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We evaluated the immunoreactivity profiles of eight commercial anti-host cell protein (anti-HCP) anti-
bodies from different host animals and their antigens used for immunization by an isobaric labeled affin-
ity purification-mass spectrometry (AP-MS) method. As a result, 34 proteins with high abundance but low
recovery from harvest cell culture fluid were identified. Since they are likely to be underestimated in bio-
pharmaceutical quality assessment, the features common to these proteins were investigated. Compared
to other immunoprecipitated HCP proteins, proteins exhibiting lower molecular weight (AMW = -14600),
lower isoelectric point (Apl = -0.86), and lower hydrophobicity (AGRAVY = -0.13) were enriched. This
AP-MS method provides important information for HCP control strategies using immunological methods
and is expected to contribute to the development of safe biopharmaceutics.

© 2022 The Authors. Published by Elsevier B.V.

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

Host cell proteins (HCPs) are proteins derived from host cells
used in the production of biopharmaceuticals, and may be present
as impurities in the final products [1-3]. Because of their tox-
icity and immunogenicity to humans [4-6], and/or their poten-
tial for degradation of products and additives due to their enzy-
matic activities [7-11], they are required by regulatory authori-
ties to be controlled at low levels. Since HCPs are complex mix-
tures of proteins, sandwich enzyme-linked immunosorbent assay
(ELISA) methods using a mixture of antibodies reactive to vari-
ous HCPs are widely employed for HCP analysis [12-14]. ELISA
methods using anti-HCP antibodies are highly specific and sensi-
tive, allowing high-throughput analysis of a wide range of HCPs
[15], and providing a single result of relative reactivity with re-
spect to a mixture of HCPs used as standards [14]. Even though
modern high-performance liquid chromatography/mass spectrom-
etry (LC/MS) approaches have been reported to be applicable to
HCP analysis [16-20], ELISA methods are still exclusively used in
quality control testing because of this ease of handling [21].

Abbreviations: HCCF, Harvest cell culture fluid; HCP, Host cell protein; AP-MS,
Affinity purification-mass spectrometry; iLAP-MS, Isobaric labeling AP-MS.
* Corresponding author.
E-mail address: yishiham@pharm.kyoto-u.ac.jp (Y. Ishihama).

https://doi.org/10.1016/j.chroma.2022.463645

Anti-HCP antibodies used in ELISA methods are required to re-
act with a wide range of HCPs to minimize the risk of overlook-
ing residual HCPs in the products [14,21]. The degree of compre-
hensiveness of the anti-HCP antibody against the proteome to be
analyzed is generally referred to as “coverage”, which is one of
the most important parameters for ELISA methods [1,21]. Tradi-
tionally, two-dimensional gel electrophoresis (2-DE) has been used
for coverage assessment. However, overlapped protein spots due
to the incompleteness of separation by 2-DE can lead to misinter-
pretation of the immunoreactivity [21-25]. As alternatives, several
LC/MS methods have been utilized to comprehensively profile the
immunoreactivity of anti-HCP antibodies by analyzing proteins pu-
rified by anti-HCP antibodies [26-30].

An essential step in this affinity purification-MS (AP-MS)
method is to distinguish immunoreactive proteins from nonspecific
binding proteins. Henry et al. first reported a method that relied
solely on identification information to judge all proteins identi-
fied from negative controls as nonspecific binders, but in the same
report, they noted that identification-based methods have a high
risk of false-negative results and they commented on the need for
quantitative information [26]. Many of the AP-MS studies reported
since then have used quantitative information to determine im-
munoreactivity, but all of them have employed label-free quantifi-
cation (LFQ), which is difficult to perform accurately due to matrix
effects [27,28]. Thus, despite their importance, little attention has
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been paid to the precision and accuracy of quantitative methods.
The AP-MS method is expected to extract data that cannot be ob-
tained with the conventional 2-DE method by performing relative
quantitation not only between affinity-purified samples and nega-
tive controls, but also between affinity-purified samples prepared
using different anti-HCP antibodies and between pre- and post-
affinity-purified samples. Therefore, the development of an AP-MS
method with better quantitative performance would be advanta-
geous.

