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ABSTRACT ARTICLE HISTORY

Host cell proteins (HCPs) must be sufficiently cleared from recombinant biopharmaceuticals Received 29 March 2021

during the downstream process (DSP) to ensure product quality, purity, and patient Revised 17 June 2021

safety. For monitoring of HCP clearance, the typical method chosen is an enzyme-linked Accepted 9 July 2021
immunosorbent assay (ELISA) using polyclonal anti-HCP antibodies obtained from an

immunization campaign. This polyclonal reagent is a critical factor for functionality and KEYWORDS

confidence of the ELISA. Therefore, it isimportant to ensure that the pool of ELISA antibodies

covers a broad spectrum of the HCPs that potentially could persist in the final drug Host cell protein; mass spectrometry;
substance. Typically, coverage is determined by ge |-based approaches. Here, we present proteomics; biopharmaceuticals;

a quantitative proteomics approach combined with purification of HCPs by immunoaffinity ELISA coverage; affinity purification;
chromatography (qIAC-MS) for assess-ment of ELISA coverage. The cell culture fluid immunoprecipitation; HCP; IAC; glAC-MS;
(CCF) of a mock fermentation and a recombinant mono-clonal antibody product were immunoaffinity chromatography

characterized in detail to investigate whether the HCPs used for immunization of animals
accurately represent HCPs that are relevant to the process. Using the qlAC-MS approach,
the ELISA antibody coverage was determined for mock fermentation and product CCF, as
well as several different DSP intermediates. Here, the use of different controls facilitated
the identification and quantification of HCPs present in the polyclonal reagent and those
that nonspecifically bound to IAC material. This study successfully demonstrates that
the described qlAC-MS approach is not only a suitable orthogonal method to commonly
used 2D SDS-PAGE-based analysis for evaluating ELISA antibody coverage, but that it
further identifies HCPs covered as well as missed by the ELISA, enabling an improved risk
assessment of HCP ELISA.

Europe North America ProtaGene.com
" PfOtaGene InselwiesenstraBe 10 4 Burlington Woods Drive info@protagene.com
74076 Heilbronn Germany Burlington, MA 01803 USA © Copyright 2023



Introduction

Host cell proteins (HCPs) are low-level process-related impurities that

must be adequately cleared from recombinant biopharmaceuticals during

the downstream process (DSP) to ensure product quality, purity, and

patient safety."? HCPs are regarded as a critical quality attribute (CQA) in
biopharmaceuticals due to potential immunogenicity risks for patients,®
constraints on drug efficacy in vivo,* and negative impacts on product quality,®-’
including formulation components.?® As such, they must be analyzed using
sensitive detection methods and quantified throughout the DSP and in the

final drug substance (DS).

The typical, current approach for monitoring HCP clearance during process
development and release testing uses an enzyme-linked immunosorbent assay
(ELISA) because of its high throughput, sensitivity, and selectivity.X® Polyclonal
anti-HCP antibodies, collectively referred to as the anti-HCP-Ab, obtained from an
immunization campaign are a critical component of the assay. Itis important to ensure
that the anti-HCP-Ab for ELISA covers a broad spectrum of the HCPs that potentially
could remain in the final DS.** Due to low immunoreactivity of some HCPs during
immunization, some HCPs may not be recognized by the anti-HCP-Ab, as antibodies
are only generated against immunocompetent HCPs. Furthermore, some HCPs may
not be detected by the anti-HCP-Ab due to low antibody affinity or low availability
of HCP epitopes. Therefore, it is necessary to identify the covered and non-covered
HCPs and to determine the anti-HCP antibody coverage before product marketing.

Typically, the ELISA antibody coverage is determined by gel-based approaches such
as two-dimensional polyacrylamide gel electrophoresis (2D-PAGE) or 2D-Western
blotting.1? Here, the spot pattern of the 2D-PAGE is compared to a 2DWestern blot
with the anti-HCP-Ab as the primary antibody reagent. Gel-based approaches have
inherent limitations, such as potentially incomplete HCP resolution, complex spot
patterns resulting from different modifications of the same HCP producing several
spots, incomplete transfer to the blotting membrane, denaturing of native epitopes

during 2D-PAGE, reliance on visual comparison, and no simultaneous identification
of HCPs.'#%6 Thus, more reliable and accurate approaches are needed for detailed
characterization of ELISA antibody coverage.

