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Abstract
Manufacturing of biopharmaceuticals involves recombinant protein expression in host cells followed by extensive purification of
the target protein. Yet, host cell proteins (HCPs) may persist in the final drug product, potentially reducing its quality with respect
to safety and efficacy. Consequently, residual HCPs are closely monitored during downstream processing by techniques such as
enzyme-linked immunosorbent assay (ELISA) or high-performance liquid chromatography combined with tandem mass spec-
trometry (HPLC-MS/MS). The latter is especially attractive as it provides information with respect to protein identities. Although
the applied HPLC-MS/MS methodologies are frequently optimized with respect to HCP identification, acquired data is typically
analyzed using standard settings. Here, we describe an improved strategy for evaluating HPLC-MS/MS data of HCP-derived
peptides, involving probabilistic protein inference and peptide detection in the absence of fragment ion spectra. This data analysis
workflow was applied to data obtained for drug products of various biotherapeutics upon protein A affinity depletion. The
presented data evaluation strategy enabled in-depth comparative analysis of the HCP repertoires identified in drug products of the
monoclonal antibodies rituximab and bevacizumab, as well as the fusion protein etanercept. In contrast to commonly applied
ELISA strategies, the here presented workflow is process-independent and may be implemented into existing HPLC-MS/MS
setups for drug product characterization and process development.
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Abbreviations
CHO Chinese hamster ovary
DP Drug product
DS Drug substance
ELISA Enzyme-linked immunosorbent assay
HCP Host cell protein
HPLC High-performance liquid chromatography
mAb Monoclonal antibody
MS Mass spectrometry
MS/MS Tandem mass spectrometry

Introduction

Therapeutic monoclonal antibodies (mAbs) and Fc-fusion
proteins are conventionally produced in mammalian expres-
sion systems such as Chinese hamster ovary (CHO) or human
embryonic kidney cells. Naturally, these cells express not only
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the recombinant target protein but also a plethora of endoge-
nous proteins essential for cellular growth and viability.
Despite rigorous clean-up procedures during downstream pro-
cessing, minor amounts of these host cell proteins (HCPs)
may be co-purified with the therapeutic protein and remain
in the final drug product (DP) [1–5]. Since these contaminat-
ing proteins may affect DP quality [6–12] or provoke immune
responses when the drug is administered [13, 14], HCPs are
generally considered in the context of critical quality attributes
(CQAs) and product quality attributes (PQAs) [15]. Hence,
sensitive and reliable analytical procedures for identifying
and quantifying these impurities are indispensable for the pro-
duction and release of biopharmaceuticals. Although there are
no general guidelines specifying maximum acceptable HCP
loads in DPs, manufacturers commonly aim at amounts below
1 to 100 ng of HCP per mg of drug substance (DS) in the final
product (i.e., 1 to 100 ppm) [16]. Consequently, challenges in
HCP characterization arise from low amounts of the contam-
inating proteins at large excess of DS, thus requiring a wide
dynamic range to be covered by analytical methods.

To date, enzyme-linked immunosorbent assay (ELISA)
represents the gold standard for HCP detection and quantifi-
cation. In this context, polyclonal antibodies raised against the
supernatant of null cells, i.e., cells that do not express the
product gene, are used as primary antibodies for HCP detec-
tion [17, 18]. Due to its robustness and simplicity, ELISA can
be performed in a high-throughput manner [19]. In addition,
common cell lines and similar upstream conditions allow the
development of platform assays that can be used for analyzing
multiple DPs [20–22]. Yet, sensitivity of ELISA depends on
the immunogenicity of each individual protein in the null cell
supernatant, thus hindering relative quantification of different
HCPs [23].

As an alternative, HCP analysis based on high-
performance liquid chromatography (HPLC) combined
with tandem mass spectrometry (MS/MS) has emerged
[24, 25]. HPLC-MS/MS-based methods are orthogonal to
ELISA in that they are independent from specific antibodies
for detection. These workflows involve proteolytic diges-
tion of HCP-containing samples and subsequent HPLC-
MS/MS analysis. Fragment ion spectra of HCP peptides
allow protein identification based on comparison with the-
oretical spectra derived from an HCP sequence database.
Thus, HPLC-MS/MS-based workflows outperform ELISA
in that they provide information on individual HCP identi-
ties and amounts rather than a total HCP content [26].
However, their main drawback lies in a dynamic range lim-
ited to three to four orders of magnitude, while analysis of
low-abundant HCPs requires up to six orders of magnitude
considering the DS to HCP ratio [27]. In addition, co-
elution of DS- and HCP-derived peptides may result in ion
suppression of low-abundant HCP peptides, preventing de-
tection of the corresponding contaminant [28].

To overcome these limitations, two strategies have been
described. On the one hand, multidimensional HPLC setups
have been implemented to tackle sample complexity, thereby
offering lower limits of detection and quantification [29–31].
However, these setups suffer from low throughput as well as
limited robustness and reproducibility, which hampers their
application in quality control [32, 33]. On the other hand,
protein A affinity chromatography may be exploited to de-
plete Fc domain-containing DS, i.e., mAbs and Fc-fusion pro-
teins, by highly specific interaction between protein A and the
Fc domain before tryptic digestion and HPLC-MS/MS analy-
sis [34, 35]. This enables identification of HCPs with abun-
dances in the low ppm range applying a single chromato-
graphic dimension [36, 37]. Moreover, wash solutions con-
taining various additives may be applied to the DS captured on
the protein A column to facilitate elution and subsequent anal-
ysis of HCPs that interact with the DS or the affinity resin
[38–40]. Alternatively, enrichment of HCPs by applying a
molecular weight cutoff filtration step has recently been de-
scribed [41].

Previous studies tended to describe optimization of labora-
tory protocols with respect to the number of HCPs identified,
while acquired MS/MS data was frequently analyzed using
standard settings. Here, we describe an optimized data evalu-
ation protocol that enhances process-independent HCP iden-
tification based on established analytical techniques, i.e., DS
depletion via protein A affinity chromatography followed by
reversed phase-HPLC-MS/MS. This data evaluation protocol
combines (a) probabilistic protein inference based on all pep-
tides identified from fragment ion mass spectra with (b) pep-
tide detection on the full-scan MS level, i.e., even in the ab-
sence of MS/MS spectra. We demonstrate generic applicabil-
ity of our workflow across Fc domain-containing
biotherapeutics by assembling HCP profiles for a panel of
structurally diverse, commercial grade DPs. Furthermore, a
comparative analysis of non-depleted DPs reveals synergistic
benefits of our data evaluation protocol and the depletion
workflow for HCP identification. Thus, our approach repre-
sents a powerful tool that may be implemented into existing
HPLC-MS/MS setups for DP characterization as well as in the
context of process development.

Materials and methods

Materials

Acetonitrile (≥ 99.9%) was purchased fromVWR International
(Vienna, Austria). Tris(2-carboxyethyl)phosphine hydrochlo-
ride (TCEP, ≥ 98.0%), iodoacetamide (≥ 99.9%), formic acid
(98.0–100%), guanidine hydrochloride (≥ 99%), disodium
phosphate dihydrate (HNa2PO4·2H2O, ≥ 99.0%),
tetramethylammonium chloride (TMAC, ≥ 99.0%), glycine
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(≥ 99.0%), L-arginine monohydrochloride (≥ 98%), sodium
chloride (NaCl, ≥ 99.5%), ammonium bicarbonate (LC-MS
grade), ethanol (LC-MS grade), E. coli β-galactosidase, and
bovine β-lactoglobulin were obtained from Sigma-Aldrich
(Vienna, Austria). Tris(hydroxymethyl)aminomethane (Tris,
≥ 99%) was purchased from SERVA Electrophoresis
(Heidelberg, Germany). Trypsin (Mass Spec Grade, V5111)
was obtained from Promega (Madison, WI, USA). The Hi3
E. coli standard, consisting of six synthetically prepared, highly
ionizing peptides derived from E. coli chaperone protein ClpB,
was purchased from Waters (Milford, MA, USA). For all ex-
periments, ultrapure water produced in-house by a Millipore
Integral 3 unit (Merck/Millipore, Billerica, MA, USA) was
used.

