
REPORT

A modular and adaptive mass spectrometry-based platform for support of bioprocess
development toward optimal host cell protein clearance

Donald E. Walker *, Feng Yang*, Joseph Carver, Koman Joe, David A. Michels, and X. Christopher Yu

Protein Analytical Chemistry, Genentech, A Member of the Roche Group, South San Francisco, CA, USA

ARTICLE HISTORY
Received 26 September 2016
Revised 24 February 2017
Accepted 1 March 2017

ABSTRACT
A modular and adaptive mass spectrometry (MS)-based platform was developed to provide fast, robust
and sensitive host cell protein (HCP) analytics to support process development. This platform relies on
one-dimensional ultra-high performance liquid chromatography (1D UHPLC) combined with several
different MS data acquisition strategies to meet the needs of purification process development. The
workflow was designed to allow HCP composition and quantitation for up to 20 samples per day, a
throughput considered essential for real time bioprocess development support. With data-dependent
acquisition (DDA), the 1D UHPLC-MS/MS method had excellent speed and demonstrated robustness in
detecting unknown HCPs at � 50 ng/mg (ppm) level. Combining 1D UHPLC with sequential window
acquisition of all theoretical spectra (SWATH) MS enabled simultaneous detection and quantitation of all
HCPs in single-digit ng/mg range within 1 hour, demonstrating for the first time the benefit of SWATH MS
as a technique for HCP analysis. As another alternative, a targeted MS approach can be used to track the
clearance of specific known HCP under various process conditions. This study highlights the importance of
designing a robust LC-MS/MS workflow that not only allows HCP discovery, but also affords greatly
improved process knowledge and capability in HCP removal. As an orthogonal and complementary
detection approach to traditional HCP analysis by enzyme-linked immunosorbent assay, the reported LC-
MS/MS workflow supports the development of bioprocesses with optimal HCP clearance and the
production of safe and high quality therapeutic biopharmaceuticals.

Abbreviations: HCP, Host cell protein; 1D UHPLC, One-dimensional ultra-high performance liquid chromatography;
DDA, Data-dependent acquisition; SWATH, Sequential window acquisition of all theoretical spectra; ELISA, Enzyme-
linked immunosorbent assay; LC, Liquid chromatography; MS, Mass spectrometry; MRM, Multiple reaction monitor-
ing; PRM, Parallel reaction monitoring; DIA, Data-independent acquisition; 2D-LC, Two-dimensional liquid chroma-
tography; PLBL2, Phospholipase B-like 2
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Introduction

Host cell protein (HCP) impurities derived from biotherapeutic
production processes can pose potential safety risks for patients.
Therefore, clearance of HCPs to levels deemed safe is required
by regulatory agencies.1 While a multi-analyte enzyme-linked
immunosorbent assay (ELISA) is most commonly used to
deliver an aggregate sum measurement of HCPs,2,3 it does not
provide the identity of HCPs, which would be required for risk
assessment and could be helpful for downstream process opti-
mization. Some HCPs have poor immunogenicity in the animals
used to generate the immunoassay reagent, and therefore are not
likely to be detected by ELISA if they are present in final product
or in-process pools.4,5 Some may be present at levels that exceed
the specific anti-HCP antibody available for binding (antigen
excess),5 in which case the use of a total ELISA may underesti-
mate the amount of those HCPs in the sample.4 Additionally,
ELISA does not discriminate whether several HCPs are present
at low levels or an individual HCP has accumulated at higher
levels. To address these challenges, methods using advanced

liquid chromatography (LC) and mass spectrometry (MS) tech-
niques have been developed, most of which focus on detecting
low level HCPs in the final monoclonal antibody (mAb) prod-
ucts.6-11 However, there is currently an unmet need to provide
high throughput and robust LC-MS/MS analysis of HCPs in var-
ious in-process pools to help design and optimize purification
processes toward optimal clearance.

As an orthogonal and complementary approach to immunoas-
say detection, a sensitive, MS-based method is highly desirable to
ensure the identification of any HCPs in the final product that may
have escaped ELISA detection and are not reflected in the total
ELISA measurement value. This benefit is especially important
when such co-purifying HCPs are at levels that may be considered
potentially unsafe. Equally important for the identification is a
robust and high throughput LC-MS/MSmethod capable of quanti-
fying HCPs. We believe the ultimate goal of HCP analytics is to
understand the effect of chromatographic conditions on HCP
clearance, and to provide quick and confident guidance on process
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modifications that result in the removal or reduction of these HCPs
to acceptable levels. In our experience, a desired throughput is 10–
20 samples per day, which would allow assessment of up to 10 dif-
ferent process conditions in either one or two replicates. An ideal
workflow should have the ability to provide sensitive detection and
accurate quantitation of all (including a priori unknown) HCPs
present in both final product and in-process pools. It can be used
to “declare” the absence of HCP above a certain level, and to sup-
port the removal of identifiedHCPwith high analytical throughput
without the need of method optimization for individual HCPs.