Stable isotope labeling methods based on metabolic and chem-
ical reactions provide high quantitative performance in proteomics
[31-34]. Among them, isobaric labeling is expected to greatly im-
prove the quality of results obtained from AP-MS, since it allows
relative quantitation of many samples within the same measure-
ment [35-37]. In this study, we combined an AP-MS workflow us-
ing anti-Chinese hamster ovarian (CHO) cell HCP antibodies and
magnetic beads with a quantitative proteomics method using tan-
dem mass tag (TMT) labeling to establish a workflow that over-
comes the challenges of the classic LFQ-based AP-MS methods that
have been utilized to date. TMT labeling is suitable for simulta-
neous analysis of multiple samples and negative controls because
of its high-throughput performance, with a maximum of 11-plex
for conventional TMT reagents and 18-plex for the recently devel-
oped TMTpro reagents [32,38]. We first evaluated the impact of the
introduction of isobaric labels on the AP-MS method in terms of
quantitative precision. Furthermore, the developed workflow was
applied to a comparative analysis of eight commercially available
anti-HCP antibodies produced by different host animals immunized
with various antigens, and succeeded in identifying low-recovery
“alert proteins” for HCP-ELISA.

2. Materials and methods
2.1. Materials

Triethylammonium bicarbonate buffer pH 8.5 (TEAB), rabbit
IgG, and goat IgG were purchased from Merck KGaA (Darm-
stadt, Germany). Modified trypsin was obtained from Promega
Corporation (Madison, WI). Phosphate-buffered saline (PBS) and
phosphate-buffered saline with Tween 20 (PBST) were pur-
chased from Takara Bio Inc. (Shiga, Japan). Dynabeads pro-
tein G, bis(sulfosuccinimidyl)suberate (BS3), and TMT reagents
were purchased from Thermo Scientific (Waltham, MA). Pro-
tein G sensor chip, HBS-EP+ (10 mmol/L 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES), 150 mmol/L NaCl, 3 mmol/L
ethylenediaminetetraacetic acid (EDTA), and 0.05 v/v% surfactant
P20, after diluted), and glycine buffer pH 1.5 were purchased from
Cytiva (Tokyo, Japan). Recombinant phospholipase B-like 2 protein
(PLBL2) and cathepsin D of Chinese hamster were purchased from
ICL (Portland, OR) and MyBioSource (San Diego, CA), respectively.
Information on antibodies used for affinity purification is shown in
Suppl. Table 1. Other reagents were obtained from Fujifilm Wako
(Osaka, Japan). Mock CHO-O cells, produced by transfection with a
vector that does not contain genes of interest, were cultured and
the collected harvest cell culture fluid (HCCF) was used as a sam-
ple. The CHO-O cell line was established as previously reported
[39].

2.2. Affinity purification

Protein G magnetic beads (Dynabeads protein G) were used for
affinity purification. Three types of immobilized beads for affinity
purification were prepared as follows; 1) beads with immobilized
anti-HCP antibody (anti-HCP antibody beads), 2) beads with immo-
bilized goat or rabbit nonspecific antibody (antibody blank beads),
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and 3) non-treated beads (naked blank beads). Antibody immobi-
lization on beads was performed by suspending 60 wg of antibody
and 7.5 mg of beads in 400 uL of PBST and allowing the beads to
react for 60 min at room temperature. After the reaction, the solu-
tion was discarded and the immobilized beads were washed with
PBST to remove unbound antibody. Naked blank beads were pre-
pared similarly by adding the beads to PBST. Immobilized beads
were prepared for each affinity purification experiment.

Covalent conjugation of antibodies to beads were performed by
adding 700 L of PBS containing crosslinking reagent (BS®) to the
immobilized beads, followed by 30 min incubation at room tem-
perature. After the incubation, 25 uL of 1 mol/L Tris-HCl buffer
(pH 7.5) was added and incubated for 15 min at room tempera-
ture to stop the reaction. Treated beads were then washed with
PBST. The crosslinking reaction was performed temporarily during
the method development process.

Affinity purification was performed by adding 400 L of PBST
containing 100 pg of protein from HCCF to the immobilized beads,
followed by incubation overnight at 5°C. After the reaction, the
solution was discarded and the beads were washed with PBS. To
elute the protein from the beads, 100 uL of phase transfer surfac-
tant (PTS) solution (12 mmol/L sodium deoxycholate, 12 mmol/L
sodium N-dodecanoylsarcosinate, 0.2 mol/L TEAB), which is com-
patible with trypsin digestion, was added and the beads were
heated at 95°C for 5 min [40].

For anti-HCP antibody beads, affinity purification was repeated
three times for each antibody. For blank beads (antibody blank
beads and naked blank beads), the affinity purification was re-
peated four times and the eluate was combined in a single tube.
This solution was again divided into four aliquots and subjected to
the following protein digestion procedure.