The following DPs were examined: MabThera® (batch
H0139B01 expiring 01/2016, 10 mg mL−1 rituximab) and
Avastin® (batch B7214HO9 expiring 03/2018, 25 mg mL−1

bevacizumab) from F. Hoffmann-La Roche Ltd. (Basel,
Switzerland); Enbrel® (batches E11132 expiring 03/2011
and 1040542 expiring 03/2016, 50 mg mL−1 etanercept) from
Pfizer (New York, NY, USA); and Benepali® (batch CT0056
expiring 09/2018, 50 mg mL−1 etanercept) from Samsung
Bioepis UK Limited.

Drug substance depletion by protein A affinity
chromatography

DPs were equilibrated to room temperature (25 °C). Twenty
milligrams of each DP, 2 μg β-galactosidase, and 2 μg β-
lactoglobulin were brought to a final volume of 2.0 mL using
20 mM Na2HPO4, pH 7.30, resulting in a final concentration
of 10 mg mL−1. Affinity chromatography was performed at
25 °C using a 5.0-mL Hamilton syringe (1000 series Gastight,
PTFE luer lock, Sigma-Aldrich, Vienna, Austria) for column
equilibration, sample loading, column washing, and regener-
ation. For each therapeutic protein, a protein A column
(HiTrap MabSelect SuRe, 1 mL, Sigma-Aldrich) was manu-
ally equilibrated with 10 mL 20 mM Na2HPO4, pH 7.30.
Samples were loaded onto the column at a flow rate of
100 μL min−1 generated by a syringe pump (230 VAC EW-
74900-05, Cole-Parmer, Vernon Hills, IL, USA), and the
flow-through was collected. After rinsing the syringe with
10 mL ultrapure water, 2.0 mL of a wash solution consisting
of 10 mMTris, 100 mM L-arginine, 1.0MNaCl, and 500 mM
TMAC, adjusted to pH 10.00 using HCl, was applied at a flow
rate of 100 μL min−1. The wash fraction was collected and
protein A columns were re-equilibrated with 10 mL 20 mM
Na2HPO4, pH 7.30. The column was then regenerated by
elution of bound DS using 5.0 mL 100 mM glycine buffer,
pH 2.80. Protein A columns were then flushed with 10 mL
20% (v/v) ethanol and stored at 4 °C. A dedicated protein A
column was used for each DP. Figure 1 summarizes the steps
of the depletion workflow.

Sample preparation for peptide analysis

Flow-through and wash fractions collected during protein A
affinity chromatography (2.0 mL each) were concentrated to
50μL using AmiconUltra 0.5 mL 10 kDaMWCO centrifugal
filters (Sigma-Aldrich) at 14000×g, 25 °C. Samples were de-
natured and reduced by addition of 450 μL 6.0 M guanidine
hydrochloride and 5.0 μL 500 mM TCEP, respectively, for
1.0 h at 37 °C while shaking at 1000 rpm. After alkylation
with 15 μL 500 mM iodoacetamide for 30 min at 25 °C in the
dark, the buffer was exchanged to 50 mM ammonium bicar-
bonate, pH 7.80, using Amicon filters. Five micrograms of
trypsin was added to each sample, followed by incubation
for 16 h at 37 °C, 1000 rpm. Samples were then fully dried
at 45 °C for 2 h at 1000 rpm using a vacuum centrifuge, and
subsequently dissolved in 10 μL 0.10% (v/v) aqueous formic
acid. For direct HCP identification from DPs, 200 μg of each
therapeutic protein, 20 ng β-galactosidase, and 20 ng β-lacto-
globulin were digested with trypsin and dried as described
above. Samples were adjusted to a concentration of
4.0 μg μL−1 with 0.10% (v/v) formic acid and stored at −
20 °C until analysis. To each sample of the depletion

Fig. 1 Schematic representation of the workflows used for HCP
discovery in a drug product, which comprises a drug substance (i.e., the
therapeutic protein) and minute amounts of HCPs. The two strategies
applied involve direct analysis of HCPs in drug products or analysis of
fractions obtained upon affinity depletion of the Fc domain-containing
therapeutic protein. Peptide mixtures obtained upon tryptic digestion
were analyzed by HPLC-MS/MS in triplicate. Data evaluation yields
HCP profiles of replicates, which may be aggregated to HCP profiles of
fractions and, ultimately, drug products, as indicated at the bottom of the
figure

6585Exploring sample preparation and data evaluation strategies for enhanced identification of host cell...



workflow, 250 fmol Hi3 standard were added immediately
before injection.

Peptide analysis by HPLC-MS/MS

HPLC-MS/MS measurements were carried out on a Thermo
Scientific™ UltiMate™ 3000 HPLC system with flow split-
ting (1:100) coupled to a Thermo Scientific™ Q Exactive™
Plus hybrid quadrupole-Orbitrap mass spectrometer (Thermo
Fisher Scientific). Both instruments were operated with
Thermo Scientific™ Chromeleon™ Chromatography Data
System (CDS) version 7.2.6. Tryptic peptides were separated
on a 150 × 0.30 mm Waters ACQUITY UPLC® M-Class
CSH™ C18 column with 1.7 μm particles (130 Å pore size)
at a flow rate of 2.0 μL min−1 and constant column tempera-
ture of 50 °C. A linear gradient from 2.0 to 35% mobile phase
B over 80 min was employed (mobile phase A: 0.10% (v/v)
formic acid in ultrapure water; mobile phase B: 0.10% (v/v)
formic acid in acetonitrile). At the end of each run, the column
was flushed with 100% mobile phase B for 10 min followed
by equilibration with 2.0% B for 20 min. The mass spectrom-
eter was operated in positive electrospray ionization mode
employing a Thermo Scientific™ Nanospray Flex™ ion
source with silica emitter tips (New Objective, Woburn,
MA, USA) of 30 μm inner diameter at the orifice. The applied
spray voltage corresponded to + 2.50 kV. The transfer capil-
lary was heated to 320 °C and the S-Lens RF level was ad-
justed to 55. Detection was performed in data-dependent
mode with the following settings: mass range 400–2000 m/z;
top 15 method for peptide fragment fingerprinting; one
microscan perMS/MS event; dynamic exclusion for precursor
selection for 20 s; resolution setting for full MS and MS/MS
scans set to 70,000 and 17,500, respectively (defined at 200m/
z). Peptide fragmentation was induced by higher-energy col-
lision-induced dissociation with a normalized collision energy
of 28. Maximum injection time was set to 50 ms for full-scan
MS and to 120 ms for MS/MS scans. Automatic gain control
target was adjusted to 3 × 106 for full-scan MS and to 2 × 104

for MS/MS scans, respectively, with an underfill ratio of 1%.
The isolation width for precursor selection was ± 0.75 m/z;
only precursors with charges between 2+ and 4+ were
included.

