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Abstract

This application note introduced two analytical workflows for LC-MS analysis of host cell proteins (HCPs) in
monoclonal antibodies: HCP Discovery and HCP Monitoring. The HCP Discovery workflow was demonstrated by
identifying HCPs down to 5 ppm in the NIST mAb Reference Material, using the bench top Xevo™ G3 QTof
System based on analytical scale UPLC™ separations of digested proteins. The HCP Monitoring assays were
performed on the BioAccord™ UPLC-MS System, a platform fundamentally designed for high performance
routine operation by non-MS experts, also using the compliance-ready waters_connect™ software for data

acquisition and processing.

Benefits

- A Discovery HCP assay using UPLC-QTof MS, capable of detecting low-level HCPs, down to a concentration
of 5 part-per-million (ppm) in the NIST mAb Reference Material 8671

- An HCP Monitoring assay, developed on a platform ideal for non-MS experts, was able to achieve the same
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detection limit (5 ppm) for a protein digest standard spiked into the NIST mAb digest

Both Discovery HCP and Monitoring HCP workflows incorporate an analytical scale separation on the
ACQUITY™ Premier UPLC System and Premier CSH™ Ccolumn chemistry that improves overall robustness for

peptide based analysis

Introduction

Host cell proteins (HCPs) are endogenous, process-related impurities derived from expression systems during
biotherapeutic production. Even at trace levels (0.1-100 ppm), these impurities have the potential to produce

unwanted immunogenic response in patients, or can reduce the safety, efficacy, or stability of the therapeutic.

For these reasons, the regulatory agencies require manufacturers to demonstrate clearance and control of HCP
impurities during product purification to show process understanding and ensure acceptably low HCP levels for
clinical studies. This requires analytics enabling the establishment of HCP identity and assays capable of
individual and/or aggregate HCP quantification. In early development, high capability mass spectrometry
systems, such as Waters™ Cyclic™ IMS and SYNAPT™ HDMS systems are used for HCP Discovery, employing
complex proteomics-like workflows and operators with significant LC-MS expertise. As the drug development
progresses, it is desirable to use much simpler, more routine immunological assays and LC-MS analysis

workflows, to progress molecules through process development and into commercial production.

The biopharmaceutical industry has traditionally relied on ELISA assay for measuring the total HCP
concentration, but mass spectrometry-based HCP analysis has emerged in recent years as a powerful
alternative, providing more extensive (proteome-wide) HCP coverage and is able to further reduce risk by

measuring individual HCP levels, ™"

The composition of HCPs from the NIST mAb Reference Material 8671 has been thoroughly investigated using a
variety of sample enrichment protocols.>® Here we adapted a mAb depletion protocol, originally introduced by
Eli Lilly, for enzymatic digestion of NIST mAb HCPs, using a novel recombinant trypsin from Waters Corporation

- RapiZyme.>'?

This application note is focused on method optimization for routine HCP analysis using analytical scale UPLC
separations coupled with either QTof or Tof MS. Two workflows are discussed here: 1) Discovery (ID-enabling)

and subsequent quantification of unknown HCPs using the NIST mAb Reference Material; 2) Monitoring of
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known HCPs using the NIST mAb RM digest as sample background spiked with known concentrations of protein

digest standards.

The first workflow described here is based on the HCP Discovery Assay performed in MSE mode (DIA) using
extended (90 minute) peptide gradient separations. The HCPs are identified by a proteome-wide database
search following data processing with Progenesis QI for Proteomics (QIP) 4.2 software. The MSF results can be
assembled into spectral libraries, containing the identified peptide precursors, observed charge states and apex
retention times. A popular third-party proteomics software, Byonic (Protein Metrics), was also used to process
the Discovery HCP data, to demonstrate the data compatibility with a vendor-agnostic software. In addition, this

also served the purpose of independently verifying the HCP assignment for Progenesis QIP.

The second workflow is more typical for targeted monitoring of known HCPs from mAb samples that are
collected across various purification stages. A higher-throughput HCP Monitoring Assay employing MSF data
acquisition with 30 minute peptide separations was developed on a small foot print, ease-of-use BioAccord
UPLC System. Data processing was performed using the Accurate Mass Screening workflow in waters_connect,
specifically designed for targeted analyte monitoring. This HCP monitoring processing method is embedded in a
compliant ready software - waters_connect, for quantification and monitoring of all identified HCPs across many
samples (10-50) resulted from biopharmaceutical purification using different purification protocols. In this
application note, the HCP workflow described above was applied to the identification and monitoring of HCPs

and spiked MIX-5 protein digest standards in the NIST monoclonal antibody.