2.3. Protein digestion

Eluates from the beads were reduced (10 mmol/L dithiothre-
itol, 37°C, 30 min) and alkylated (50 mmol/L iodoacetamide, 37°C,
30 min in the dark) prior to enzymatic digestion. The treated
proteins were incubated with Lys-C for 3 hours, diluted 5-fold
with 50 mmol/L ammonium bicarbonate, and further digested with
trypsin overnight. After digestion, the solution was acidified with
trifluoroacetic acid (TFA) and the surfactant was removed from the
solution by extraction with ethyl acetate. The recovered aqueous
layer containing the peptide was desalted on a StageTip packed
with SDB-XC (CDS Analytical LLC, Oxford, PA) to obtain 50 uL of
eluate [41].

2.4. Preparation of whole HCCF digest

HCCF corresponding to 100 ug of protein was added to
100 pL of PTS solution and heated at 95°C for 5 min. Subsequent
reduction-alkylation, digestion, surfactant removal, and desalting
operations were performed as described above for the affinity-
purified samples to prepare the “whole HCCF digest”.

2.5. TMT labeling and sample solution preparation

All peptides recovered by affinity purification and 10 ug of the
whole HCCF digest were subjected to TMT labeling. TMT labeling
was performed according to the manufacturer’s standard protocol.
The peptides were completely dried and reconstituted in 100 uL
of 50 mmol/L TEAB. TMT 11-plex labeling reagents (0.8 mg) were
dissolved in 41 pL of acetonitrile and the entire volume was added
to the peptide solutions. The solutions were allowed to react for 1
hour at room temperature. The reaction was quenched by adding
8 L of 5% hydroxylamine solution and incubating for 15 min. Af-
ter quenching, the acetonitrile concentration of the solutions was
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diluted to 4% by adding 0.1% TFA and the mixtures were desalted
as described previously to yield 50 pL of eluates. TMT batches
were prepared by combining 20 pL of each TMT-labeled peptide as
shown in Suppl. Table 2. The mixtures were concentrated to dry-
ness and the residues were dissolved in 133 pL of sample loading
buffer (4% acetonitrile, 0.1% TFA) to prepare a sample solution for
LC/MS analysis.

To prepare the unlabeled affinity-purified samples for evaluat-
ing LFQ, 20 uL of the desalted digest was concentrated to dryness
and dissolved in 133 uL of sample loading buffer.

2.6. LC/MS analysis

LC/MS analyses were performed using an UltiMate 3000 RSLC-
nano pump (Thermo Fisher Scientific) coupled to an Orbitrap Fu-
sion Lumos mass spectrometer (Thermo Fisher Scientific). The
sample solution (5 uL) was injected directly into the analytical
column. Separation was performed using an EASY-Spray column
(Thermo Fisher Scientific) with an inner diameter of 75 um and a
length of 500 mm, packed with C18 modified silica gel (2 wm par-
ticle size). The column temperature was maintained at 50°C during
the analysis. The following solutions were used as mobile phases:
solution A: 0.5% acetic acid, solution B: 80% acetonitrile, 0.5% acetic
acid. The gradient was 5% B to 40% B for 240 min, with a constant
flow rate of 300 nL/min. The voltage applied to the spray emitter
was 2.2 kV.

TMT-labeled samples were analyzed by data-dependent acqui-
sition (DDA) in top speed mode with a cycle time of 5 s. Sur-
vey scans were acquired by the Orbitrap with the following pa-
rameters: an m/z range of 375 to 1500, a resolution of 120,000,
and an automatic gain control (AGC) of 4.0 x 10°. MS? acquisition
was performed by collision-induced dissociation (CID) using an ion
trap, and the collision energy for CID was set to 35%. lons were
isolated with quadrupoles in a 0.7 m/z window; AGC was set to
1.0 x 104, maximum injection time was 35 ms, and scan rate was
set to "Turbo.” The MS? analysis was performed after co-isolation
of the top 10 product ions observed in the MS? analysis by syn-
chronous precursor selection using an ion trap. Isolated ions were
fragmented by higher-energy collisional dissociation (HCD) with a
HCD collision energy set at 65%, and TMT reporter ions were de-
tected by the Orbitrap. The AGC was set to 5.0 x 10* and the max-
imum injection time was 86 ms. All sample solutions were mea-
sured in triplicate.

Data for unlabeled samples were acquired by DDA in top speed
mode with a period of 3 s. Survey and MS? scans were acquired
with the Orbitrap and an ion trap, respectively. Survey scans were
acquired with the same parameters as for TMT-labeled samples.
Fragmentation was performed by HCD with an HCD collision en-
ergy of 27%. Parameters were set as follows; isolation window to
1.2 m/z (quadrupole), AGC to 1.0 x 10% maximum injection time
to 35 ms, and scan rate to “Rapid".