Data analysis

HCP identification was accomplished using the Protein
Metrics Inc. Byos® v3.4-72-g5fd2d85e63 x64 software,
which employs Byonic® v3.4.0 for peptide identification
and protein inference, as well as Byologic® v3.4-72-
g5fd2d85e63 x64 for quantification. Fragment spectra were
searched against a CHO protein sequence database obtained
from UniProt (reference proteome UP000001057, last modi-
fied on 2019-01-24, downloaded on 2019-07-01, containing

23,885 sequences), to which the following sequences were
added: porcine trypsin (UniProt ID P00761), S. aureus protein
A (P38507), bovine β-lactoglobulin (P02754), E. coli β-ga-
lactosidase (P00722), the Hi3 standard peptide sequences, and
the respective DP sequence; thus, there was a distinct database
for each DP, and each database contained 23,891 entries.
Search parameters included carbamidomethylation of cysteine
as a fixed modification; deamidation of asparagine and oxida-
tion of methionine or tryptophan as common dynamic modi-
fications; and rare dynamic modifications of N-terminal acet-
ylation and formation of pyroglutamate from N-terminal glu-
tamine or glutamate. Precursor and fragment ion mass toler-
ances were set to 7 and 10 ppm, respectively. The false dis-
covery rate was estimated via a two-dimensional target decoy
strategy [42] and adjusted to 1% (or 20 reverse count). An
automatic cutoff for the Byonic® peptide score was chosen.

After initial data analysis via the default HCP workflow
provided by Byos®, putative in silico peptides were added
in Byologic® using the Add missing in silico peptides via
existing peptides software component. In brief, this algorithm
requires a collection ofMS data files representing samples that
were analyzed under identical chromatographic conditions,
leading to sufficiently repeatable retention times (Electronic
Supplementary Material (ESM) Fig. S1). For each peptide
detected at least once via a fragment ion spectrum, the algo-
rithm collects all retention times from all samples where this
peptide was found on the MS/MS level. It then searches in the
remaining samples on the full-scan MS level for signals at
these retention times (with predefined tolerances for peak po-
sition and width), since such signals might represent peptides
that did not trigger a fragmentation event. For each of these
signals, the software calculates two measures to evaluate if the
signal indeed originates from the respective peptide: (1) the
deviation of the experimental mass from the theoretical pep-
tide mass and (2) the so-called MS1 correlation, which is the
Pearson correlation coefficient between the experimental iso-
tope distribution and the isotope distribution of a theoretical
peptide that has the same number of residues but consists
entirely of averagine. (Averagine is a model for the “average”
a m i n o a c i d ; i t s m o l e c u l a r f o r m u l a i s
C4.9384H7.7583N1.3577O1.4773S0.0417, corresponding to an aver-
age molecular mass of 111.1254 Da [43].) The search for
putative peptide signals on the full-scan MS level employed
the following tolerance settings: a shift of the retention time of
up to 0.5 min (parameter “FeatureCenterTolerance”), and a
change in the peak width of up to 0.1 min (parameter
“FeatureDurationTolerance”).

Data exported from Byologic® was further processed and
visualized in R [44] using packages from the tidyverse [45]
and Bioconductor [46]. In particular, any provisional in silico
peptide was dismissed if either (1) its mass deviation was
larger than the 2.5th or 97.5th percentile of the mass devia-
tions of all precursor ions for which a fragment ion spectrum
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was available, or (2) its MS1 correlation coefficient was small-
er than the 5th percentile of the coefficients of all precursor
ions with a fragment ion spectrum (ESM Fig. S2). Moreover,
the data analysis script ensured that peptides derived from
keratins or “non-HCPs” (i.e., standard peptides, trypsin, pro-
tein A, DPs) were not erroneously used to identify HCPs.

Data and code availability

Raw mass spectrometry data and Byonic search results are
available from Zenodo (https://doi.org/10.5281/zenodo.
3778440). All input files and data analysis scripts used in
this study are available as ZIP archive (see ESM).

Results and discussion

Direct HCP identification in commercial drug products

For our study, we assembled a panel consisting of five Fc
domain comprising biopharmaceuticals, including two
IgG1-type mAbs, that is, rituximab (MabThera®) and
bevacizumab (Avastin®), as well as the Fc-fusion protein
etanercept. With regard to the latter, two different
Enbrel® production batches distributed in the USA and
the European Union as well as the approved biosimilar
Benepali® were analyzed. All of these therapeutic pro-
teins originate from recombinant expression in CHO cells.
Initially, we performed HCP identification in these com-
mercial DPs via a direct workflow involving tryptic diges-
tion of the respective DP, peptide analysis by RP-HPLC-
MS/MS and protein identification against a CHO cell da-
tabase supplemented with sequences of the respective DS,
protein A, trypsin, and standard proteins (Fig. 1). With
respect to the latter, we added E. coli β-galactosidase
and bovine β-lactoglobulin to each DP prior to affinity
chromatography, and spiked six standard peptides derived
from E. coli ClpB into all samples prior to HPLC-MS
measurements.

In our initial data evaluation, we applied a conventional
protein identification workflow: To identify a protein, at least
one unique peptide with at least five residues had to be detect-
ed. A peptide is considered unique if it can only be assigned to
a single protein in the sequence database used for identifying
peptide spectra. In this way, we identified between 45 and 103
unique peptides (in Enbrel® EU and MabThera®, respective-
ly). From these peptides, we inferred a number of correspond-
ing database proteins, ranging from 16 to 23 (in MabThera®
and Benepali®, respectively). Yet, a considerable fraction of
these detections corresponded to putative contaminants
(keratins) or “non-HCPs,” comprising spiked standard pro-
teins, porcine trypsin from sample preparation, protein A
bleeding from the affinity column, as well as the respective

DSs. After elimination of these irrelevant protein identifica-
tions, a total number of 14 to 28 unique peptides remained (in
Enbrel® EU and Avastin®, respectively; Fig. 2a, blue bar
segments). Likewise, the number of detected HCPs decreased
to between 9 and 19 (in MabThera® and Benepali®, respec-
tively; Fig. 2b, violet bar segments).

HCP identification upon drug substance depletion

We next evaluated relative quantities of the identified HCPs
with respect to the highly abundant DS. For this purpose, we
considered the three most abundant peptides per protein and
calculated cumulative abundances based on MS peak areas
(Fig. 3). This analysis confirmed a vast excess of the respec-
tive therapeutic protein as compared with the identified HCPs.
Co-elution of DS-derived peptides may thus compromise de-
tection of HCP-derived peptides via ion suppression. To in-
crease sensitivity for HCP detection, we aimed at enriching for
HCPs by a depletion strategy: A solution containing 20 mg of
the DS was applied to a protein A column to capture the
biotherapeutic via its Fc domain (Fig. 1). Unbound HCPs,
i.e., HCPs not interacting with the DS or the resin, were re-
covered in the flow-through. HCPs, bound non-specifically
either to the protein Amaterial or to the DS, on the other hand,
were eluted from the loaded affinity column by applying a
wash solution that disrupts their interactions with the DS or
the resin. Since it was not necessary to keep the biotherapeutic
in a functional state except its binding to protein A, we applied
harsh wash conditions based on previous reports [39, 40,
47–49]: 10 mM Tris, 100 mM L-arginine, 1 M NaCl, and
500 mM TMAC, pH 10.0. The obtained flow-through and
wash fractions were then analyzed by bottom-up RP-HPLC-
MS/MS as described for the direct workflow.