Experimental

Sample Preparation

A highly purified mAb (NIST mAb candidate reference material LRM 8671, 10 mg/mL concentration) produced in
a murine cell culture was purchased from Millipore Sigma (St Louis, MO). The NIST mAb was digested using a
protocol designed to remove the high-abundance mAb species through protein precipitation, using a modified
version of a previously published digestion protocol.® In a 500 pL Protein LoBind Eppendorf tube (catalogue no
022431064), 200 pL of NIST mAb were mixed with 20 yL of 1 M Tris HCI buffer (containing 1 M CaCl,) and 10 yL
of 4 yM RapiZyme trypsin (Waters p/n: 186010107 <https://www.waters.com/nextgen/global/shop/standards--
reagents/186010107-rapizyme-tryspin-ms-gradel-pk-with-buffer.html> ) and digested overnight (~ 16 hours) at

37 °C. As previously described, the digestion protocol avoids mAb denaturation, reduction, and alkylation to favor
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the digestion of HCPs over the digestion of the more stable NIST mAb, kept in a native (non-denatured)
conformation.® After 16 hours of enzymatic digestion, the undigested mAb was denatured by heating and
reduction with 4 mM DTT (90 °C, 15 minute) to effect precipitation. The sample was centrifuged for 5 minutes at
12,000 g and the supernatant (~ 200 pL digest) was recovered and acidified with 1 uL of formic acid (Millipore
Sigma).

For the HCP Discovery Assay, performed in LC-MSE mode on the Xevo G3 QTof, four protein digest standards
(MIX-4: ADH—yeast alcohol dehydrogenase, BSA - bovine serum albumin, ENL - yeast enolase and PHO - rabbit
phosphorylase b), were spiked post-digestion in the NIST mAb digest.

For the HCP Monitoring Assay, performed in LC-MSE mode on the BioAccord LC-MS System, five protein digests
(MIX-5: ADH, BSA, ENL, PHO and CLP-B—chaperone Ecoli digest) were spiked post digestion in the NIST mAb

at various concentration levels (see Figure 6 inset).

LC-MS grade acetonitrile (ACN) was purchased from Thermo Fisher Scientific (Waltham, MA). LC-MS grade

water and methanol were ordered from Honeywell (Charlotte, NC).

LC Conditions

LC system: ACQUITY™ UPLC Premier BSM

Column: ACQUITY Premier CSH 2.1 x 150 mm, packed with
1.7 ym CSH C18 particles (p/n: 186009462)

Column temperature: 60 °C
Flow rate: 200 pyL/min
Mobile phases: Solvent A: 0.1% FA in LC-MS grade water

Solvent B: 0.1% FA in LC-MS grade acetonitrile
(ACN)

Injection volumes: 50 pyL (HCP Discovery Assay) and 20 pyL (HCP
Monitoring Assay)
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Fixed Loop injection using a 100 pL injection loop

Wash solvents: Purge solvent: 50% MeOH

Sample Manager wash solvent: 50% MeOH

MS Conditions (Discovery HCP Assay):

MS system: Xevo G3 QTof Mass
Spectrometer

lonization mode: ESI+

Capillary voltage: 2.8 kV

Cone voltage: 25V

Source offset: 60 V

Source temperature: 120 °C

Desolvation temperature: 450 °C

Cone gas flow: 50 L/h

Desolvation gas flow: 500 L/hr

TOF mass range: 400-2000 (MSF acquisition)

Acquisition rate: 0.5 sec

Low energy CE: 6V
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High energy CE ramp:

Data acquisition software:

Data processing software:

15t0 45V

UNIFI™ 3.0.0.21

Progenesis Ql for proteomics v

4.2

Protein Metrics Byonic v 5.2.31

MS conditions (Monitoring HCP Assay)

MS system:

lonization mode:

Capillary voltage:

Cone voltage:

Source offset:

Source temperature:

Desolvation temperature:

TOF mass range:

Acquisition rate:

Low energy CV:

High energy CV ramp:
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ESI+

1.5 kV

40V

30V

120 oC

450 oC

50-2000 (MSFacquisition)

0.5 sec

40V
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Data acquisition software: UNIFI 2.1.2.4.