Mass spectrometry (MS) is increasingly used for the identification and quantification
of process-related HCP impurities by quantitative proteomics. Recent proteomics
studies have demonstrated sensitive detection for the identification of lowabundance
HCPs in purified DS17-22 and for the characterization of upstream and downstream
process influences on resulting HCP patterns for different recombinant monoclonal
antibody (mAb) products.? During the DSP, MS technology is capable of detecting
individual HCPs, which is needed for thorough understanding of the process. This
detailed characterization is particularly helpful for process optimization, which is
achieved by monitoring persistence and depletion of individual HCPs that may
pose an increased level of risk.?* Thus, MS is a valuable method for monitoring
HCP clearance during process development, and its use significantly improves risk
assessment in HCP control.?
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Affinity purification by immunoaffinity chro-
matography (IAC) coupled to MS is a selective
and sensitive approach for isolation and
identification of binding partners to a specific
target protein and is widely used for the
discovery of protein-protein interactions.?62”
This approach, however, also can be used
for evaluating more complex mixtures, as
done herein for the determination of ELISA
antibody coverage. In this application, the
target protein is a mixture of polyclonal
antibodies (anti-HCP-Ab), and the binding
partner is a complex and heterogeneous
mixture of a broad spectrum of different
HCPs. Factors like antibody titers, antigen-
binding affinities, and imm unogenic HCP
concentrations influence the results, and
therefore have to be considered. IAC-MS for
ELISA antibody coverage determination can
be challenging, and appropriate controls are
needed to generate high-confidence results.
Recently, two MS-based approaches were
described for the determination of ELISA
antibody coverage.?®?° Both approaches
show high sensitivity to identification and
quantification of HCPs by MS. Moreover,
it was shown that IAC-MS overcomes
some limitations of gel-based approaches.
However, the approaches described require
biotinylation of the anti-HCP-Ab for coupling,
and the quantification strategies used do not
allow mapping of identifications between
the different samples, which is necessary for
the unambiguous determination of specifically
and nonspecifically bound HCPs. It also
remains untested whether these published
approaches are suitable for determining
the coverage for samples containing active
pharmaceutical ingredient (API), as it
was tested only for the analysis of mock
fermentations without high abundant API.

In this study, a quantitative IAC-MS (qIAC-MS)
approach using label-free quantification was
applied to analyze anti-HCP-Ab-enriched
HCPs. First, non-enriched samples of cell
culture fluid (CCF) from a mock fermentation
(a transfected cell line without the drug
product) and corresponding drug product
(CCF of the cell line containing the drug
product) were characterized quantitatively
by standard LC-MS approach to define the
HCP pool and further investigate whether
HCPs used for animal immunization accurately
represent HCPs that are relevant for the
process. Subsequently, the developed qlAC-
MS approach was performed on the same
mock fermentation and CCF samples of the
representative  mAb manufacturing along
with a set of DSP samples, consisting of
five different purification intermediates.
Selected controls allow the identification and
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quantification of HCPs present in the anti-HCP-
Abenriched sample (target contaminants)
and to distinguish nonspecifically bound
to the IAC material. Using this method, the
ELISA antibody coverage was determined for
each purification step, and the results were
compared to coverage analysis determined by
applying 2D-PAGE and 2D-Western blot.

The glAC-MS approach described here is
characterized by direct coupling of the
anti-HCP-Ab to magnetic particles and a
label-free quantification strategy enabling the
determination of specifically and nonspecifically
bound HCPs. Since identifications are mapped
between the samples, this approach also enables
the classification of HCPs with lower abundance.

Moreover, the approach is deemed as
applicable for the analysis of process samples
containing highly abundant API. This glIAC-MS
approach has proven so valuable for product
development, and particularly characterization
of HCP ELISA, that Boehringer Ingelheim
now routinely uses it across new product
developments, respective processes and
for implementation into dossiers for New
Biological Entities (NBE). The collected
data is being compiled into a database and
digitized so that we might ultimately achieve
generalizable understanding of HCP profiles
over the whole production and purification
process to further improve understanding and
control of HCP levels for development of new
biopharmaceutical products.

RESULTS

Anti-HCP ELISA is the current gold standard
for monitoring HCP clearance during process
development, as well as for final product
release testing. It enables robust and
high-throughput quantification of residual
HCP levels. However, ELISA does not
allow quantification and identification of
individual HCPs.