Indeed, the depletion workflow (applying conventional da-
ta analysis) identified significantly more HCP-derived pep-
tides and hence HCPs than the direct workflow. The increase
in HCP identifications was most pronounced for Enbrel® EU,
where the number of unique peptides and HCPs detected in at
least one of the flow-through or wash fractions increased from
13 to 218 (Fig. 2a, blue bar segments) and 13 to 64 (Fig. 2b,
violet bar segments), respectively. The substantial increase in
the number of identifications upon depletion can be attributed
to two factors: First, milligram amounts of the therapeutic
protein loaded on the protein A column implicated compara-
tively high absolute amounts of HCPs. Second, DS capture
prior to analysis prevented overloading of the RP-columnwith
DS-derived peptides; thereby, it maintained separation perfor-
mance, reduced overlapping elution of DS- and HCP-derived
peptides, and notably lowered the dynamic range, as evident
from an increase in relative HCP abundance (Fig. 3).
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Improved HCP identification via probabilistic protein
inference and in silico peptides

Although the depletion workflow greatly improved the num-
ber of identified peptides and HCPs compared with the direct
workflow, conventional data analysis still neglected valuable
information present in the acquired spectra. Hence, we aimed
at optimizing MS data evaluation by (a) employing a proba-
bilistic protein inference algorithm that includes shared pep-
tides, and (b) peptide detection on the full-scanMS level in the
absence of MS/MS spectra.

Evidently, protein inference based on unique peptides will
ignore any peptide detected byMS/MS if it matches more than

one protein in the sequence database. Several algorithms have
been proposed that include these so-called shared peptides
when determining the protein content of a sample [50, 51].
Here, we relied on the probabilistic model implemented in
Byonic™, which ranks protein identifications according to
their total evidence in the peptide library and assigns each
shared peptide to the highest-ranking protein [52].
Moreover, this model simultaneously controls both the
peptide-to-spectrum match and protein false discovery rate
via a two-dimensional target decoy strategy. Thereby, it war-
rants a large number of protein identifications while ensuring
that both false discovery rates remain reasonably low [42].
When applied to our data from the depletion workflow, the

a b

Fig. 2 (a) Number of peptides and (b) number of proteins identified in the
direct workflow (D) and in the combined flow-through and wash frac-
tions of the depletion workflow (F+W) for each drug product. Each bar
summarizes the results from three replicates (considering protein identi-
fication in one replicate sufficient). Colored bar sections highlight HCP-
derived peptides and HCPs, respectively; moreover, they indicate credi-
bility of detection and, in the case of peptides, their uniqueness. By con-
trast, light gray bars illustrate the total number of identified proteins or

peptides, including putative contaminants (keratins) and “non-HCPs”
(standard peptides, trypsin, protein A, drug products). “MS/MS” refers
to identifications based on fragment ion spectra; “in silico” denotes iden-
tifications based solely on full-scan mass spectra. A peptide is considered
“unique” if it matches a single sequence in the database; otherwise, it is
classified as a “shared” peptide. Individual underlying peptide and HCP
identifications are shown in ESM Fig. S3

Fig. 3 Relative protein quantification in the direct workflow (D) and in
the flow-through (F) and wash (W) fractions of the depletion workflow
for each drug product. Each value was obtained by (1) extracting and
integrating precursor ion currents of up to three of the most intense
(unique and shared) peptides per protein, (2) averaging these areas, (3)

calculating the mean over three technical replicates, and (4) scaling to the
maximum value in each column (M) so that all other values in this col-
umn are given as percent of the maximum. The two topmost rows show
cumulative abundances of all keratins and HCPs, respectively
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probabilistic algorithm considered between ten and 29 shared
peptides (in Enbrel® US and Enbrel® EU, respectively; Fig.
2a, green bar segments). These peptides enabled identification
of one to three additional HCPs (in Avastin® and the Enbrel®
batches, respectively; Fig. 2b, red bar segments).

Furthermore, we expanded peptide detection to the full-
scan MS level, as low-abundant peptides may fail to trigger
an MS/MS event. For this purpose, we assessed samples of
each DP taking into account retention times, intact peptide
masses, and isotope patterns [53, 54]. Accordingly, a peptide
was identified in silico (i.e., in the absence of a fragment ion
spectrum), and therefore denoted as “in silico peptide”, if it
met the following three criteria: (1) The retention time of its
intact peptide ion deviated at most 30 s from the retention time
window spanned by all identical intact peptide ions identified
via MS/MS in another sample of the same drug product. (2)
The mass deviation of its intact peptide ion (as measured in
ppm) fell within the 2.5th and 97.5th percentile of the mass
deviations of all precursor ions for which a fragment ion spec-
trum was available (ESM Fig. S2a). (3) The experimental
isotope pattern of its intact peptide ion adequately matched
the theoretical averagine distribution (i.e., its Pearson correla-
tion coefficient exceeded the 5th percentile of the coefficients
of all precursor ions with a fragment ion spectrum) (ESM Fig.
S2b). By re-assessing data from the depletion workflow in
light of these criteria, we were able to detect up to 17 addi-
tional peptides (in Avastin®; Fig. 2a, yellow bar segments)
and up to four additional HCPs (in Benepali®; Fig. 2b, yellow
bar segments) that had been previously detected only in the
direct workflow via MS/MS.

The different methods of identifying peptides and inferring
proteins may even be used to classify detections on an ordinal
scale of credibility (as indicated by the color scheme used in
Fig. 2). One might consider HCP identifications supported by
fragment ion spectra of several unique peptides to be more
credible than those supported merely by in silico peptides,
i.e., peptides identified only on full-scan MS level.
Likewise, peptides identified via MS/MS are more credible
than these in silico peptides.

Comparative analysis of HCP profiles

In total, joint application of the depletion workflow and in-
depth data analysis identified 127 distinct HCPs across all
samples, based on 537 different peptides (ESM Fig. S3).
Interestingly, although all investigated drugs were produced
in CHO cells, only three HCPs were found in all of them,
namely titin, nestin, and anionic trypsin-2 (ESM Fig. S4).
These common HCPs were presumably co-purified with the
therapeutic protein, probably by interacting with the IgG1-
type Fc-subunit that is present in all investigated DSs, as pre-
viously suggested [37]. Moreover, several of the HCPs listed
in ESM Fig. S3, e.g., clusterin, E3 ubiquitin-protein ligase,

peroxiredoxin-1, glyceraldehyde-3-phosphate dehydroge-
nase, and 78-kDa glucose-regulated protein, have previously
been identified in various DSs [26, 32, 37, 55, 56]. Thus, these
HCPs may represent commonly occurring contaminants in
CHO-based production systems. Several provisional HCP
identifications (cationic trypsin-3, G3HUA1; anionic trypsin-
2 fragment, G3HUC0; and Ig-like domain-containing protein,
G3IMG2) were based solely upon peptides that could also be
generated from non-HCPs via unspecific cleavage; hence,
these proteins were removed from the final report.
Nevertheless, other arguable HCP identifications were
retained. For instance, identification of serum albumin
(G3IAL6) may be attributed to carry over of bovine serum
albumin that was used as standard protein in quality control
runs. However, four of five peptides were unique for the ham-
ster protein. Likewise, desmoplakin (G3HD94) and junction
plakoglobin (G3HLU9) might be associated with contaminat-
ing keratins, but were nevertheless considered as HCPs, since
they were identified only in a single drug product.