Experimental settings different from those described above dur-
ing the method development process are described individually in
the following section.

2.7. Raw data processing

Data acquired by the mass spectrometer were analyzed using
Proteome Discoverer ver. 2.2.0.388 (Thermo Fisher Scientific). For
the immunoreactivity evaluation and cluster analysis, raw files of
triplicate runs were combined into one raw file using the frac-
tion management function of Proteome Discoverer to reduce miss-
ing values. For the evaluation of the variability of LC/MS measure-
ments, raw files were analyzed individually to obtain quantitative
values for each run separately.

Journal of Chromatography A 1685 (2022) 463645

Table 1
Number of immunoreactive proteins identified at different thresholds using the
iLAP-MS method

Anti-HCP antibody No. of immunoreactive proteins No. of quantified

proteins

Judged by Judged by enrichment

g-value® ratio (2-fold)

<0.05 <0.01
BioGenes Type A 931 664 560 1092
BioGenes Type B 1002 775 796 1080
BioGenes Type C 1061 998 811 1100
BioGenes Type D 1052 959 857 1090
Cygnus 1G 777 546 316 1041
Cygnus 3G 1035 962 842 1077
Cytiva 870 463 458 1043
Canopy 859 665 355 996

@ g-value was calculated from three independent affinity purification procedures
as described in the materials and methods section

Data was searched against the UniProtKB release 2021_01 (7th
April, 2021) Chinese hamster database (56495 sequences) and the
common contaminants database by the Sequest HT engine. Search
parameters were set as: precursor mass tolerance of 5 ppm, prod-
uct ion mass tolerance of 0.6 Th, trypsin enzyme, minimum pep-
tide length of 6, allowing up to 2 missed cleavages. For TMT-
labeled samples, carbamidomethylation of Cys, TMT labeling of
peptide N-terminus and Lys were set as static modifications. Ox-
idation of Met and acetylation of protein N-terminus were set as
variable modifications. The false discovery rate (FDR) of the pep-
tide spectral match (PSM) was determined by a target-decoy strat-
egy using a reversed-sequence decoy database and controlled by
Percolator software. The threshold for the FDR to filter PSM was
set at a g-value of 0.01. For protein identification, the threshold
for protein FDR was set at 0.01, and at least two peptides, in-
cluding at least one unique peptide, were required to be identi-
fied. For the unlabeled samples, the same settings as for the TMT-
labeled samples were used, except for the TMT modification. Two
immunoglobulins (AOA3L7GXT6 and AOA3L7H109) that were arti-
facts derived from the reagent antibodies were excluded from sub-
sequent analyses.

Signal-to-noise (S/N) ratios of TMT reporter ions in MS3 spec-
tra were employed as quantitative values for TMT-labeled samples.
LFQ using peak area of extracted ion chromatogram (EIC) was ap-
plied to unlabeled samples. Protein abundances were obtained by
summing the quantitative values for unique and razor peptides be-
longing to the corresponding proteins both for TMT and LFQ.

2.8. Statistical assessment of immunoreactivity

Perseus ver. 1.6.14.0 was used for the statistical assessment of
immunoreactivity [42]. Within each TMT batch, the enrichment
rate (Sp/Blank) was determined using anti-HCP antibody as the
numerator and the blank beads corresponding to the host animal
of the anti-HCP antibody as the denominator. Then the enrich-
ment rate was converted to log, (Sp/Blank). Mean log, (Sp/Blank)
of each individually prepared sample (n = 1 to 3) was calculated
between the corresponding TMT batch pairs, since each anti-HCP
antibody was measured in two TMT batches as summarized in
Suppl. Table 2. Student’s two-tailed t-test was performed on the
data from three replicate preparations of affinity-purified samples
to see if log,(Sp/Blank) was significantly different from 0. Signif-
icance levels were set by Benjamini-Hochberg’s FDR, and g-value
thresholds are shown in the text and in Table 1 [43]. If the g-
value threshold was satisfied, the protein that met the criteria was
judged to be immunoreactive with the corresponding anti-HCP an-
tibody.