For quality testing of clinical and commercial
products by ELISA, it is therefore essential
to ensure that the anti-HCPAb recognizes a
broad spectrum of the HCPs that occur in
the bioprocess.® This is especially true for
putative, high-risk HCPs, which are potentially
immunogenic or product degrading, because
their detection is mandatory. For this
reason, the anti-HCP-Ab coverage is usually
determined to demonstrate suitability of
the ELISA for a specific bioprocess before
bringing the product to the market. Here, a
quantitative IAC approach suitable to detect
very low levels of HCP using IAC enrichment
combined with mass spectrometry (qlAC-MS)
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is described for detailed and efficient ELISA
antibody coverage determination. Applying
the qlAC-MS approach, the cell culture fluid
(CCF) of a mock fermentation (Mock CCF; a
transfected cell line without the drug product),
the CCF of the cell line containing the drug
product (Product CCF), and five different
samples of the DSP, including capture pool
(CP, Protein A purification), depth filter pool
(DFP), polishing #1 pool (Poll), polishing #2
pool (Pol2), and ultrafiltration/diafiltration
(UFDF), were analyzed.

CHARACTERIZATION OF HCP
IMMUNOGEN AND PRODUCT CCF
BY STANDARD LC-MS

The HCP immunogen is an important factor
in generating an anti-HCP ELISA. Usually,
immunogen is taken from CCF of a mock
fermentation because it contains as many
HCPs as possible that are relevant for the
process. As a baseline for comparison of
the new qIAC-MS approach, a standard
LC-MS approach was used to investigate
whether HCPs derived from the CCF of
mock fermentation represent HCPs that

are present in the mAb production process
(represented by the so-called “Product
CCF") and to compare the physicochemical
properties (molecular weight (MW) and
isoelectric point (pl)) of underlying HCPs by
depiction in a virtual 2D gel image.

Using a standard LC-MS approach without
enrichment, 1073 HCPs were identified in total
in the Mock CCF and Product CCF samples.
The majority of HCPs (821 HCPs, 76.5%)
were identified in both samples, whereas
220 HCPs (20.5%) were uniquely identified
in the Mock CCF and only 32 HCPs (3.0%)
solely in the Product CCF sample (Figure 1a).
Thus, both samples showed a high degree
of similarity in HCP species. The Mock CCF
analyzed within this study had an expanded
fermentation time to increase the total level
of HCPs. The utility of this approach is that
some HCPs become concentrated above the
detection level, but, on the other hand, some
HCPs may be present in the Mock CCF only
due to the extended fermentation time and
may not be representative of HCPs in the
Product CCF. The entire HCP pool of Mock
and Product CCFs detected by LC-MS analysis
spanned theoretical MWs from 5 to 585 kDa
and a theoretical pl range of 4-12 (Figure
1b). The majority of HCPs had a theoretical
MW <75 kDa (72.7%) with a maximum around
~50 kDa and a pl <8 (63.1%) with a maximum
between pl 6 and 7. Comparison of HCPs
uniquely identified in Mock (220 HCPs) or
Product CCF (32 HCPs) revealed no apparent
differences either in MW (median Mock: 44.7
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kDa; median CCF: 46.9 kDa) or in pl range (median Mock: 6.4; median
CCF: 6.6) (Figure 1c).

Next, Mock and Product CCFs were compared using quantitative
LC-MS data. Correlation analysis using individual HCP abundances
in Mock and Product CCFs resulted in a heterogeneous abundance
distribution between both samples with a Pearson correlation
coefficient of 0.64 (Figure 1d). By LC-MS analysis, most of the
HCPs showed a comparable abundance in both samples, whereas
7.9% (65 HCPs) showed a high abundance in Mock and a low
abundance in Product CCF, and only 3.9% (32 HCPs) had the
opposite distribution with a high level in Product CCF and a low level
in Mock CCF. All HCPs uniquely identified either in Mock CCF or in
Product CCF were found solely in low abundance compared to the
mean abundance of all identified HCPs of the respective sample. In
a virtual 2D plot of MW and pl, where spot size is scaled according
to relative abundance, both samples showed a slightly different
abundance distribution, albeit most of the HCPs exhibited a
comparable abundance (Figure 1e). This becomes clearer when the
ratio of individual HCP abundance between Mock CCF and Product
CCF is plotted (Figure 1f). Here, basic proteins or proteins with a
lower MW were more strongly represented in Product CCF.

