubmed.ncbi.nlm.nih.gov/27899654
https://pubmed.ncbi.nlm.nih.gov/27899654
https://pubmed.ncbi.nlm.nih.gov/27899654
https://pubmed.ncbi.nlm.nih.gov/27899654
https://pubmed.ncbi.nlm.nih.gov/27899654
https://pubmed.ncbi.nlm.nih.gov/27899654
https://pubmed.ncbi.nlm.nih.gov/27899654
https://pubmed.ncbi.nlm.nih.gov/27899654
https://pubmed.ncbi.nlm.nih.gov/27899654
https://pubmed.ncbi.nlm.nih.gov/27899654
https://pubmed.ncbi.nlm.nih.gov/27899654
https://pubmed.ncbi.nlm.nih.gov/27899654
https://pubmed.ncbi.nlm.nih.gov/27899654
https://pubmed.ncbi.nlm.nih.gov/27899654
https://pubmed.ncbi.nlm.nih.gov/27899654
https://pubmed.ncbi.nlm.nih.gov/27899654
https://pubmed.ncbi.nlm.nih.gov/27899654
https://pubmed.ncbi.nlm.nih.gov/27899654
https://pubmed.ncbi.nlm.nih.gov/27899654
https://pubmed.ncbi.nlm.nih.gov/27899654
https://pubmed.ncbi.nlm.nih.gov/27899654
https://pubmed.ncbi.nlm.nih.gov/27899654
https://pubmed.ncbi.nlm.nih.gov/27899654
https://pubmed.ncbi.nlm.nih.gov/27899654
https://pubmed.ncbi.nlm.nih.gov/27899654
https://pubmed.ncbi.nlm.nih.gov/27899654
https://pubmed.ncbi.nlm.nih.gov/27899654