RBAFFHER)ED bV

KURENAI

Kyoto University Research Information Repository

A



¥ KYOTO UNIVERSITY

A Self-archived copy in
Kyoto University Research Information Repository
https://repository.kulib.kyoto-u.ac.jp

K 5

S. Takagi, M. Shibata, N. Suzuki et al.
2.9. TMT data normalization

Raw protein abundance data were normalized prior to the clus-
ter analysis to mitigate the TMT batch effect by using the previ-
ously reported technique (internal reference scaling (IRS) method)
with some modifications [44]. First, to correct the amount of sam-
ple loaded per channel within a TMT batch, the sum of the protein
abundance for each channel was normalized to that of the whole
HCCF digest channel. Then, the geometric mean of the abundance
of each protein was calculated for a total of 16 channels of whole
HCCF digests (2 channels per batch, 8 TMT batches in total). From
the aforementioned geometric mean and whole HCCF digests be-
longing to each individual TMT batch, correction factors for each
protein per TMT batch were obtained. Finally, normalized abun-
dance was obtained by normalizing the raw abundance of each
protein using the correction factors for channels other than the
whole HCCF digest in each individual TMT batch.

2.10. Cluster analysis

Perseus ver. 1.6.14.0 was used to perform hierarchical cluster
analysis for log, (normalized abundance). Euclidean distances were
used for both rows (proteins) and columns (samples), and the k-
means method was used. The initial number of clusters was set
to 300, the maximum number of iterations to 10, and the number
of restarts to 1. Proteins with no missing quantitation values in all
samples were included in the analysis (884 proteins).

2.11. Bioinformatics analysis

Hydrophobicity (GRAVY) and in vivo protein instability (instabil-
ity index) were calculated by Biopython ver. 1.78 using an in-house
Python script [45,46]. Molecular weight and pI were determined by
Proteome Discoverer.

In this study, we introduced the “coverage-similarity score”, an
index calculated from basic local alignment search tool (BLAST)
search results, to evaluate the similarity of each corresponding pro-
tein between the CHO cell HCP and the host animal with a sin-
gle value. BLAST searches were performed in a local environment
using BLASTp included in the BLAST+ ver. 2.6.0 package [47,48].
UniProt Rabbit (downloaded June 2021, 41459 sequences in to-
tal) and UniProt Goat (downloaded June 2021, 35493 sequences
in total) were used as the goat and rabbit databases, respectively.
The protein sequences of CHO cells were used as queries, and the
Top 1 hits were used as the homologs of the respective proteins
for further analysis. Although the results were not filtered by E-
value to avoid missing values, the percentages of hits with E-values
greater than 1 x 10~3 were 0.3% and 1.2% for goat and rabbit, re-
spectively, indicating that sufficiently significant hits were used for
the analysis (denominator: 1151 proteins). The coverage-similarity
score (CovSim score) was designed to reflect both length and simi-
larity of the aligned sequences in a single value and was calculated
using the following formula

CovSim score = Query coverage (%) x Similarity (%) / 100 (1)
where Query coverage (%) is defined as length of aligned subse-
quences in a BLAST search as a percentage of the length of the
total query sequence, and Similarity (%) is defined as the extent to
which aligned query and database protein sequences are related.

2.12. Statistical analysis

Hypothesis testing was performed using JMP ver. 16.0.0 (SAS
Institute Inc., Cary, NC). The test methods and significance levels
used are presented with the results. The family-wise error rate was
controlled by the Holm-Bonferroni method [49].

Journal of Chromatography A 1685 (2022) 463645

2.13. Surface plasmon resonance analysis

Surface plasmon resonance (SPR) analyses were performed us-
ing a Biacore T200 system (Cytiva) and protein G sensor chip, with
HBS-EP+ as a running buffer. Anti-HCP antibodies were captured
on an active flow cell as ligands (20 pg/mL, 300 s, 5 wL/min) and
a flow cell without antibodies was used as a reference. For both
of PLBL2 and cathepsin D, 2-fold dilutional series ranging from
0.625 pg/mL to 10 ng/mL (5 concentrations) were employed as an-
alyte solutions. Association and dissociation time were 600 s and
300 s, respectively. Flow rate was 10 uL/min and, sensor tempera-
ture was kept at 25°C during the analysis. Regeneration of the chip
surface was conducted by injecting glycine buffer pH 1.5 for 30 s.
Acquired data were evaluated by Biacore T200 evaluation software
ver 3.0 (Cytiva).

3. Results and discussion
3.1. Performance and characteristics of the iLAP-MS method

In this study, we developed a novel isobaric labeling AP-MS
(iLAP-MS) method employing TMT labeling to overcome the chal-
lenges of conventional LFQ-based AP-MS methods and we evalu-
ated the performance and characteristics of the iLAP-MS method.