When applicable, protein-specific ELISA or targeted MS
approaches such as multiple reaction monitoring (MRM)12 or par-
allel reaction monitoring (PRM)13,14 could provide highly sensitive
and accurate quantitation to monitor a limited number of known
HCPs during process development. However, the HCPs that need
to be monitored in the in-process pools are frequently unknown a
priori due to the fact that their co-purification with the product is
often dictated by product-specific binding or interactions.15 Pro-
ducing peptide/protein standards and developing reagents for
ELISA is time-consuming and unsuitable to satisfy the desire of
tracking HCPs and their clearance within days of discovery. MS
with data-independent acquisition (DIA)16-19 can be used for sensi-
tive and simultaneous quantitation of all identified HCPs as a uni-
versal method, thus eliminating the need for targeted method
development. One DIAmethod,19 MSE, has been coupled with two
dimensional liquid chromatography (2D-LC) to identify and quan-
tify low abundance HCPs, using the “Top 300 label-free approach
(MS signal response for the three most intense tryptic peptides) for
protein quantitation.7,8,10,20,21 However, 2D-LC analysis may have
reproducibility challenges and the nano-LC often used in the sec-
ond dimension for improved sensitivity is not always robust. In
addition, its 10–20 hours analysis time/samplemakes it challenging
to analyze multiple samples from in-process pools using the 2D-
LC-MS/MS approach to provide real time support and quick
response for addressing potential HCP concerns.

As an alternative DIA strategy, sequential window acquisition of
all theoretical spectra (SWATH) MS performs sequential MS/MS
of multiple smaller acquisition windows and relies on a targeted
data extraction and analysis strategy using a comprehensive pep-
tide fragment ion spectral library.18,21 Compared to MSE, which

uses MS/MS of a single large m/z window and standard protein
sequence database searching tools for data mining, SWATH MS
provides higher fragment ion specificity and potential for improved
number of protein identifications and quantitation accuracy.18 It
has the potential to provide large-scale MRM with increased
throughput, and to quantify all identified proteins without a priori
knowledge.18,22,23Moreover, SWATHMS quantitation at fragment
ion spectra level was shown to offer a 2-8-fold gain in sensitivity
compared to the limit of detection based on precursor ion signals
detected in the fullMS scans.18

In this study, we developed a modular and adaptive 1D
UHPLC-MS/MS-based workflow to support fast bioprocess devel-
opment with optimal HCP clearance. This workflow takes advan-
tage of the fact that HCPs are present at higher levels in the
upstream pools and therefore can be detected more readily than in
the final pools. This knowledge of HCPs that are potentially pres-
ent, coupled with the high protein detection sensitivity and quanti-
tation accuracy of SWATH MS,18 provides improved detection of
low-level HCPs in the final product using 1D UHPLC separation.
Our workflow can be tailored to match different HCP detection
sensitivities from single digit to � 50 ppm (ng HCP per mg of
product) while accommodating the needs of purification process
development. As a result, sensitive and simultaneous quantitation
of all identified HCPs can be achieved while maintaining high
throughput and robustness.

Results

Overview of the 1D UHPLC-MS/MS workflow

Biotherapeutic antibodies are typically purified from harvested
cell culture fluid (HCCF) by performing an initial step of
affinity chromatography (e.g., Protein A binding), followed by
two or three additional (and orthogonal) chromatography steps
to remove HCPs and other process/product related impurities.
Fig. 1 shows approximate HCP level commonly seen using
proprietary Chinese hamster ovary (CHO) cell lines and purifi-
cation processes. In HCCF, the mass ratio of HCPs to mAb is
around 1:1 ratio (»106 ppm). The majority of HCPs are largely
removed following Protein A affinity purification (»103 ppm

Figure 1. Typical host cell protein level during purification process for mAb biologics.
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in the pool). After additional purification steps, HCPs are often
present at a low level (»101 ppm or less) in the final product.