IAC OF HCP IMMUNOGEN AND PRODUCT CCF

For many years, IAC has been a valuable tool for the enrichment
of proteins in the scientific research environment.?627 Here, this
technology was implemented for the characterization of anti-

HCP polyclonal antibodies (anti-HCP-Ab), a critical reagent for
ELISA-based detection of HCPs in biopharmaceutical products
during release testing. It should be noted that IAC-MS analysis

for establishing ELISA antibody coverage determination can be
challenging and appropriate controls are needed to generate high-
confidence results.

Therefore, in this study, the IAC method was extensively optimized,
and a quantitative approach (qlAC-MS) using negative controls
was established, as depicted in the analytical workflow of the
study (Figure 2). Two different negative controls were used in the
qlAC-MS approach: (1) HCPs identified within the Bead Control

(BC, coupled anti-HCP-Ab without antigen; top panel of Figure

2); and (2) HCPs that showed a higher or similar abundance in the
Negative Control (NC, antigen without coupled anti-HCP-Ab; bottom
panel of Figure 2). The results of the NC were compared to the IAC
antigen sample and those that bound at a higher level in the NC
(NC=IAC) were excluded from further evaluation, as they are seen

as an artifact of the method and are not reflective of the product's
HCP pool. The HCPs identified in BC also were not included because
these species are contaminants from the anti-HCP-Ab reagent.

First, gIAC-MS was applied separately to Mock CCF and Product CCF
samples to investigate whether the presence of the APl in Product CCF
has an impact on HCP detection compared to Mock CCF, which does
not contain any API. A total of 821 HCPs were identified in gIAC-MS

of Mock CCF (Figure 3a) and 605 HCPs in qlAC-MS of Product CCF
(Figure 3b) (Table 1). Comparison of the qIAC-MS results with the
standard LC-MS data revealed an overlap of 83.6% (799 HCPs) for
Mock and 68.3% (570 HCPs) for Product CCFs. However, 135 HCPs
(14.1%) and

230 HCPs (27.5%) were uniquely detected in the LC-MS data of Mock
CCF and Product CCF, respectively, that were not detected by glACMS
analysis. This indicates that the presence of the APl in Product CCF has
an impact on the IAC-enrichment and/or the

HCP detection by MS.

To better understand the meaning of the difference in coverage
between the two samples, the standard LC-MS and qlAC-MS

data were compared quantitatively. Correlation analysis using
quantitative data revealed a strong correlation between LC-MS and
qlAC-MS of Mock CCF (r=0.80) (Figure 3c), and a slightly less strong
correlation between LCMS and glAC-MS of Product CCF (r=0.72)
(Figure 3d). The majority of HCPs showed comparable abundances
by LC-MS and qlAC-MS analysis, whereas HCPs uniquely detected
by one analysis type were observed at low abundance compared
to the mean abundance of the respective sample. The 2D plots
(MW and pl) of HCPs detected by the different methods showed
similar results for the Mock (Figure 3e) and Product CCF samples
(Figure 3f). The high-abundance HCPs were distributed over the
entire theoretical MW and pl ranges, whereas only a few individual
HCPs showed a significant difference in abundance between the