In affinity purification experiments, antibodies are often im-
mobilized on magnetic beads with crosslinking reagents to selec-
tively collect bound proteins while keeping the antibodies on the
magnetic beads. The optimal concentration of crosslinking reagent
(BS?) for immobilizing anti-HCP antibodies on magnetic beads was
investigated by varying the concentration of crosslinker in the
range of 0 to 5 mmol/L (5 mmol/L is the manufacturer’s rec-
ommended condition). Surprisingly, the highest protein identifica-
tion number and recoveries were obtained when the crosslinking
reagent was not added (Suppl. Fig. 1). This may be due to inactiva-
tion of anti-HCP antibodies by the crosslinking reagent. Based on
these results, we decided not to immobilize anti-HCP antibody on
magnetic beads by crosslinkers. Next, we examined whether MS2
or MS3 spectrum was used for TMT quantification. Obtained re-
sults indicated that the distribution of log, (Sp/Blank) was lower
for all four anti-HCP antibodies used in the evaluation when MS2
quantification was performed in comparison with MS3 quantifica-
tion (Suppl. Fig. 2). This would be due to the large amount of anti-
HCP antibody eluted from the magnetic beads, causing the isola-
tion interference of precursor ions. Consequently, MS3-based TMT
quantification using non-crosslinked antibodies were employed for
accurate TMT quantification through this study.

One of the most critical issues with LFQ is that it directly re-
flects sample injection variability in LC/MS. However, by intro-
ducing isobaric labeling and performing the quantitation within
the same LC/MS run, the precision can be improved. To evaluate
the variability of LC/MS measurements for LFQ, an affinity-purified
sample was injected in triplicate (LFQ_inj), and to estimate the to-
tal variability of "preparation + measurement”, a single analysis
was performed on each sample prepared in triplicate (LFQ_prep).
The median relative standard deviations (RSDs) of the peak area
for LFQ_inj and LFQ_prep were 8.8% and 11.9%, respectively, indi-
cating that the main source of variation in these results was the
LC/MS analysis (Fig. 1). Similar to LFQ_prep, we evaluated the to-
tal variability in TMT quantitation by analyzing samples prepared
in triplicate, and the median RSD of the S/N value was determined
to be 3.2% (TMT_prep). The narrower distribution and smaller me-
dian RSD for TMT_prep compared to LFQ_inj, which does not in-
clude variation in sample preparation, indicates that the introduc-
tion of the isobaric label greatly improves the precision of the AP-
MS method.
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Fig. 1. Reproducibility in label-free and isobaric tag-labeled quantitation meth-
ods. The results for each series were obtained from the following measurements.
LFQ_inj: Triplicate LC/MS analyses of the same sample, LFQ_prep: Single LC/MS
analysis of each preparation in triplicate, TMT_prep: Single LC/MS analysis of one
TMT-labeled sample with three different channels for triplicate preparations (Batch
3-1 described in Suppl. Table 2). Proteins obtained by affinity purification using
anti-HCP antibody (Cygnus 3G) were used as samples. For RSD calculation, peak
area was used for label-free quantitation, whereas the reporter ion intensity (S/N
value) was used for TMT quantitation. Commonly identified proteins were selected
for the reproducibility comparison (356 proteins).

Next, TMT-labeled affinity-purified samples were prepared in
triplicate and analyzed by LC/MS to obtain the TMT ratios, or en-
richment rates (Sp/Blank), for eight commercially available anti-
HCP antibodies. Then, q-values were calculated to identify pro-
teins that were significantly enriched relative to the blank. As
a result, more HCPs were identified when the g-value thresh-
old was set at 0.05 than when the cutoff was set at the en-
richment rate of 2.0-fold commonly used in previous studies
(Table 1) [27,28]. Furthermore, even when the g-value threshold
was tightened to 0.01, more immunoreactive proteins could be
identified for all anti-HCP antibodies except for BioGenes Type
B, which showed higher variability than the others (Table 1).
These results indicate that the use of the high-precision iLAP-
MS method in combination with the g-value threshold can in-
crease the detection sensitivity in immunoreactivity profiling as
compared with conventional determination methods while ensur-
ing high reliability. The immunoreactivity of these anti-HCP an-
tibodies was further evaluated by SPR method using two well-
known problematic HCPs (PLBL2 and cathepsin D) [6,7]. The re-
sults showed that the selectivity of both methods was highly
correlated (Suppl. Fig. 3), supporting the validity of the ILAP-MS
method.