Fig. 2 illustrates our 1D UHPLC-MS/MS based workflow.
The use of 1D UHPLC coupled to MS in DDA mode, as the
first option for process development support, provides suffi-
cient throughput and robustness to detect relatively high
level HCPs (� 50 ppm) in all mAb in-process pools, includ-
ing the final product. In addition, the data-dependent MS/
MS analysis of upstream pools can provide HCP list/peptide
fragmentation information to facilitate the use of DIA and
targeted MS methods such as MRM or PRM to quantify and
identify HCPs with higher sensitivity in the downstream
pools. DIA provides quantitation data for all detected HCPs
and can simultaneously monitor their clearance during puri-
fication process with higher sensitivity (»10 ppm). To track
specific, known HCPs with single digit (»2) ppm sensitivity,
targeted MS method can be applied. This strategy is further
demonstrated in the following sections.

Sensitivity and robustness of the 1D UHPLC-MS/MS using
data-dependent acquisition

The workflow developed in this study was based on a fast
(1-hour) and robust LC-MS /MS method that used charge-sur-
face hybrid (CSH)7,24 C18 UHPLC interfaced with a mass spec-
trometer with fast scanning speed (MS/MS at 20Hz). The
average relative standard deviation for retention time of 5 dif-
ferent peptides from 5 LC-MS analyses collected over 2 months
was 1.1%, indicating good reproducibility of the LC separation.

To assess method capability for detecting unknown residual
HCPs in biopharmaceutical products, 1D LC-MS/MS analyses
with DDA were performed using a purified antibody product
(mAb-1) spiked with known levels of 48 protein Universal Pro-
teomics Standard (UPS-1; Sigma Aldrich) proteins to simulate
trace level HCPs in a product. The levels of 48 UPS-1 proteins
ranged from 8 to 110 ppm in the spiked mAb-1 (5 mg/mL). The
number of unique peptides identified for each of the 48 simu-
lated HCPs and their respective levels (in ppm) are illustrated in
Fig. 3A. The results demonstrate that, while there is clear varia-
tion in the level of detection for individual proteins as
unknowns, positive identification (� 2 unique peptides, used

throughout this study) was achieved with consistency when lev-
els of the UPS-1 proteins were � 50 ppm. Reproducibility of
identification for each of the UPS-1 proteins spiked into mAb-1
at> 50 ppm is shown by averaging the number of unique pepti-
des found over six independent LC-MS/MS analyses (Fig. S2).

To further illustrate the use of this strategy in demonstrating
HCP clearance in the final product, and to demonstrate the robust-
ness of ourmethod, amethod control sample was generated, which
was amAb-2 sample spiked with 50 ppmof a purified recombinant
CHO protein, Cricetulus griseus phospholipase B-like 2 (PLBL2).5

A summary of the test results is provided for the trypsin digest of
this method control sample from 69 test sessions conducted in a
period of 18 months (Fig. 3B). Positive identifications by database
search were returned for PLBL2 in all 69 test sessions. These results
also suggested that it has the potential to provide the confidence to
“declare” the absence of any individual HCPs at or above a
particular ppm level when no HCPs are detected by this method,
coupled with a positive finding using an appropriate method con-
trol sample. The results of both UPS-1 and PLBL2 spiking studies
described here are consistent in that a 50 ppm detection sensitivity
should be expected with this method.

To identify HCP candidates that can potentially be present in
the final products due to insufficient removal or co-purification,
we used this 1D UHPLC-MS/MS DDA method to analyze a
tryptic digest of CHO cell supernatant from a null cell line that
does not express any product-coding genes. The supernatant
contains a mixture of secreted proteins along with proteins
released following cell lysis, and is representative of the HCP
impurities that can be present in downstream product pools.
Using 1D UHPLC-MS/MS DDA and just one hour of acquisi-
tion time, we identified more than 1,300 proteins and 19,000
peptides. More importantly, this list contained all HCP peptides
and proteins that have been identified in Protein A affinity and
other downstream pools (data not shown). Fragment ions for
the HCP peptides identified in the null cell supernatant were
used to build the spectral ion library for additional HCP analysis
using DIA SWATH MS, described below in more detail. Taken
together, the UPS-1 and PLBL2 spiking data, combined with
the CHO proteomic analysis data demonstrate that the 1D
UPLC-MS/MS DDA method can be used successfully to identify
unknown HCPs in downstream product pools.