Although description of individual HCP identifications
may provide basic insight into the HCP contents of the ana-
lyzed DPs, we aimed at an overall comparison of HCP pro-
files, i.e., the set of all HCPs identified in a given replicate,
fraction, or DP (Fig. 1, bottom). To this end, HCPs and pep-
tides of different samples were compared by calculating
pairwise Jaccard indices, an elementary measure of set simi-
larity: Applied to HCP profiles, a value of 1 indicates that
exactly the same HCPs have been identified in two samples,
while a value of 0 denotes two samples that do not share any
HCPs. Computation of Jaccard indices facilitated the evalua-
tion of (a) workflow repeatability (via comparison of HCP
profiles on the replicate level), (b) co-purification tendency
of HCPs during protein A chromatography (flow-through
and wash fraction level), and (c) drug-to-drug versus batch-
to-batch variability (DS level).

First, to assess the repeatability of the depletion workflow,
we prepared and analyzed three independent replicates and
compared HCP profiles within the ten obtained fractions
(i.e., flow-through and wash for five DPs). As expected, re-
peatability depended upon the minimum level of credibility
that was accepted for a HCP to be identified (Fig. 4a): If only
HCPs corroborated by MS/MS spectra of at least two unique
peptides were taken into account, Jaccard indices merely as-
sumed a lowmedian value of 0.39. However, the repeatability
increased if less credible identifications were included in the
comparison, rising to a median value of 0.68 if HCP identifi-
cations based solely on in silico peptides were included. This
improvement was accompanied by a decrease in variability as
measured by the interquartile range. Taken together, these
observations demonstrate that in silico peptides generally im-
prove the repeatability of the depletion workflow.
Comparable results were obtained for the repeatability of pep-
tide identifications (Fig. 4b).
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Second, to characterize the co-purification tendency of
HCPs during protein A chromatography, HCP profiles of the
flow-through and wash fractions were compared for each DP
(ESM Fig. S5; the HCP profile of a fraction comprised all
HCPs detected in at least one replicate of this fraction). Most
HCPs were identified within both fractions, corresponding to
Jaccard indices ranging from 0.75 to 0.91. This high degree of
similarity suggests low-affinity interactions between the
shared HCPs and the DS or the protein A resin, resulting in
their partial retention [11, 38–40]. Yet, some HCPs occurred
exclusively in the wash or flow-through, indicating high or no
affinity, respectively. Wash-exclusive detections might flag
HCPs that should be particularly monitored during the pro-
duction process and extensively tested for any immunogenic
effects: As these HCPs bind tightly to the DS, they are most
likely to be co-purified with the therapeutic protein.

Third, to evaluate drug-to-drug and batch-to-batch variabil-
ity of HCPs, HCP profiles of all DPs were compared via
hierarchical clustering, using Jaccard distance (i.e., one minus
the Jaccard index) as measure of dissimilarity (Fig. 5a; the
HCP profile of a DP comprised all HCPs detected in at least
one fraction of the depletion workflow). The corresponding
dendrogram revealed two main clusters that contained the two
antibodies and the three etanercept products, respectively.
Within the etanercept cluster, a subcluster comprised the two
Enbrel® batches, indicating a different HCP profile between
Enbrel® and Benepali®. Remarkably, this overall cluster
structure remained intact even when comparisons were made
on the fraction or replicate level (Fig. 5b, c) or when using
peptide profiles (ESM Fig. S6). Hence, hierarchical clustering
was insensitive to random errors in the HCP repertoires, which
were particularly pronounced on the level of replicates.

Overall, dendrograms suggested that the HCP content of a
given DP depends on the structural properties of the respective
DS, with similar structures implicating similar HCP profiles: The
HPC profiles of the twomAbs are about as similar as the profiles
of Benepali® and the Enbrel® cluster. Within a single structural
class, different manufacturing processes result in distinct HCP
profiles, as exemplified by etanercept: Here, the two Enbrel®
batches are more similar to each other (comparable manufactur-
ing process) than to Benepali® (biosimilar with different
manufacturing process). Despite these observed tendencies, com-
prehensive analyses of a larger number of production batches
will be required to compensate for batch-to-batch variations as
well as inherent variability of the method.

Conclusions

In this study, we explored different evaluation strategies of
HPLC-MS/MS data for HCP discovery in highly pure DPs of
biotherapeutics. Our data analysis protocol extended convention-
al approaches, i.e., HCP identification based on fragment ion
mass spectra of unique peptides, by probabilistic protein infer-
ence and detection of peptides on the full-scan MS level. In
conjunction with an experimental workflow involving DS deple-
tion by protein A affinity chromatography and bottom-up prote-
omics via HPLC-MS/MS, this protocol significantly increased
the number of identified peptides and HCPs. These detections
allowed us to quantify similarities in HCP repertoires of several
technical replicates and differentlymanufactured biotherapeutics,
which may be used to evaluate workflow repeatability and drug-
to-drug versus batch-to-batch variability, respectively. Taken to-
gether, these results underline the importance of utilizing the

Fig. 4 Repeatability of the depletion workflow depending on the
minimum level of credibility required for identification of (a) HCPs or
(b) HCP-derived peptides. Each point represents a comparison between
two replicates of a fraction as quantified by the Jaccard index (two points
have been annotated exemplarily). Boxes summarize all 30 comparisons

for a given level of credibility (5 drug products × 2 fractions × 3 replicate
combinations) via their quartiles, with whiskers extending to the smallest
or largest value no further than 1.5 interquartile ranges away from the
lower or upper quartile, respectively. Colors of x-axis tick labels corre-
spond to the ones used in Fig. 2
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depth of information available from experimental HPLC-MS/
MS data which is only partially used by standard data evaluation
strategies. What is more, the demonstrated applicability of full-
scan MS data for HCP identification purposes lays the basis for
extended data evaluation strategies. For example, one might sys-
tematically determine accurate mass-retention time tags for all
peptides from a given expression host, and then include this
information in the algorithm for scoring full-scan MS and even
MS/MS identifications [54].

Our findings demonstrate that the improved data analysis pro-
tocol is a flexible tool both for HCP discovery and for compara-
bility studies of structurally diverse DPs based upon HCP pro-
files. If monitoring or absolute quantification of individual HCPs
is required, results from our workflow may be directly used to
devise targeted proteomics approaches based upon reactionmon-
itoring techniques. Moreover, the protocol can easily be imple-
mented into existing bottom-up setups based on HPLC-MS/MS.
Notably, while we employed protein A affinity chromatography
for DS depletion, our data analysis protocol is independent of this
method and will readily work with novel techniques such as

molecular weight cutoff enrichment [41]. The presented data
evaluationworkflowmay thus be implemented at different stages
of biopharmaceutical production, with comparative HCP profiles
being especially attractive in the context of biosimilar
development.

Acknowledgments We thank Urs Lohrig (Novartis) for critical reading
of the manuscript.

Authors’ contributions W. Esser-Skala, M. Segl, and T. Wohlschlager
contributed equally. All authors conceived the study and experimental
design. M. Segl conducted sample preparation and measurements; M.
Segl, T. Wohlschlager, and W. Esser-Skala performed data evaluation.
W. Esser-Skala, T. Wohlschlager, M. Segl, and Christian G. Huber wrote
the manuscript. All authors reviewed the manuscript.