Data processing software: UNIFI 21.2.4

Gradient Table: HCP Discovery Assay

AL c::Ilvzzitth c:r?'ulvzzittiin i

(mL/min) '(3%) |(3%) Profile

0.00 0.2 100 0 Initial
2.00 0.2 100 0 6
3.00 0.05 100 0 6
93.00 0.05 55 45 6
98.00 0.05 50 45 6
99.00 0.2 15 85 6
104.00 0.2 15 85 6
105.00 0.2 100 6
120.00 0.2 100 6

Gradient Table: HCP Monitoring Assay

Flowrate || SRSl | compostion | Ve

(mL/min) ?%) F()%) Profile

0.00 0.2 100 0 Initial
1.00 0.2 100 0 6
31.00 0.2 55 45 6
34.00 0.2 55 45 6
35.00 0.2 15 85 6
36.00 0.2 15 85 6
37.00 0.2 100 6
45,00 0.2 100 6

Gradient conditions used for the HCP Discovery assay (A) and for the HCP Monitoring assay (B).
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Results and Discussion

HCP Discovery Workflow

Two independent workflows are proposed in the current application note for LC-MS analysis of HCPs. One of the
first tasks for HCP analysis is their identification, as each biopharmaceutical protein is expected to have a unique

HCP composition related to the purification protocol employed to purify it.

As illustrated by the Figure 1 flow chart, the HCP Discovery Assay is responsible for identifying each of the
(previously unknown) HCP contaminants. Only LC-MS assays can provide this specific information, while ligand
binding assays (ELISAs) are unable to identify individual process-related contaminants. In addition, the HCP
Discovery Assay provides quantification information for each HCP. Once all the HCPs are identified down to a
specified threshold (typically expressed relative to the very abundant biotherapeutic protein, e.g. a level of 10
ppm), the HCPs can be tracked across multiple biopharmaceutical samples produced by different cell culture

conditions or purification protocols.
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Figure 1. Flow chart illustration of the HCP Discovery and HCP Monitoring workflows.

HCP impurities contained in the commercially available NIST mAb (Reference Material 8671) have been
previously characterized, with fructose biphosphate aldolase A being the most abundant protein, present in the
concentration range of 200-300 ppm. "%%-° The base-peak chromatogram recorded for the separation of the
NIST mAb digest, under the experimental conditions of the Discovery HCP Assay (90 min gradient, high sample
load ~50 pg), is displayed in Figure 2. This one-dimensional UPLC-MSF assay was able to identify six low-
abundance HCPs, present in the concentration range of 40 down to 5 ppm, in addition to higher-abundance

aldolase (Table I).
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Figure 2. Base-peak chromatogram showing the separation of the NIST mAb digest peptides with a 90-minute
gradient using the Discovery HCP Assay performed on a Xevo G3 QTof instrument and analytical-scale UPLC RP

separation.

The extracted mass chromatograms of two peptide precursors, one from beta-2-microglobulin (with a measured
concentration of 13 ppm) and the other from Low affinity IgG gamma Fc receptor protein (19 ppm measured
concentration) are shown in Figure 3. The Premier CSH column, specifically designed to maintain good
chromatographic resolution under column overloading conditions, provides symmetrical peak shapes (~20 sec
peak width at 10% of peak height) for all low-abundance HCP peptides, despite the high amount of mAb digest

loaded on-column (50 pg).
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Figure 3. Extracted mass chromatograms for two lower-abundance HCP peptides identified in the NIST mAb
digest using the Discovery HCP Assay: (A) peptide SQVQASYTFK (precursor 579.79, +2) from Low affinity IgG
gamma Fc receptor protein; (B) peptide TPQIQVYSR (precursor 546.30, +2) from beta-2-microglobulin. These
two HCPs were identified in the NIST mAb at a concentration of 19 ppm (Low affinity IgG) and 13 ppm (beta-2-

microglobulin) according to the data presented in Table |.

The NIST mAb digest was analyzed in triplicate and each dataset was searched against the mouse proteome
database (16,644 protein entries) using two different software platforms: Progenesis QIP and Byonic (Protein
Metrics). A screenshot containing the Progenesis QIP results obtained for the analysis of one digest replicate is
displayed in Figure 4. Proteins also identified by the Byonic software for the same injection are highlighted with
the asterisk symbol (*). The HCP identification results obtained from these two search engines, operating with
very different protein identification algorithms, were in very good agreement, with seven low-abundance NIST

mAb HCPs identified by both (Table I).
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Progenesis Q

1 T Nofiter appiied ‘

Accession Peptides  Unique peptides Confidence score Description

0 Adenylate % [ 6 431 kinase 2_ mitochondrial OS=Mus musculus GN=Ak2 PE=1 SV=5 =
‘ Alcohol * dehydrogenase 1 O5=Saccharomyces cerevisiae (strain ATCC 204508 / S288¢) GN=ADH1 PE=1 SV=5
S R T e T
@ Fructose-bisphosphate % 61 61 563 aldolase A 0S=Mus musculus GN=Aldoa PE=1 §V/=2