Figure 2. Summary of the modular and adaptive 1D UHPLC-MS-based workflow to support fast bioprocess development for optimal host cell protein clearance.
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1D UHPLC-DIA SWATH MS for sensitive detection and
simultaneous relative quantitation of all HCPs

The 1D LC-MS/MS DDA method served as the first step to
examine whether there are high levels of HCPs present in the
final pool that may require process change or optimization. To
readily enable more sensitive detection of proteins that may be
present in final pools, 1D LC-MS/MS DDA was performed to
identify residual HCPs in affinity pools of 16 mAbs. As shown
in Fig. 4, the trend observed for these affinity purification pools

shows a wide range (1 to 52) of identified HCPs, dependent on
the specific molecule15 as well as the affinity column wash step
conditions used before antibody (product) elution. These
results also showed that the vast majority of HCPs present in
cell culture fluid were removed after the first affinity
chromatography step, consistent with previous observations.21

In the second step of the process, most products had no
remaining detectable HCPs (at � 50 ppm level), while a few
had between 1 and 4 HCPs per product. Note that the number
of observed HCPs here are associated with the 1D UHPLC-

Figure 3. Proteins are consistently identified with � 2 peptides above 50 ppm using 1D UHPLC-DDA. (A)UPS-1 (48) standard proteins ranging from 8 to 110 ppm were
spiked into mAb-1. Dashed line indicates level of method sensitivity. Results from six replicate analyses showed 80–100% detection of ten proteins spiked in at above
50 ppm level. (B) Analysis of the mAb-2 sample spiked with 50 ppm PLBL2 (method control sample) in 69 test sessions over 18 months.

Figure 4. The number of HCPs identified by 1D UHPLC-DDA in the Column 1 (Affinity) and Column 2 in-process pools of 16 mAb products. Many of the HCPs were
common, as they were found in multiple mAb products. There were also significant number of HCPs that were unique to a specific mAb product.
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MS/MS DDA method with a detection sensitivity of 50 ppm.
Therefore, tracking these HCPs in downstream pools requires a
method with higher detection sensitivity than 1D LC-MS/MS
DDA. Toward this end, the 1hr 1D UHPLC method was cou-
pled to a universal DIA method, using SWATH MS.

To assess the enhanced detection sensitivity18 achieved by
DIA versus DDA methods, we analyzed a mAb-2 sample
spiked with PLBL2 over a range of 5 to 100 ppm. The DDA
method showed (Fig. 5A) detection of PLBL2 down to
30 ppm with 2-peptide identifications, but no peptide

detection at 20 ppm. Using the DIA approach, 3 PLBL2 pep-
tides were identified at the 1, 2, and 5 ppm level, and >3
peptides were identified at all other tested levels. The results
also showed a linear response (R2 > 0.99) within the tested
range for DIA SWATH MS and good quantitation accuracy
(100–115% recovery) for the 5–100 ppm range (Fig. 5B).
Quantitation precision was assessed from 5–50 ppm and
observed RSD values ranged from 2.1–5.8%, based on tripli-
cate injections (Fig. S3). Analysis of additional protein stan-
dard samples (data not shown) showed that a high
sensitivity (10 ppm) was consistently achieved with this 1-
hour 1D UHPLC-DIA SWATH MS method. This is compa-
rable to online 2D-LC-MS/MS analysis that would require
10–20 hours of data acquisition time, with a reported detec-
tion limit of »13 ppm for a specific HCP.10,21

In addition to the »5-fold improved detection sensitivity
for specific HCPs vs. DDA, the DIA SWATH MS approach
was also able to monitor clearance of multiple HCPs
simultaneously through actual in process pools from an anti-
body purification process. Fig. 6 shows an example of using
DIA SWATH MS for relative quantitation of three specific
HCPs to monitor their clearance in parallel during the purifi-
cation process. Note that in the mAb-3 final product, no
HCPs were identified using the DDA method (data not
shown). In contrast, HCP-3 was detected (Fig. 6) with three
peptides identified using DIA SWATH MS method, again
confirming higher sensitivity of DIA SWATH method
compared to DDA. No peptides were identified for HCP-1
and HCP-2 in the mAb-3 final product, indicating the
effective removal of these HCPs.

Figure 5. Comparison of DDA (5A) and DIA SWATH MS (5B) methods to detect PLBL2 at different spiked levels in mAb2. Green represents successful detection, while red
indicates failure to detect. The detection sensitivity of DDA is shown in 5A, and the sensitivity and linearity of DIA SWATH MS TOP 3 method is shown in 5B, with the
number of peptide identified shown in parentheses. PLBL2 peak area measurement by SWATH (Top 3 peptides) at � 5 ppm levels had observed RSD values ranging
from 2.1–5.8%, based on triplicate injections.

Figure 6. Simultaneous relative quantitation of three HCPs in mAb-3 by 1D
UHPLC-DIA SWATH MS (»10 ppm sensitivity).