FIGURE 1. Comparison of HCP pattern of Mock CCF and Product CCF analyzed by standard LC-MS. (a) Venn diagram of Mock (blue) compared to HCPs identified
in Product CCF (orange). (b) Histogram of MW (kDa) and pl of proteins identified in Mock and Product CCF.
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FIGURE 1. (CONT.) (c) Box-plot of MW (kDa) and pl of proteins uniquely identified in Mock or Product CCF. (d) Scatter plot of identified HCPs with the correspond-
ing Pearson correlation coefficient (r=0.64) and coefficient of determination (R2=0.41). For each condition, the log10intensity is shown. The dots on the axis repre-
sent HCPs uniquely identified in one sample (x-axis: Mock CCF (220 proteins), y-axis: Product CCF (32 proteins)). The dotted lines represent the mean abundance
of all proteins for the specific sample (blue: Mock CCF, orange: Product CCF). (e) 2D-plot (pl and MW) of proteins identified in Mock CCF (blue) or Product CCF
(orange). The spot size represents the relative protein abundance. (f) 2D-plot (pl and MW) of proteins identified in both samples. The spot size represents the ratio
between both samples (higher in Mock CCF: red; higher in Product CCF: green; comparable abundance (ratio <10): yellow).
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FIGURE 2. Schematic representation of the developed qlAC-MS approach for ELISA antibody coverage determination. Three separate analyses were conducted using
the bead material. As shown in the top panel for the Bead Control (BC), the bead material was coupled with anti-HCP-Ab but not exposed to CCF and the eluate was
analyzed to identify any protein contaminants in the ELISA reagent. The middle panel shows the experimental IAC, where the coupled beads are exposed to CCF and the
resulting data includes HCPs as well as the ELISA reagent contaminants and nonspecific binders. The bottom panel depicts the Negative Control (NC), which utilized
beads that had not been coupled with anti-HCP-Ab and were exposed to CCF to identify nonspecific binders, which were eliminated from the HCP analysis depending
up on the relative level compared to IAC. Combining the three analyses results in identification of HCPs that are bound by the anti-HCP-Ab ELISA reagent.

two methods. Most of the HCPs that were
not detected by glAC-MS (unique in LC-MS
analysis) exhibited a lower theoretical MW
and were distributed over the whole pl range.
Accordingly, use of the anti-HCP-Ab to
enrich HCPs in the samples appears to
enrich the HCPs in both matrices, such
that an effect can be recognized due to the
presence or absence of the API.

IAC OF DOWNSTREAM
PROCESS INTERMEDIATES

Purification of the mAb product and robust
HCP clearance are crucial steps in the whole
production process.'3-*>* Monitoring of residual
HCPs by ELISA is indispensable for quality
control and risk assessment. 225 Therefore,
it is highly relevant that the ELISA antibody
reagent provides sufficient coverage of the
HCPs throughout the whole DSP, as different
sample conditions can influence detection.
For this reason, the ELISA antibody reagent
was investigated further to assess how well
it recognizes the HCPs in different steps of
the DSP.

Altogether, 839 HCPs were considered for
evaluation of the DSP (Table 1). As expected,
the majority of HCPs were identified in
Product CCF. A significant decrease of HCPs
was measured after the first purification step
(CP: Protein A purification), and a further
depletion was seen along the DSP (Figure

#ProtaGene

4a). Compared to Product CCF, where more
HCPs were identified by the standard LC-MS
method than by qIAC-MS (ratio 0.8), the later
DSP samples showed an enrichment of HCPs
by IAC compared to LCMS detection
(ratios: 1.3-2.0) (Table 1). Thus, the IAC is
able to enrich a panel of low abundant HCPs
in the less complex intermediates. Next, we
compared the distribution of HCPs among
the DSP samples enriched by IAC. A total of
35 HCPs (5.5%) were detected in all six DSP
intermediates and only a low number of HCPs
were unique for any specific intermediate,
except Product CCF, where the majority of
HCPs were identified (Figure 4b). When
comparing only the purified samples (without
CCF) more than twothird of the HCPs (232
HCPs, 71.2%) were detected in at least two
DSP samples and 94 HCPs (28.8%) were
detected in only one sample (Figure 4c).
This indicates that all DSP samples were
homogeneously enriched by IAC.

In addition, the total number of identified HCPs
in DSP detected by the standard LC-MS and
qlAC-MS approaches was compared. In this
analysis, 642 HCPs were identified by glAC-
MS of DSP, whereas 197 HCPs (23.5%) were
uniquely identified by LC-MS of DSP and 38
HCPs (4.5%) uniquely by gqlAC-MS (Figure
4d). Comparison of the HCPs that were
uniquely identified by LC-MS of DSP with
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results of glACMS of Mock CCF revealed that
the majority (128 HCPs, 65.0%) of HCPs were
identified by qIAC-MS of Mock, and therefore
enriched by IAC with the anti-HCP-Ab
(Supplementary Fig. 1a). However, 69 HCPs
identified by LC-MS of DSP did not appear to
be enriched by the ELISA antibody (8.2% of
839 HCPs of all HCPs detected

during the whole DSP). Of these 69, 52 HCPs
also were identified by LC-MS of Mock CCF,
and only 17 HCPs were uniquely detected
by LC-MS of DSP (Supplementary Fig. 1b).
Thus, the majority (76.5%) of HCPs in the DSP
intermediates were enriched by IAC with the
anti-HCP-Ab, yet nearly a quarter of the HCP
pool was not, indicating ELISA coverage of
these impurities may be less than optimal. The
results we obtained from this approach are
valuable for improved understanding of the
product-specific ELISA performance.