@ Glucose-6-phosphate % 25 25 242 isomerase 0S=Mus musculus GN=Gpi PE=1 SV=4

@ Glycogen * 24 24 205 phosphorylase_ muscle form 0S=Cryctolagus cuniculus GN=PYGM PE=1 5V=3 =
@ Low * 5 5 496 affinity immunoglobulin gamma Fc region receptor I 0S=Mus musculus GN=Fcgr2 PE=1 5V=2

@ mro * 109 109 825 Light Chain O5=Mus musculus GN=LC PE=1 SV=1

@ Methyl-CpG-binding 1 1 6.06 domain protein 3-like 1 05=Mus musculus GN=Mbd3I1 PE=2 SV=1

@ Negative 1 1 118 elongation factor E 0S=Mus musculus GN=Nelfe PE=1 SV=2

0 Nucleoredoxin-like 1 E 104 protein 2 0S=Mus musculus GN=Nxnl2 PE=2 5V=1 |4
@ Protein * 16 16 444 disulfide-isomerase AB OS=Mus musculus GN=Pdiab PE=1 SV=3

. [ n n »

Figure 4. Progenesis QIP results showing the HCPs identified in the NIST mAb by the Discovery HCP Assay
performed on the Xevo G3 instrument, HCPs also identified by the PMI Byonic software are highlighted with an

asterisk symbol (*).

The NIST mAb HCPs along with the MIX-4 spiked proteins were quantified utilizing the "Hi3" approach.”® The
"Hi3" protein quantification is based on finding the top three peptides from each protein that produce the best
MS1 response following ESI-MS ionization. The ESI-MS response for these three best ionizing peptides is then
summed and compared against the response of a spiked protein with a known concentration - in this case PHO

protein spiked at 42 ppm (Table 1), in order to calculate the concentration of all detected NIST mAb HCPs.

The complete list of HCPs identified in two out of three replicates using the Progenesis and Byonic results is
displayed in Table I. Overall seven NIST mAb HCPs were identified and quantified. The lowest concentration
measured was 4 ppm for adenylate kinase 2, indicating the ability of the one-dimensional Discovery HCP Assay

to identify unknown HCPs in the low-ppm range (down to ~5 ppm) in consistent fashion.
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Sequence | Average | Amount on column| Concentration

No | Accesssion

Protein description coverage MwW
crt number (%) (kDa) | fmoles ng ng/mL | ppm
1 P05064 Fructose-biphosphate aldolase A 55.5 39.3 3032 119 2562 256 57
2 P00330 Alcohol dehydrogenase yeast (ADH) - 1000 fmoles 39.2 36.7 1323 49 1044 104 15:2
3 P00489 Glycogen phosphorylase rabbit (PHO) - 200 fmoles 43.2 97.1 200 19 418 42 0.0
4 P06745 Glucose-6-phosphate isomerase 22.4 62.7 242 15 326 a3 8.7
5 P08101 Low affinity immunoglobulin gamma Fc region receptor 19.7 36.7 237 9 187 19 14.8
6 P01887 Beta-2-microglobulin 18.3 13.8 444 6 132 13 7.5
7 Q922R8 Protein disulfide-isomerase A6 8.8 48.1 121 6 125 13 12.4
| 8 Q9ER00 Syntaxin-12 3.4 a2 120 4 80 8 4.7
9 Q9WTP6 Adenylate kinase 2 mitochondrial 7.8 26.5 65 2 37 4 14.3
10 P02769 Bovine serum albumin (BSA) - 20 fmoles - 66.3 20 1 29 3 -
1 P00924 Enolase 1yeast (ENL) - 10 fmoles - 46.6 10 0 75 1 -

Table I. HCPs identified and quantified in the NIST mAb using the Discovery HCP Assay performed on the Xevo
G3 instrument, Seven HCPs and two spiked proteins (ADH and PHO) were identified in at least two out of three

replicate injections. The detection limit of the assay was 5 ppm.

HCP Monitoring Workflow

The HCP Monitoring Assay, highlighted by a separate flowchart in Figure 1, is responsible for detecting multiple
HCP peptides in higher-throughput fashion across many (20-50) samples and operating under compliant-ready

conditions.

According to Figure 1 flow chart, the results for the HCP Discovery Assay are useful for compiling an HCP
peptide library containing peptide sequence, precursor m/z and charge state, as well as retention time. The HCP
Monitoring Assay is designed for targeted monitoring of a subset of HCP peptides across a variety of mAb
production schemes. The HCP Monitoring dataset of MIX-5 spiked peptides was used for the development of the

monitoring assay, mimicking a dataset containing various levels of HCP derived peptides.