658 D. E. WALKER ET AL.



1D UHPLC-MS/MS strategies for absolute quantitation of
HCPs with SWATH MS or targeted MS methods

While we have demonstrated how SWATH MS can be used for
relative quantification of HCP (comparison between samples),
there is often a need for absolute quantification of a specific
HCP during process development. However, calibration stand-
ards, in forms of either recombinantly expressed protein from
the same host or stable isotope-labeled HCP peptides, are often
not readily available and would require substantial lead-time to
obtain. To circumvent this limitation, we employed the previ-
ously reported “Top 300 peptide quantification strategy,19 which
relies on the observation that the average signal responses of
the three most intense peptides per mole of protein is constant
within § 10%.

Detection of three peptides from HCP-3 in the final product
of mAb-3 by DIA SWATH MS (Fig. 6) suggested that its level
should be around or above the method detection limit. Using
the Top 3 strategy with a single spike of 10 ppm protein stan-
dard (bovine carbonic anhydrase II), the level of HCP-3 in
mAb-3 final product was estimated at »20 ppm by 1D
UHPLC-DIA SWATH-MS. The level of HCP-3 (20 ppm) mea-
sured by the Top 3 method is »1.5-fold higher than 13 ppm,
which was obtained from LC-MRM analysis using a synthetic,
stable isotope-labeled HCP-3 peptide, a well-accepted protein
quantitation method by MS.12 This observation is consistent
with the findings reported by Schenauer et al20 that most
unknown HCPs could be quantified within a range of 1.5-fold
(high) and 1.8-fold (low) of their actual value using the Top 3
method. This example shows that a good quantitative estimate
of HCPs using a universal DIA SWATH MS method with Top
3 strategy can be achieved quickly, without the delay required
in obtaining specific protein or peptide standards.

DIA SWATH MS was used to obtain absolute quantitation
of PLBL2, an HCP that had previously been found to co-purify
with a mAb product. PLBL2 was identified and quantified in
HCCF, with the Top 3 strategy19 using a 4-point calibration
curve of spiked internal standard protein (bovine carbonic
anhydrase II). Table 1 shows the quantitation results obtained
by DIA SWATH MS and by a PLBL2-specific ELISA25 in five
HCCF samples. Results showed that the measured PLBL2 levels
by DIA SWATH MS quantification agreed well with those
from an orthogonal analysis by PLBL2-specific ELISA (Table 1).
Note that quantitative values obtained by MS and multi-analyte
HCP ELISA are generally not expected to be directly

comparable with each other, due to the use of very different
standards and calibration methods.

When a specific known HCP causes a safety concern for a
mAb product, sensitivity (single digit ppm) similar to ELISA
may be needed to measure the absolute level of this HCP in the
mAb final product. To meet this need, 1D UHPLC can be cou-
pled with targeted MS approaches such as MRM (low resolu-
tion) or PRM (high resolution) to specifically monitor and
quantify the amount of HCP with high sensitivity. There are a
variety of different commercial MS instruments available for
such measurements. In this study, we were able to demonstrate
low single digit ppm (by both LC-MRM and LC-PRM) detec-
tion sensitivity for PLBL2, which was spiked into mAb-1
(Supplementary Information and Fig. S1).

Discussions

We developed and demonstrated the utility of a modular and
adaptive 1D UHPLC-MS/MS-based workflow that provides
robust, high-throughput and sensitive HCP detection to meet
the needs at different stages of purification development for
optimal clearance. This workflow, especially the use of DIA
SWATH MS, takes full advantage of the fact that residual
HCPs in mAb products are present at higher levels in the
upstream pools11 (including HCCF) and can be identified there
more readily than in the final product. The HCP peptides/pro-
teins identified in the upstream pool greatly facilitates routine
and high throughput detection of residual HCPs at single
digit ppm levels (in final product), without requiring lengthy
2D LC separation. Sensitive and simultaneous HCP quantita-
tion was achieved with one-day turnaround for up to 20 sam-
ples to track their clearance and generate process knowledge.
Such ability to provide results in real time fashion is essential to
allow fast process development or optimization. Historically,
the biopharmaceutical industry has largely relied on immuno-
assays to guide purification process development, which typi-
cally involves an aggregate measurement of a mixture or total
HCPs,4 without knowing the identity and characteristics of spe-
cific HCPs that might be of concern. The use of MS represents a
significant step forward in applying Quality by Design princi-
ples to manufacture high quality biopharmaceutical products.
With fast quantification a real possibility, both in having an
appropriate method available within days of the HCP discovery
and in providing assay results for real time feedback in the eval-
uation of process parameters and capability, an LC-MS/MS
approach is an excellent fit for today’s standards in developing
an efficient process for biologics. In contrast, the development
of a specific ELISA for quantitative measurement of a particular
HCP would require additional resources and several months of
lead-time.