Funding information Open access funding provided by Paris Lodron
University of Salzburg. This work received financial support from the
Austrian Federal Ministry of Digital and Economic Affairs, the
National Foundation of Research, Technology and Development, and a
Start-up Grant of the State of Salzburg.

a b

c

F W F W F W F W F W

F

W

F

W

F

W

F

W

F

W

W
1

F
1

F
2

F
3

W
2

W
3

W
1

F
1

F
2

F
3

W
2

W
3

W
1

F
1

F
2

F
3

W
2

W
3

W
1

F
1

F
2

F
3

W
2

W
3

W
1

F
1

F
2

F
3

W
2

W
3

W1

F1

F2

F3

W2

W3

W1

F1

F2

F3

W2

W3

W1

F1

F2

F3

W2

W3

W1

F1

F2

F3

W2

W3

W1

F1

F2

F3

W2

W3

Fig. 5 Comparison of HCP
profiles on the level of (a) DPs,
(b) flow-through (F) and wash
(W) fractions from the depletion
workflow, and (c) replicates 1 to 3
for these fractions. Heatmap
colors correspond to Jaccard in-
dices J, whose numerical values
(in percent) appear in panels (a)
and (b). Dendrograms and de-
rived row and column orders re-
sult from hierarchical clustering
employing Jaccard distances 1 − J
as measure of dissimilarity.
Calculation of Jaccard indices in-
volved HCPs irrespective of
credibility detection. The anti-
body and etanercept clusters are
highlighted in blue and red,
respectively

6591Exploring sample preparation and data evaluation strategies for enhanced identification of host cell...



Compliance with ethical standards

Conflict of interest Veronika Reisinger and Johann Holzmann are em-
ployees of Novartis, which provides financial support for the Christian
Doppler Laboratory for Innovative Tools for Biosimilar Characterization.
The salaries of Wolfgang Esser-Skala, Marius Segl, and Therese
Wohlschlager are fully funded; Christian G. Huber’s salary is partly
funded by the Christian Doppler Laboratory for Biosimilar
Characterization. The authors declare that they have no other financial
or non-financial conflict of interest.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes weremade. The images or other third party material in this article
are included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the
article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. de Oliveira JE, Soares CR, Peroni CN, Gimbo E, Camargo IM,
Morganti L, et al. High-yield purification of biosynthetic human
growth hormone secreted in Escherichia coli periplasmic space. J
Chromatogr A. 1999;852(2):441–50. https://doi.org/10.1016/
s0021-9673(99)00613-5.

2. Gottschalk U. Bioseparation in antibody manufacturing: the good,
the bad and the ugly. Biotechnol Prog. 2008;24(3):496–503. https://
doi.org/10.1021/bp070452g.

3. Shukla AA, Jiang C, Ma J, Rubacha M, Flansburg L, Lee SS.
Demonstration of robust host cell protein clearance in biopharma-
ceutical downstream processes. Biotechnol Prog. 2008;24(3):615–
22. https://doi.org/10.1021/bp070396j.

4. Shukla AA, Thommes J. Recent advances in large-scale production
of monoclonal antibodies and related proteins. Trends Biotechnol.
2010;28(5):253–61. https://doi.org/10.1016/j.tibtech.2010.02.001.

5. Tran B, Grosskopf V, Wang X, Yang J, Walker D Jr, Yu C, et al.
Investigating interactions between phospholipase B-like 2 and an-
tibodies during protein A chromatography. J Chromatogr A.
2016;1438:31–8. https://doi.org/10.1016/j.chroma.2016.01.047.

6. Dorai H, Santiago A, Campbell M, Tang QM, Lewis MJ, Wang Y,
et al. Characterization of the proteases involved in the N-terminal clip-
ping of glucagon-like-peptide-1-antibody fusion proteins. Biotechnol
Prog. 2011;27(1):220–31. https://doi.org/10.1002/btpr.537.

7. Gao SX, Zhang Y, Stansberry-Perkins K, Buko A, Bai S, Nguyen
V, et al. Fragmentation of a highly purified monoclonal antibody
attributed to residual CHO cell protease activity. Biotechnol
Bioeng. 2011;108(4):977–82. https://doi.org/10.1002/bit.22982.

8. Gutierrez AH, Moise L, De Groot AS. Of [Hamsters] and men: a
new perspective on host cell proteins. Hum Vaccin Immunother.
2012;8(9):1172–4. https://doi.org/10.4161/hv.22378.

9. Hall T, Sandefur SL, Frye CC, Tuley TL, Huang L. Polysorbates 20
and 80 degradation by group XV lysosomal phospholipase A2
isomer X1 in monoclonal antibody formulations. J Pharm Sci.
2016;105(5):1633–42. https://doi.org/10.1016/j.xphs.2016.02.022.

10. Trexler-Schmidt M, Sargis S, Chiu J, Sze-Khoo S, Mun M, Kao
YH, et al. Identification and prevention of antibody disulfide bond

reduction during cell culture manufacturing. Biotechnol Bioeng.
2010;106(3):452–61. https://doi.org/10.1002/bit.22699.

11. Vanderlaan M, Zhu-Shimoni J, Lin S, Gunawan F,Waerner T, Van
Cott KE. Experience with host cell protein impurities in
biopharmaceuticals. Biotechnol Prog. 2018;34(4):828–37. https://
doi.org/10.1002/btpr.2640.

12. Wilson MR, Roeth PJ, Easterbrook-Smith SB. Clusterin enhances
the formation of insoluble immune complexes. Biochem Biophys
Res Commun. 1991;177(3):985–90. https://doi.org/10.1016/0006-
291x(91)90635-k.

13. Fischer SK, Cheu M, Peng K, Lowe J, Araujo J, Murray E, et al.
Specific immune response to phospholipase B-like 2 protein, a host
cell impurity in lebrikizumab clinical material. AAPS J.
2017;19(1):254–63. https://doi.org/10.1208/s12248-016-9998-7.

14. Ingerslev J, Christiansen K, Ravn HB, Bray GL, Gomperts ED,
Recombinate SG. Antibodies to heterologous proteins in hemophil-
ia A patients receiving recombinant factor VIII (Recombinate).
Thromb Haemost. 2002;87(4):626–34.

15. Bracewell DG, Francis R, Smales CM. The future of host cell protein
(HCP) identification during process development and manufacturing
linked to a risk-basedmanagement for their control. Biotechnol Bioeng.
2015;112(9):1727–37. https://doi.org/10.1002/bit.25628.

16. Wang X, Hunter AK, Mozier NM. Host cell proteins in biologics de-
velopment: identification, quantitation and risk assessment. Biotechnol
Bioeng. 2009;103(3):446–58. https://doi.org/10.1002/bit.22304.

17. Anicetti VR, Fehskens EF, Reed BR, Chen AB, Moore P, Geier MD,
et al. Immunoassay for the detection of E. coli proteins in recombinant
DNA derived human growth hormone. J Immunol Methods.
1986;91(2):213–24. https://doi.org/10.1016/0022-1759(86)90481-3.

18. Dagouassat N, Haeuw JF, Robillard V, Damien F, Libon C,
Corvaia N, et al. Development of a quantitative assay for residual
host cell proteins in a recombinant subunit vaccine against human
respiratory syncytial virus. J Immunol Methods. 2001;251(1–2):
151–9. https://doi.org/10.1016/s0022-1759(01)00321-0.

19. Rey G, Wendeler MW. Full automation and validation of a flexible
ELISA platform for host cell protein and protein A impurity detec-
tion in biopharmaceuticals. J Pharm Biomed Anal. 2012;70:580–6.
https://doi.org/10.1016/j.jpba.2012.05.027.

20. Krawitz DC, Forrest W, Moreno GT, Kittleson J, Champion KM.
Proteomic studies support the use of multi-product immunoassays
to monitor host cell protein impurities. Proteomics. 2006;6(1):94–
110. https://doi.org/10.1002/pmic.200500225.