PHYSICOCHEMICAL PROPERTIES
OF IAC-ENRICHED HCPS

To investigate whether IAC has a bias for the
enrichment of specific HCPs, the IAC-enriched
and non-enriched HCPs of Mock CCF, Product
CCF, and DSPintermediates were characterized
to establish their relative abundance (spectral
counting by peptide spectrum matches;
PSMs) and assess differences with respect
to physicochemical properties (MW and pl).
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The HCPs identified by both approaches (16 | of the theoretical MW for these species
PSMs) showed a higher abundance compared = revealed a decrease in HCPs below 25 kDa and
to the uniquely identified HCPs (MS: 4 PSMs; | an increase in HCPs with higher MW (>150
qlAC-MS: 3 PSMs) (Figure 5a). Assessment | kDa) with the glAC-MS approach compared

to standard LC-MS (Figure 5b). Evaluation
of the theoretical pl range revealed fewer
acidic species, and no HCPs above pl 9 were
detected by the glAC-MS approach (Figure

FIGURE 3. Comparison of standard LC-MS and qlAC-MS data of Mock and Product CCF. For glAC-MS approach, HCPs that showed a higher or similar abundance in the
Negative Control compared to the IAC antigen sample (NC=IAC) were not considered for visualization. (a) Venn diagram of standard LC-MS of Mock CCF (red) compared
to glAC-MS of Mock CCF (cyan). (b) Venn diagram of standard LC-MS Product CCF (red) compared to gqlAC-MS of Product CCF (cyan). (c,d) Scatter plot of identified HCPs
in Mock CCF (c) and Product CCF (d) sample with the corresponding Pearson correlation coefficient (Mock CCF: r=0.80; Product CCF: r=0.72) and coefficient of deter-
mination (Mock CCF: R2=0.63; Product CCF: R2=0.52). For each condition the log10 intensity is shown. The dotted lines represent the mean abundance of all HCPs for
the specific sample (blue: Mock CCF or Product CCF, orange: qlAC-MS of Mock CCF or gqlAC-MS of Product CCF). HCPs uniquely identified standard LC-MS or qlAC-MS
are circled (red: Mock CCF or Product CCF, cyan: glAC-MS of Mock CCF or qlAC-MS of Product CCF) (e,f) 2D-plot (pl and MW) of HCPs identified in glAC-MS of Mock
CCF (e) or qlIAC-MS of Product CCF (f). The spot size represents the relative protein abundance. HCPs uniquely identified in standard LC-MS analysis are shown in red.
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5c). However, it must be considered that due to
the low number of HCPs uniquely detected by
qlAC-MS, no valid statistical assessment could
be made to establish significance of these
differences in MW and pl distribution.

DETERMINATION OF ELISA
ANTIBODY COVERAGE

As demonstrated above, the applied glAC-
MS approach is able to enrich, identify,
and quantify HCPs from process samples.
Next, the ELISA antibody coverage for
Mock fermentation, Product CCF, and the
DSP intermediates was determined. In order

TABLE 1. Results of IAC-enrichment of Mock fermentation (Mock CCF), product cellculture fluid (CCF;
Product CCF), and DSP intermediates (capture pool (CP), depthfilter pool (DFP), polishing 1 (Poll),

polishing 2 (Pol2), ultrafiltration/diafiltration (UFDF)).