The 1D UHPLC-MS/MS DDA approach complements the
pivotal use of ELISA in HCP removal and control strategy, in
that it readily addresses a widely recognized limitation in
immuno-detection methods, where some HCPs may co-purify
with the product and can be present at high or unsafe levels
and yet may not be readily detected by the ELISA assay. As a
result, LC-MS/MS has established itself as a powerful orthogo-
nal technique to ELISA for HCP detection. There are, however,
several limitations in this technique, such as the quality and

Table 1. Agreement of the PLBL2 level (mg/mL) measured by DIA SWATH MS Top
3 approach with that by PLBL2 specific ELISA in HCCF from following expression
conditions: CHO host cell lines 1, 2, and 3, all harvested on Day 14; Host cell line 3,
harvested on Day 10 and 17. The results were the average of 2 biological repli-
cates. For each biological replicate sample, PLBL2 concentrations were averages of
four replicate analyses. Mean RSD (of five samples) was 5.0%, with highest RSD
observed at 9.4%.

Sample (n D 2) By SWATH Top 3 (mg/mL) By Specific ELISAa (mg/mL)

Host 1-Day 14 7.7 § 1.5 7.6
Host 2-Day 14 4.1 § 0.35 6.3
Host 3-Day 14 2.1 § 0.18 1.5
Host 3-Day 10 2.3 § 0.04 1.6
Host 3-Day 17 1.6 § 0.04 1.6

aReference25.
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completeness of databases. Often there is no control for HCP
loss during sample preparation, which can affect downstream
sensitivity and quantitation. In addition, detection sensitivity
with respect to ELISA, at least for some HCPs, may remain a
challenge for MS methodology. Complementary and orthogo-
nal approaches, such as improved sample preparation methods
via HCPs enrichment or mAb depletion, can improve HCP
detection by DDA MS.

In addition to demonstrating the value of positive findings,
our study highlights the importance of valid negative findings
in HCP analysis by LC-MS/MS. A good detection method
should have an established limit above which a positive detec-
tion of an unknown HCP would be expected. A negative find-
ing in a test subject (no detection of any HCP) should be
interpreted as indicating the absence of any HCPs at or above
the established detection limit. This can be more convincingly
demonstrated if or when the negative test result is coupled with
a positive finding of a known HCP in a control sample, ideally
at the detection limit. Sample results associated with a failed
identification of the positive control sample should be carefully
scrutinized and likely considered invalid, especially when
they may otherwise be interpreted to indicate the absence of
any detectable HCP. This is an important aspect in the use of
mass spectrometry to support process development, as our
study results have shown that most mAb purification processes
are able to reduce total HCP to well below 100 ppm (by ELISA)
in the final pool, and a negative finding by LC-MS/MS would
be expected (using a method with 50 ppm single HCP sensitiv-
ity). This is also an important consideration in situations where
samples from different purification processes are tested. If LC-
MS/MS results from these types of analyses show differences in
HCP composition, it is important that appropriate system suit-
ability controls are available to confirm that instrument/system
performance is not responsible for changes observed in HCP
profiles. Similarly, an appropriate negative control sample
could be included as part of the system suitability to further
control for potential false positive findings.

SWATH MS has been successfully applied to quantify a
limited number of spiked peptides, proteins in less complex
systems, as well as larger studies on the proteome scale.18,22,
23,26 Compared to previous studies using SWATH MS, HCP
detection and quantitation of mAb in-process pools and final
product can be considered more challenging due to protein
complexity and large dynamic range (between HCPs and
mAb) for the proteins of interest. Our results for the first time
demonstrated the value of SWATH in detecting and quantify-
ing HCPs as a key component of the LC-MS/MS platform in
support of purification development. The 1 hour 1D UHPLC-
DIA SWATH MS can be used for relative or absolute HCP
quantitation as a universal method with high sensitivity
(»10 ppm). This is comparable to the previously reported
detection sensitivity using 2D-LC MSE,10,21 with the additional
benefit of high throughput and robustness. The »5-fold sensi-
tivity increase seen in DIA SWATH MS in our study as com-
pared with DDA is consistent with the 2-8-fold sensitivity
improvement reported.18