In general, the higher the protein recovery of an antibody,
the more stable the quantitation and the higher the quantitation
precision. However, when the correlation between protein recov-
ery and quantitation precision by this iLAP-MS method was ex-
amined for the eight antibodies used in this study, the corre-
lation coefficient was -0.239, which is surprisingly low (Suppl.
Fig. 4). The AP-MS method for HCP has been widely used not
only for the coverage assessment of anti-HCP antibodies, but
also as an analytical technique to enrich and efficiently de-
tect HCPs from biopharmaceuticals [50]. Thus, when selecting
the appropriate anti-HCP antibody for each application, it is im-
portant to consider the possibility that an anti-HCP antibody
with high protein recovery would not necessarily afford high
precision.
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3.2. Strategies for establishing appropriate negative controls

In affinity purification experiments, the selection of appropri-
ate negative controls is important to minimize false positives. The
"blank beads" used as a negative control could be beads with im-
mobilized nonspecific antibodies that should ideally have no affin-
ity for HCP, or "naked" beads on which nothing is immobilized. To
determine the appropriate negative control, we focused our anal-
ysis on the "blank beads" data obtained by the iLAP-MS method.
Suppl. Fig. 5 shows the protein recoveries for all affinity-purified
samples, including the blank beads. In contrast to the amount of
protein recovered from antibody blank beads with nonspecific an-
tibodies from goat and rabbit, only a very small amount of protein
was recovered from the naked blank beads. Interestingly, this re-
sult was contrary to that obtained in previous studies: according
to Henry et al. [26], about 2.5 times more proteins were identi-
fied from “naked” beads than from beads immobilized with non-
specific antibodies. One possible reason for these results is the
difference in the type of beads used for affinity purification. In
the previous study, streptavidin-immobilized magnetic beads were
used, whereas magnetic beads coated with protein G were used
in this study. Therefore, when protein G beads are used, antibody
blank beads are the appropriate negative controls and naked blank
beads should not be employed in order to avoid overestimating
the performance of anti-HCP antibodies. Our findings may indicate
that protein G beads are more likely to suppress nonspecific ad-
sorption of proteins on the beads, compared with the streptavidin
beads.

When we evaluated the correlations of recovery for individ-
ual proteins between anti-HCP antibodies and nonspecific anti-
bodies (goat and rabbit), all anti-HCP antibodies showed a higher
correlation with nonspecific antibodies derived from the corre-
sponding host animals (Suppl. Table 3). This result suggests that
there are differences in the tendency for nonspecific adsorp-
tion to antibodies among host animal species. Therefore, the
use of antibody blank beads matched to the host animal of
the anti-HCP antibody as a negative control is considered to
be important to accurately evaluate the coverage of anti-HCP
antibodies.

3.3. Identification of problematic HCPs for ELISA analysis

In ELISA analysis for HCP, antigens with low affinity for the
antibodies often cause problems such as inaccurate quantitation
and low analytical precision. To identify such problematic proteins,
we applied the iLAP-MS method to analyze the HCCF as well as
affinity-purified samples prepared from eight commercially avail-
able anti-HCP antibodies. The results were subjected to cluster
analysis after normalizing the protein abundances in the HCCF and
affinity-purified samples (Fig. 2a). The amount of each protein re-
covered with each antibody correlated well with the amount in
HCCF in most cases. However, there were 34 proteins that were re-
covered in small amounts by affinity purification despite the pres-
ence of large amounts in the HCCF (Fig. 2b, Suppl. Table 4). Pro-
teins present in large amounts in the HCCF are more likely to re-
main as impurities after the biopharmaceutical purification pro-
cess, and they must be accurately quantified [51]. Therefore, the
"high abundance but low recovery" proteins extracted by clus-
ter analysis are considered to be a group of proteins that are
important but difficult to measure in HCP analysis using ELISA,
and require careful consideration. The development of the iLAP-MS
method, which enables accurate quantification, has enabled us to
identify such “low-recovery HCPs” for the first time, to our knowl-
edge.
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Fig. 2. Enrichment profiles upon affinity purification with 8 different antibodies. Hierarchical cluster analysis using log, (normalized abundance) was conducted for proteins
immunoprecipitated by 8 different antibodies and their starting materials, i.e., HCCF. Rows and columns indicate proteins and samples, respectively. (a) Overall image.
Abbreviations of samples are as follows, BG_A: BioGenes Type A, BG_B: BioGenes Type B, BG_C: BioGenes Type C, BG_D: BioGenes Type D, Cyg_1G: Cygnus 1G, Cyg_3G:
Cygnus 3G. (b) Enlarged image of "low-recovery HCPs" shown in (a). The red cluster corresponds to low-recovery HCPs.