HCPs Identified in stan-

HCPs Identified in Ratio qlAC-MS / standard

Sample dard LC-MS qlAC-MS LC-MS
Mock CCF 934 821 09
Product CCF 800 605 08
cP 150 195 13
DFP 112 173 15
Poll 91 156 17
Pol2 83 166 20
UFDF 86 143 1.6

to obtain a highly reliable determination of
specifically and nonspecifically bound HCPs,
an appropriate threshold for the difference in
abundance between IAC (antigen with anti-
HCP-Ab) and NC (antigen without anti-HCP-
Ab) was defined. Therefore, the variability of
the applied label-free quantification approach
(20%-50%)3°-32 was taken into account,
and four different levels of stringency in
evaluating the HCP data for the NC were
set and compared. Here, thresholds for the
difference in abundance (fold change) of IAC
to NC were set with increasing stringency, and
HCPs with 1-fold (no variability considered);
1.5-fold (50% variability considered); 2-fold
(100% variability considered); or 5-fold
(500% variability considered) lower or
equal abundance in the IAC antigen sample
compared to the NC were not considered
as enriched, and therefore not counted as
positive for coverage determination at that

FIGURE 4. Comparison of DSP intermediates between standard LC-MS and glAC-MS approach. (a) Number of identified HCPs in DSP intermediates by standard LC-MS
(blue) and glAC-MS (orange). (b) Venn diagram of HCPs identified by qlAC-MS approach within the different DSP intermediates: product cell culture fluid (Product CCF,
orange), capture pool (CP, yellow), depth filter pool (DFP, gray), polishing 1 (Pol1, green), polishing 2 (Pol2, purple), and ultrafiltration/diafiltration (UFDF, cyan). The ma-
jority of HCPs were uniquely identified in Product CCF. A total of 35 HCPs were commonly identified in all six intermediates. (c) Pie chart of HCPs identified by qIACMS in
DSP intermediates (except Product CCF). HCPs were identified in at least one (red), two (orange), three (yellow), four (green) or all five samples (blue). (d) Venn diagram
of HCPs identified by standard LC-MS analysis compared to qlAC-MS approach of the complete DSP. The majority of HCPs (604 HCPs, 72.0%) were identified in LC-MS
and qlAC-MS (green), whereas 197 HCPs (23.5%) were uniquely identified in LC-MS analysis (red) and 38 HCPs (4.5%) in qlAC-MS approach (cyan).

#ProtaGene

Europe
InselwiesenstraBe 10
74076 Heilbronn Germany

North America
4 Burlington Woods Drive
Burlington, MA 01803 USA

ProtaGene.com
info@protagene.com
© Copyright 2023



FIGURE 5. Characterization of the abundance (spectral counts) and physicochemical properties (MW and pl) of IAC-enriched and non-enriched HCPs of Mock CCF,
Product CCF and DSP intermediates. (a) Box-plot of log10 #PSMs (spectral counting by peptide spectrum matches) of HCPs identified in the overlap or uniquely in stan-
dard LC-MS or gIAC-MS approach. (b,c) Evaluation of the molecular weight (b) and pl (c) distribution of HCPs identified in LC-MS and qIAC-MS analysis (blue), uniquely
identified in LC-MS (orange) or in qlAC-MS (gray) analysis.
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stringency level. Furthermore, for calculation
of the coverage, either the HCPs identified
in the intersection of standard LC-MS and
gqlAC-MS (overlapping HCPs divided by all
HCPs detected in standard LCMS) or the total

calculation  approaches for  coverage
determination (overlapping or total qlAC-MS
HCPs), whereas the DSP intermediates were
substantially affected by the stringency level.
In the latter, use of the overlapping HCPs from

TABLE 2. Results of ELISA antibody coverage determination of Mock fermentation (Mock CCF), product cell
culture fluid (Product CCF), and DSP intermediates (capture pool (CP), depth filter pool (DFP), polishing 1
(Pol1), polishing 2 (Pol2), ultrafiltration/diafiltration (UFDF)). The preferred approach for ELISA antibody cover-
age determination (1.5-fold, total) is marked with an asterisk.

Anti-HCP-Ab Anti-HCP-Ab Anti-HCP-Ab Anti-HCP-Ab
Coverage [%] Coverage [%] Coverage [%] Coverage [%]
(1-fold) (1.5-fold) (2-fold) (5-fold)

Sample Overlap Total Overlap Total* Overlap Total Overlap Total
Mock CCF 85.5 85.9 85.3 857 85.2 85.6 84.8 85.1
ProductCCF  71.3 72.5 70.0 71.3 69.6 70.9 64.8 66.1
CP 56.7 74.8 45.3 65.3 40.0 61.0 26.0 495
DFP 53.6 76.9 473 72.2 43.8 69.9 357 64.0
Poll 451 757 38.5 71.4 33.0 67.4 28.6 63.1
Pol2 47.0 79.0 42.2 75.8 34.9 717 229 63.0
UFDF 477 76.1 34.9 67.8 314 65.1 233 58.8