The success of the SWATH MS approach in HCP analysis
relies on a comprehensive spectral ion library for peptide iden-
tifications. HCPs present in the upstream Protein A pools are

most likely carried through to the downstream pools, although
at lower levels. The coverage of peptides from these proteins in
the spectral library will affect their identification in the down-
stream pools using DIA SWATH MS. It has been reported that
the overall HCP composition is similar between product-pro-
ducing culture and null cell culture.27 In this study, we found
lower peptide coverage in general for the HCPs identified in
Protein A pool than the null CHO cell supernatant, presumably
due to the lower levels of HCPs and the presence of the over-
whelming amount of mAb peptides in the Protein A pool sam-
ple. This highlights the importance of using the cell
supernatant of null CHO cell line, which does not express the
mAb product-coding gene, to build a comprehensive CHO
spectral library. This ion library can be further expanded with
more comprehensive identifications of peptides found in the
null CHO cell supernatants and in the in-process pools of dif-
ferent mAb products to help improve low level HCP identifica-
tion with a universal ion library. This comprehensive universal
CHO (or any other host organism) library can also be shared
across academic and industry users to facilitate HCP
identifications.28,29

Using the DIA method, scientists can not only quantify
residual HCPs in a reliable manner (Fig. 6, Table 1), but also
gain process knowledge and generate a historical databank that
help understand the efficiency of different chromatography
steps for successful clearance of specific HCPs. For example, an
HCP data repository can be made from the DIA data, and it
can be re-mined in the event that a newly discovered HCP
becomes a concern. When combining DIA SWATH MS with
the Top 3 approach, absolute HCP quantity by either single
point or multi-level calibration can be determined. The HCP
quantitation obtained with the 1D UHPLC- DIA SWATH MS
approach was comparable to MRM or an HCP-specific ELISA.
This approach allows detection and quantification of all,
including previously unknown, HCPs in various types of in-
process samples as well as final product. It provides important
process development information regarding HCP clearance
and residual levels in one day, which allows assessment of HCP
levels without delay.

In summary, this study demonstrated a workflow that can
be used to address a significant need in HCP analytics that is
relatively unexplored to date, i.e., rapid and robust analytical
support toward optimal HCP clearance during process devel-
opment of biotherapeutic products. Combined with different
MS strategies, a 1-hour UHPLC method was used to create a
robust, comprehensive HCP detection platform for real-time
process development support, allowing analysis of up to 20
samples per day for HCP composition and quantity with high
sensitivity down to single digit ppm. This study highlights the
capacity of LC-MS/MS to act as an important factor not only
for HCP discovery, but also process control. In addition, the
technique will serve as an important complementary tool, both
in its ability to identify specific HCPs, and in its ability to sup-
port ELISA in declaring the absence of HCPs above a certain
threshold. The inherent flexibility of this platform allows the
analyst to use one or a combination of these methods to analyze
samples quickly and reliably, while giving options for balancing
method sensitivity requirements with the desired speed and
throughput of analysis.
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Materials and methods

Materials

All therapeutic mAb samples (mAbs¡1, ¡2 and ¡3) were pro-
duced at Genentech, South San Francisco, CA. Recombinant
PLBL2 was expressed at Genentech using stably transfected
CHO cells.5 The CHO ELISA standard reagent was produced
at Genentech, and was derived from null (non-product express-
ing) HCCF. Universal Proteomic Standard 1 (UPS-1) was pur-
chased (Sigma-Aldrich) and contained a mixture of 48
recombinant proteins of known equimolar concentration.
Bovine carbonic anhydrase II used to generate a universal
response factor for absolute quantitation, was purchased com-
mercially (Sigma-Aldrich #C2522). Recombinant porcine tryp-
sin (proteomics grade) used for protein digestion was from
Roche (Product Number 03708985001).

Host cell protein ELISA

Total immunoreactive HCP content was measured with an
ELISA assay developed at Genentech using polyclonal antibod-
ies raised against concentrated HCCF from non-transfected
CHO cells as described previously.5,19

Sample preparation

To test the sensitivity and robustness of 1D UHPLC-MS/MS
method using DDA, UPS-1 was spiked into mAb-1 with the 48
protein levels ranging from 110 ppm to 8 ppm relative to the
mAb-1 concentration. PLBL2 was spiked in mAb-2 at 1, 2, 5,
10, 25, 50 and 100 ppm to compare the sensitivity of DDA and
DIA SWATH MS. All ppm values of spiked proteins were cal-
culated by use of the respective molecular weights of the indi-
vidual proteins.

To generate the universal response factor for absolute quan-
titation experiments with DIA SWATH MS,19 bovine carbonic
anhydrase II was spiked at a single level of 10 ppm in mAb-3,
or at multiple levels to cover a wide range of expected HCP
concentrations (0, 3, 6, and 9 pmol) in Cricetulus griseus null
HCCF samples (500 mg) as protein internal standard.