To simulate an HCP monitoring experiment, four protein digests (ADH, BSA, ENL and PHO) were spiked at four
different concentration levels in four NIST mAb digests, while one protein digest (CLP-B) was spiked at constant
level (120 ppm) in all four samples. The monitoring of several spiked protein digests with known concentrations
was used for simulating the typical samples resulted from mAb purification that would contain different

concentrations of HCPs following various purification protocols.

The LC-MS data was acquired in MSE mode using a 30 minute gradient on a BioAccord LC-MS Ssystem. The

MIX-5 spiked NIST mAb digest dataset composed of 25 runs, including five5 replicates for each sample, was
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then processed using the UNIFI Application Accurate Mass Screening Workflow available in waters_connect.
Data acquisition and processing on the waters_connect platform can be routinely accomplished within a GMP

laboratory environment, fulfilling all industry requirements.”'?

A list of the 43 best responding peptides in ESI-MS, comprising 10 peptides from each proteins (ADH, BSA, ENL,
and PHO), along with 3 peptides from the CLP-B protein digest standard, was automatically imported in the
Component Table, a section of the data processing method designating those peptides for targeted
quantification. The list contained only the most abundant precursor charge state for each peptide. Extracted
mass chromatograms were generated for all 43 spiked peptides and the corresponding chromatographic peaks
were automatically integrated and ranked according to their peak area. The most abundant peptides from each
protein (based on their peak area counts) were selected for Hi3 protein quantification.’”®> Concentration of four
spiked proteins (ADH, BSA, ENL, and PHO) was measured against the CLP-B protein digest which was spiked at

constant level (120 ppm) in all samples.

Each of the four spiked proteins can be easily tracked down to their corresponding lowest spiked levels across
all spiked samples as exemplified by panels A-E from Figure 5. In this figure, a trend plot is displayed for each
spiked protein by monitoring a single peptide from each protein: peptide VVGLSTLPEIYEK (precursor 724.41, +2,
panel 5A) from ADH, peptide LVNELTEFAK (precursor 582.32, +2, panel 5B) from BSA, peptide
LPQVEGTGGDVQPSQDLVR (precursor 665.68, +3, panel 5C) from CLP B, peptide TAGIQIVADDLTVTNPK
(precursor 585.99, +3, panel 5D) from ENL, and peptide VAAAFPGDVDR (precursor 559.29, +2, panel 5E) from
PHO. The HCP Monitoring Assay is clearly able to find all the spiked proteins in the NIST mAb digest and it

achieved a detection limit consistent with the HCP Discovery assay (5 ppm) in the case of ADH (see panel 5A).
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Figure 5. Peptide level results of the HCP Monitoring Assay. Four protein standards (ADH, BSA, ENL and PHO)
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were spiked at four different concentration levels in four NIST mAb digests, while one protein digest (CLP-B) was
spiked at constant level in all four samples. Panels A-E display the summary plots generated for a peptide from

each of the spiked proteins: (A) VVGLSTLPEIYEK (724.41, +2) from ADH; (B) LVNELTEFAK (582.32, +2) from BSA;
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Figure 5. (C) LPQVEGTGGDVQPSQDLVR (665.68, +3) from CLP B; (D) TAGIQIVADDLTVTNPK (585.99, +3) from
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Conclusion

- Two analytical scale LC-MS workflows have been developed for HCP analysis: 1) A Discovery HCP workflow
to identify and quantify unknown HCPs during development; 2) A Monitoring HCP to quantify known HCPs

typically in a GMP environment supporting manufacture and quality analysis of biotherapeutics.

Data-independent LC-MSF acquisition on the Xevo G3 QTof instrument, identified and quantified two spiked
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reference proteins, as well as seven endogenous HCPs from the NIST mAb reference material with an HCP

Discovery Assay LLOQ of 5 ppm.

- The HCP Monitoring Assay, The HCP Monitoring Assay quantified four spiked proteins (MIX-4) in the NIST
mAb digest sample with the same LLOQ (5 ppm) using the BioAccord LC-MS System and the Accurate Mass

Screening workflow from waters_connect.

Both assays were performed on compliant-ready informatics, allowing their use in regulated environments,

such as QC or Manufacturing, or when internal data integrity concerns are present.

Both workflows described here use robust, 2.1 mm ID, analytical scale separations, avoiding the

reproducibility and robustness concerns of workflows using nanoscale LC coupled to HRMS,
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