21. Gunawan F, Nishihara J, Liu P, Sandoval W, VanderlaanM, Zhang
H, et al. Comparison of platform host cell protein ELISA to
process-specific host cell protein ELISA. Biotechnol Bioeng.
2018;115(2):382–9. https://doi.org/10.1002/bit.26466.

22. Pilely K, Nielsen SB, Draborg A, Henriksen ML, Hansen SWK,
Skriver L, et al. A Novel Approach to Evaluate ELISA Antibody
Coverage of Host Cell Proteins - Combining ELISA-based
Immunocapture and Mass Spectrometry. Biotechnol Prog.
2020;in press. https://doi.org/10.1002/btpr.2983.

23. Zhu-Shimoni J, Yu C, Nishihara J, Wong RM, Gunawan F, Lin M,
et al. Host cell protein testing by ELISAs and the use of orthogonal
methods. Biotechnol Bioeng. 2014;111(12):2367–79. https://doi.
org/10.1002/bit.25327.

24. Bomans K, Lang A, Roedl V, Adolf L, Kyriosoglou K, Diepold K,
et al. Identification and monitoring of host cell proteins by mass
spectrometry combined with high performance immunochemistry
testing. PLoS One. 2013;8(11):e81639. https://doi.org/10.1371/
journal.pone.0081639.

25. Schenauer MR, Flynn GC, Goetze AM. Identification and quanti-
fication of host cell protein impurities in biotherapeutics using mass
spectrometry. Anal Biochem. 2012;428(2):150–7. https://doi.org/
10.1016/j.ab.2012.05.018.

26. Kreimer S, Gao Y, Ray S, Jin M, Tan Z, Mussa NA, et al. Host cell
protein profiling by targeted and untargeted analysis of data

6592 Esser-Skala W. et al.

https://doi.org/
https://doi.org/10.1016/s0021-9673(99)00613-5
https://doi.org/10.1016/s0021-9673(99)00613-5
https://doi.org/10.1021/bp070452g
https://doi.org/10.1021/bp070452g
https://doi.org/10.1021/bp070396j
https://doi.org/10.1016/j.tibtech.2010.02.001
https://doi.org/10.1016/j.chroma.2016.01.047
https://doi.org/10.1002/btpr.537
https://doi.org/10.1002/bit.22982
https://doi.org/10.4161/hv.22378
https://doi.org/10.1016/j.xphs.2016.02.022
https://doi.org/10.1002/bit.22699
https://doi.org/10.1002/btpr.2640
https://doi.org/10.1002/btpr.2640
https://doi.org/10.1016/0006-291x(91)90635-k
https://doi.org/10.1016/0006-291x(91)90635-k
https://doi.org/10.1208/s12248-016-9998-7
https://doi.org/10.1002/bit.25628
https://doi.org/10.1002/bit.22304
https://doi.org/10.1016/0022-1759(86)90481-3
https://doi.org/10.1016/s0022-1759(01)00321-0
https://doi.org/10.1016/j.jpba.2012.05.027
https://doi.org/10.1002/pmic.200500225
https://doi.org/10.1002/bit.26466
https://doi.org/10.1002/btpr.2983
https://doi.org/10.1002/bit.25327
https://doi.org/10.1002/bit.25327
https://doi.org/10.1371/journal.pone.0081639
https://doi.org/10.1371/journal.pone.0081639
https://doi.org/10.1016/j.ab.2012.05.018
https://doi.org/10.1016/j.ab.2012.05.018


independent acquisition mass spectrometry data with parallel reac-
tion monitoring verification. Anal Chem. 2017;89(10):5294–302.
https://doi.org/10.1021/acs.analchem.6b04892.

27. Wu L, Han DK. Overcoming the dynamic range problem in mass
spectrometry-based shotgun proteomics. Expert Rev Proteomics.
2006;3(6):611–9. https://doi.org/10.1586/14789450.3.6.611.

28. Matuszewski BK, Constanzer ML, Chavez-Eng CM. Strategies for
the assessment of matrix effect in quantitative bioanalytical
methods based on HPLC-MS/MS. Anal Chem. 2003;75(13):
3019–30. https://doi.org/10.1021/ac020361s.

29. Doneanu C, Fang J, Alelyunas Y, Yu YQ, Wrona M, Chen W. An
HS-MRM assay for the quantification of host-cell proteins in pro-
tein biopharmaceuticals by liquid chromatography ion mobility
QTOF mass spectrometry. J Vis Exp. 2018;134. https://doi.org/
10.3791/55325.

30. Doneanu CE, Anderson M,Williams BJ, Lauber MA, Chakraborty
A, ChenW. Enhanced detection of low-abundance host cell protein
impurities in high-purity monoclonal antibodies down to 1 ppm
using ion mobility mass spectrometry coupled with multidimen-
sional liquid chromatography. Anal Chem. 2015;87(20):10283–
91. https://doi.org/10.1021/acs.analchem.5b02103.

31. Farrell A, Mittermayr S, Morrissey B, Mc Loughlin N, Navas
Iglesias N, Marison IW, et al. Quantitative host cell protein analysis
using two dimensional data independent LC-MS(E). Anal Chem.
2015;87(18):9186–93. https://doi.org/10.1021/acs.analchem.
5b01377.

32. Doneanu CE, Xenopoulos A, Fadgen K, Murphy J, Skilton SJ,
Prentice H, et al. Analysis of host-cell proteins in biotherapeutic
proteins by comprehensive online two-dimensional liquid
chromatography/mass spectrometry. MAbs. 2012;4(1):24–44.
https://doi.org/10.4161/mabs.4.1.18748.

33. Vonk RJ, Gargano AF, Davydova E, Dekker HL, Eeltink S, de
Koning LJ, et al. Comprehensive two-dimensional liquid chroma-
tography with stationary-phase-assisted modulation coupled to
high-resolution mass spectrometry applied to proteome analysis of
Saccharomyces cerevisiae. Anal Chem. 2015;87(10):5387–94.
https://doi.org/10.1021/acs.analchem.5b00708.

34. Hober S, Nord K, Linhult M. Protein A chromatography for anti-
body purification. J Chromatogr B Anal Technol Biomed Life Sci.
2007;848(1):40–7. https://doi.org/10.1016/j.jchromb.2006.09.030.

35. Thompson JH, ChungWK, ZhuM, Tie L, LuY,AboulaichN, et al.
Improved detection of host cell proteins (HCPs) in a mammalian
cell-derived antibody drug using liquid chromatography/mass spec-
trometry in conjunction with an HCP-enrichment strategy. Rapid
Commun Mass Spectrom. 2014;28(8):855–60. https://doi.org/10.
1002/rcm.6854.

36. Madsen JA, FarutinV, Carbeau T,Wudyka S, Yin Y, Smith S, et al.
Toward the complete characterization of host cell proteins in
biotherapeutics via affinity depletions, LC-MS/MS, and multivari-
ate analysis. MAbs. 2015;7(6):1128–37. https://doi.org/10.1080/
19420862.2015.1082017.

37. Zhang P, Woen S, Wang T, Liau B, Zhao S, Chen C, et al.
Challenges of glycosylation analysis and control: an integrated ap-
proach to producing optimal and consistent therapeutic drugs. Drug
Discov Today. 2016;21(5):740–65. https://doi.org/10.1016/j.
drudis.2016.01.006.