Each sample (500 mg, 5 mg/mL) was denatured with 6 M
guanidine hydrochloride in 1 mM sodium acetate (pH 5), then
reduced with 10 mL of Bondbreaker tris(2-carboxyethyl) phos-
phine) (ThermoFisher Scientific) for 15 min at 37 �C. Follow-
ing desalting with a NAP-5 gel permeation column, the pH of
the solution was adjusted to 7.2 by addition of 100 mL of 0.5 M
(3-(N-morpholino)propanesulfonic acid). Porcine trypsin
(10 mg) was added to the samples, followed by incubation at
37 �C for 1 hour. The digestion was quenched with 30 mL of
10% (v/v) trifluoroacetic acid and 40 mg was injected for each
LC-MS/MS analysis.

1D UHPLC-MS/MS

Liquid chromatography was performed using a Waters
(Milford, MA) Acquity H-class Bio UHPLC� System that
was interfaced with a TripleTOF� 5600C mass spectrometer
(Sciex, Concord, Ont, CAN) with DuoSprayTM Ion Source.
The CSH C18 stationary phase was based on the charge-

surface modification of the ethylene-bridged hybrid (BEH)
C18 stationary phase, and allowed up to a 5-fold increase7

in sample load without the peak tailing and column satura-
tion challenges commonly observed in HCP applications
using the unmodified C18 stationary phase when high sam-
ple load was used to improve HCP detection sensitivity.
The optimized 1D CSH C18 LC we used enabled high
throughput and robustness for the LC-MS analysis with a
40 mg sample load and 300 mL/min flow rate. All separa-
tions were performed on a Waters CSH130 C18 (1.7 mm,
2.1 mm x 150 mm) column. Mobile phases consisted of
0.1% formic acid in water (Mobile Phase A) or acetonitrile
(Mobile Phase B). The flow rate was 0.3 mL/min and col-
umn temperature was maintained at 60 �C. The total
1 hour LC gradient included a linear gradient of 0–40% B
in 40 minutes, a column wash (5 minutes at 90% B), and
column re-equilibration (15 minutes at 0% B) steps.

DDA method parameters were set to acquire MS/MS spec-
tra, 50 milliseconds (ms) each, on the top 20 most abundant
ions from every MS survey scan (250 ms) over a mass range of
350–1250 m/z, with inclusion of charge states C2 to C5. A pre-
cursor ion dynamic exclusion setting of 10 sec after 1 occur-
rence, and a precursor ion threshold of 150 counts per second
for MS/MS selection were used. DIA was performed using 25
sequential m/z windows of 25 amu (atomic mass units) (1 amu
overlap on each end of each mass window; 50 ms acquisition
time per window) ranging from m/z 400-1000 interleaved with
a single 100 ms full scan time-of-flight MS spectrum per cycle
to give a total cycle time of 1.38 sec.

Peptide and protein identification/quantitation by 1D
UHPLC-MS/MS

LC-MS/MS DDA data files were searched against a database
containing sequences of all Genentech biotherapeutic products,
plus those of all spiked protein standards, concatenated to the
CHO Canonical and Isoform database from Uniprot.org, using
the ProteinPilotTM (Version 4.5.0.0; Sciex) software. Protein is
required to have a false discovery rate of < 1% with 2 unique
peptides (at 95% confidence) for positive identification.

Fragment ions from all peptides identified at > 95% confi-
dence by LC-MS/MS DDA analysis of null CHO cell superna-
tant were imported into the SWATHTMMicroapp (Version 2.0;
Sciex) within PeakviewTM (version 2.1; Sciex) to build the HCP
spectral ion library for DIA SWATH MS data analysis. Identifi-
cation of peptides and protein quantitation using DIA SWATH
acquisition was then performed by retention time calibration
followed by searching of the DIA data files against the fragment
ion spectral library. Protein is required to have 3 unique pepti-
des identified (at 95% confidence and with 5 transitions per
peptide) for protein quantitation.

Quantitative analysis of data independent SWATH MS and
PRM data

After SWATH data processing, the peak areas of the five most
abundant fragment ions for the three highest intensity peptides
were summed using MarkerviewTM software (Version 1.2; Sciex)
to generate the Top 3 peak area for relative quantitation. To
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determine the absolute level of HCP-3 in mAb-3 using a single
point calibration, the Top 3 peak areas for the HCP-3 and the
spiked bovine carbonic anhydrase II were compared. This molar
concentration was then normalized by theMW ratio of the HCP to
the bovine carbonic anhydrase II to calculate the ppm level of these
HCPs. Similarly, PLBL2 molar concentration was determined
using the 4-point standard curve generated from the Top 3 peak
area data of bovine carbonic anhydrase II, which was then con-
verted to the mg/mL to compare with ELISA25 results. Carbonic
anhydrase II peptides used for quantification were unique to the
bovine sequence of the protein.
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