3.4. Characterization of low-recovery HCPs

We examined a wide range of properties to characterize the
low-recovery HCPs, including molecular weight, isoelectric point,
hydrophobicity (GRAVY) [52], in vivo protein instability (instabil-
ity index) [53], and amino acid sequence similarity to the ho-
molog of the host animal (CovSim score). The results are shown in
Fig. 3 and Suppl. Table 5. Statistically significant differences were
observed for molecular weight, isoelectric point, and hydrophobic-
ity (GRAVY) between the low-recovery HCPs and the other HCPs.
On the other hand, no significant difference was observed for the
instability index or CovSim score. Note that these six indices are
independent of each other, except for the CovSim scores for the
two host animals (goat and rabbit).

The molecular weight of low-recovery HCPs was shifted toward
the lower-molecular-weight side (Fig. 3a). It is well known empir-
ically that it is difficult to raise anti-HCP antibodies against low-
molecular-weight proteins [26,28]. In the production of BioGenes
Types B and D, the low-molecular-weight fraction was added to
the HCCF as the antigen, but the results were not different from
their counterparts (BioGenes Type A and C) prepared without spik-
ing the low-molecular-weight fraction (Fig. 2b). The reason for the
low immunogenicity of low-molecular-weight proteins may be that
they have fewer potential epitopes than high-molecular-weight
proteins.

It is known empirically that proteins with extreme isoelectric
points have poor “coverage”, and Waldera-Lupa et al. noted that
acidic or basic proteins may be more easily denatured than others,
making it difficult to produce antibodies that properly recognize
the protein [28]. On the other hand, Henry et al. pointed out that
the basic proteins identified in their study (pI > 9.0) are often low-
molecular-weight proteins, and they suggested that this might be
an artifact of the analysis [26]. In the present study, acidic pro-

teins were enriched in the low-recovery HCPs (Fig. 3b), but no
correlation between isoelectric point and molecular weight was
observed.

As shown in Fig. 3c, hydrophilic proteins were enriched in the
low-recovery HCPs. Stimulation of B cells by CD4+ T cells is a
key process in the production of anti-HCP antibodies in the host
animal body. CD4+ T cells recognize antigens presented by ma-
jor histocompatibility complex (MHC) class II, and thus the sta-
bility of the MHC class II-peptide complex is a factor affecting
anti-HCP antibody production. Since the binding of MHC class II
to antigenic peptides involve hydrophobic interactions [54], it is
likely that low-recovery HCPs are enriched for less hydrophobic
proteins.

Although there was no statistically significant difference in in
vivo protein instability (instability index), a shift in distribution
was observed between the low-recovery HCPs and other proteins,
with the third quartile of the low-recovery HCPs being above the
threshold at which a protein is considered to be unstable intra-
cellularly (Fig. 3d) [53]. It has been suggested that if a protein is
extremely unstable, it may be degraded in early endosomes be-
fore reaching the antigen-processing compartment where the MHC
molecules reside, resulting in low immunogenicity [55].

In general, proteins from other organisms are recognized by an
organism as non-self, thus triggering an immune response. The de-
gree of similarity between CHO cell-derived proteins and their host
animal homologs may be a factor influencing affinity for the anti-
gen. Since the low-recovery HCPs are presumed to be a subset of
HCPs with low immunogenicity, the low-recovery HCPs were ex-
pected to have high similarity with their host animal homologs.
However, no difference was observed in terms of CovSim scores
(Fig. 3e, f). Therefore, protein similarity to the host animal homolog
is not a valid indicator for predicting the reactivity of anti-HCP an-
tibodies to HCPs.
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Fig. 3. Comparison of physico-chemical and other properties of 34 low-recovery HCPs (LR-HCPs) and 850 other HCPs. Profiles of (a) log, (molecular weight), (b) pl, (c)
GRAVY, (d) instability index (the red line indicates the threshold at which a protein is considered unstable in vivo, score > 40), (e) CovSim score for goat, and (f) CovSim

score for rabbit.

4. Conclusions

In this study, a novel AP-MS workflow, iLAP-MS with stable iso-
baric labeling, was developed. This iLAP-MS method is more accu-
rate than the previously utilized label-free quantification, and pro-
vides higher sensitivity for statistical determination. Using iLAP-
MS, we simultaneously evaluated the immunoreactivity profiles
of eight commercial anti-HCP antibodies with different host an-
imals and the antigens used for immunization. As a result, we
identified a group of proteins that are abundant in the HCCF but
have low affinity to the antibodies, resulting in low recoveries.
This group was significantly enriched in proteins exhibiting low
molecular weight, low isoelectric point, and low hydrophobicity.
Our results indicate that iLAP-MS is an excellent method for an-
alyzing the immunoreactivity profiles of anti-HCP antibodies with
high sensitivity and reliability. These results are expected to be
useful to improve HCP control strategies in biopharmaceutical de-
velopment, thereby contributing to the delivery of safe drugs to
patients.
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