38. Aboulaich N, Chung WK, Thompson JH, Larkin C, Robbins D,
Zhu M. A novel approach to monitor clearance of host cell proteins
associated with monoclonal antibodies. Biotechnol Prog.
2014;30(5):1114–24. https://doi.org/10.1002/btpr.1948.

39. Chollangi S, Parker R, Singh N, Li Y, Borys M, Li Z. Development of
robust antibody purification by optimizing protein-A chromatography
in combination with precipitation methodologies. Biotechnol Bioeng.
2015;112(11):2292–304. https://doi.org/10.1002/bit.25639.

40. Shukla AA, Hinckley P. Host cell protein clearance during protein A
chromatography: development of an improved column wash step.
Biotechnol Prog. 2008;24(5):1115–21. https://doi.org/10.1002/btpr.50.

41. Chen IH, Xiao H, Daly T, Li N. Improved host cell protein analysis
in monoclonal antibody products through molecular weight cutoff
enrichment. Anal Chem. 2020. https://doi.org/10.1021/acs.
analchem.9b05081.

42. Bern MW, Kil YJ. Two-dimensional target decoy strategy for shot-
gun proteomics. J Proteome Res. 2011;10(12):5296–301. https://
doi.org/10.1021/pr200780j.

43. Senko MW, Beu SC, McLaffertycor FW. Determination of mono-
isotopic masses and ion populations for large biomolecules from
resolved isotopic distributions. J Am Soc Mass Spectrom.
1995;6(4):229–33. https://doi.org/10.1016/1044-0305(95)00017-8.

44. RCore Team. R: a language and environment for statistical computing.
Vienna, Austria: R Founcation for statistical Computing. 2019.

45. WickhamH, AverickM, Bryan J, ChangW,McGowan L, François
R, et al. Welcome to the Tidyverse. J Open Source Softw.
2019;4(43). https://doi.org/10.21105/joss.01686.

46. HuberW, Carey VJ, Gentleman R, Anders S, CarlsonM, Carvalho BS,
et al.Orchestratinghigh-throughputgenomicanalysiswithbioconductor.
NatMethods. 2015;12(2):115–21. https://doi.org/10.1038/nmeth.3252.

47. Fahrner RL, Knudsen HL, Basey CD, Galan W, Feuerhelm D,
Vanderlaan M, et al. Industrial purification of pharmaceutical anti-
bodies: development, operation, and validation of chromatography
processes. Biotechnol Genet Eng Rev. 2001;18:301–27. https://doi.
org/10.1080/02648725.2001.10648017.

48. Sisodiya VN, Lequieu J, Rodriguez M, McDonald P, Lazzareschi KP.
Studying host cell protein interactions with monoclonal antibodies
using high throughput protein A chromatography. Biotechnol J.
2012;7(10):1233–41. https://doi.org/10.1002/biot.201100479.

49. Thomson AS, Mai S, Byrne MP. A novel approach to characterize
host cell proteins associated with therapeutic monoclonal antibod-
ies. Biotechnol Bioeng. 2017;114(6):1208–14. https://doi.org/10.
1002/bit.26256.

50. Huang T, Wang J, Yu W, He Z. Protein inference: a review. Brief
Bioinform. 2012;13(5):586–614. https://doi.org/10.1093/bib/bbs004.

51. Li YF, Radivojac P. Computational approaches to protein inference
in shotgun proteomics. BMC Bioinformatics. 2012;13(Suppl 16):
S4. https://doi.org/10.1186/1471-2105-13-S16-S4.

52. Bern M, Goldberg D. Improved ranking functions for protein and
modification-site identifications. J Comput Biol. 2008;15(7):705–
19. https://doi.org/10.1089/cmb.2007.0119.

53. Strittmatter EF, Ferguson PL, Tang K, Smith RD. Proteome analyses
using accurate mass and elution time peptide tags with capillary LC
time-of-flight mass spectrometry. J Am Soc Mass Spectrom.
2003;14(9):980–91. https://doi.org/10.1016/S1044-0305(03)00146-6.

54. Pasa-Tolic L, Masselon C, Barry RC, Shen Y, Smith RD.
Proteomic analyses using an accurate mass and time tag strategy.
BioTechniques. 2004;37(4):621–4, 6–33, 36 passim. https://doi.
org/10.2144/04374RV01.

55. Valente KN, Levy NE, Lee KH, Lenhoff AM. Applications of
proteomic methods for CHO host cell protein characterization in
biopharmaceutical manufacturing. Curr Opin Biotechnol. 2018;53:
144–50. https://doi.org/10.1016/j.copbio.2018.01.004.

56. Liu X, Chen Y, Zhao Y, Liu-Compton V, Chen W, Payne G, et al.
Identification and characterization of co-purifying CHO host cell
proteins in monoclonal antibody purification process. J Pharm
Biomed Anal. 2019;174:500–8. https://doi.org/10.1016/j.jpba.
2019.06.021.

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

6593Exploring sample preparation and data evaluation strategies for enhanced identification of host cell...

https://doi.org/10.1021/acs.analchem.6b04892
https://doi.org/10.1586/14789450.3.6.611
https://doi.org/10.1021/ac020361s
https://doi.org/10.3791/55325
https://doi.org/10.3791/55325
https://doi.org/10.1021/acs.analchem.5b02103
https://doi.org/10.1021/acs.analchem.5b01377
https://doi.org/10.1021/acs.analchem.5b01377
https://doi.org/10.4161/mabs.4.1.18748
https://doi.org/10.1021/acs.analchem.5b00708
https://doi.org/10.1016/j.jchromb.2006.09.030
https://doi.org/10.1002/rcm.6854
https://doi.org/10.1002/rcm.6854
https://doi.org/10.1080/19420862.2015.1082017
https://doi.org/10.1080/19420862.2015.1082017
https://doi.org/10.1016/j.drudis.2016.01.006
https://doi.org/10.1016/j.drudis.2016.01.006
https://doi.org/10.1002/btpr.1948
https://doi.org/10.1002/bit.25639
https://doi.org/10.1002/btpr.50
https://doi.org/10.1021/acs.analchem.9b05081
https://doi.org/10.1021/acs.analchem.9b05081
https://doi.org/10.1021/pr200780j
https://doi.org/10.1021/pr200780j
https://doi.org/10.1016/1044-0305(95)00017-8
https://doi.org/10.21105/joss.01686
https://doi.org/10.1038/nmeth.3252
https://doi.org/10.1080/02648725.2001.10648017
https://doi.org/10.1080/02648725.2001.10648017
https://doi.org/10.1002/biot.201100479
https://doi.org/10.1002/bit.26256
https://doi.org/10.1002/bit.26256
https://doi.org/10.1093/bib/bbs004
https://doi.org/10.1186/1471-2105-13-S16-S4
https://doi.org/10.1089/cmb.2007.0119
https://doi.org/10.1016/S1044-0305(03)00146-6
https://doi.org/10.2144/04374RV01
https://doi.org/10.2144/04374RV01
https://doi.org/10.1016/j.copbio.2018.01.004
https://doi.org/10.1016/j.jpba.2019.06.021
https://doi.org/10.1016/j.jpba.2019.06.021

	Exploring...
	Abstract
	Introduction
	Materials and methods
	Materials
	Drug substance depletion by protein A affinity chromatography
	Sample preparation for peptide analysis
	Peptide analysis by HPLC-MS/MS
	Data analysis
	Data and code availability

	Results and discussion
	Direct HCP identification in commercial drug products
	HCP identification upon drug substance depletion
	Improved HCP identification via probabilistic protein inference and in silico peptides
	Comparative analysis of HCP profiles

	Conclusions
	References