FIGURE 6. Results of ELISA antibody coverage determination. Shown are the different process samples (Mock
fermentation (Mock CCF), product cell culture fluid (Product CCF), capture pool (CP), depth filter pool (DFP),
polishing 1 (Pol1), polishing 2 (Pol2), ultrafiltration/diafiltration (UFDF)) with the associated levels of stringency
(1-fold, 1.5-fold, 2-fold, 5-fold) and the different calculation approaches (Overlap or Total).

number of HCPs identified in glAC-MS (all
HCPs detected in qIAC-MS divided by all HCPs
detected in standard LC-MS) was used. For
the latter, HCPs enriched and detected solely
after glAC-MS were counted as positive for
coverage determination.

Using the different calculation approaches,
the following anti-HCP-Ab coverage values
were achieved: 85.9%-84.8% (Mock CCEF),
72.5%-64.8% (Product CCF), 74.8%-26.0%
(CP), 76.9%-357% (DFP), 75.7%-28.6%
(Poll), 79.0%-22.9% (Pol2), 76.1%-23.3%
(UFDF) (Table 2 and Figure 6). For Mock
and Product CCFs only minor differences
were observed when applying the different
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standard LC-MS and glAC-MS analysis had a
significant impact on the coverage calculation.
Here, the determined coverage was reduced
by a maximum of 40.1% (Pol2 intermediate,
fivefold stringency). The influence of the
different levels of stringency had a minor
impact on the coverage calculation of the
DSP intermediates and a negligible impact
on the Mock and Product CCFs calculation.
Nevertheless, the coverage determination
using the glAC-MS approach revealed high,
the determined coverage was reduced by a
maximum of 40.1% (Pol2 intermediate, fivefold
stringency). The influence of the different
levels of stringency had a minor impact on the
coverage calculation of the DSP intermediates
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and a negligible impact on the Mock and
Product CCFs calculation. Nevertheless, the
coverage determination using the qlAC-MS
approach revealed high, but not complete
coverage by the ELISA antibody for Mock and
Product CCFs, as well as for the complete DSP.

COVERAGE ANALYSIS WITH APPLICATION
OF GEL-BASED APPROACH

The current standard for determination of
ELISA antibody coverage is gel-based
approaches, such as 2D-Western blot or
2DDIGE. Here, we applied 2D-PAGE/2D-
Western blot coverage analysis of Mock
fermentation to allow direct comparisons
with MS data. A total of 564 and 535 spots
were detected by silver stained 2D-PAGE
and 2D-Western blot of CCF from Mock
fermentation, respectively (Figure 7a).
However, the intersection of the spot
patterns between silver stained 2D-PAGE and
2DWestern blot was small. Overall, silver stain
and Western blot overlapped at only 348 spots
(46.3%), whereas 216 spots (28.8%) were
uniquely detected in silver stained 2D-PAGE,
and 187 spots (24.9%) uniquely detected in
2D-Western blot of Mock fermentation (Figure
7b). This resulted in an anti-HCP-Ab coverage
of 61.7% (348 overlapping spots divided by all
564 spots detected in silver stained 2D-PAGE).

As the detection of spots in 2D-Western blot
showed an MW dependency, we investigated
the higher and lower MW ranges separately.
The overlay of silver stained 2D-PAGE and
2D-Western blot showed a good match among
high-abundance spots in the higher MW
range (above ~25 kDa). Here, an intersection
of 49.4% (256 spots) and a coverage of
65.3% was determined (256 overlapping
spots divided by 392 spots detected in silver
stained 2D-PAGE above ~25 kDa) (Figure 7c).
However, in the lower MW range (<25 kDa)
and the basic area only a few spots were
detected in the immunoblot, whereas in the
silver stained 2D-PAGE high-abundance spots
were detected. Here, an intersection of only
39.5% (92 spots) and a coverage of 53.5% was
achieved (92 overlapping spots divided by 172
spots detected in silver stained 2D-PAGE above
<25 kDa) (Figure 7d). The ELISA antibody
coverage for Mock fermentation determined
by the gel-based approach was substantially
lower compared to the qlAC-MS approach.
Moreover, the gel-based approach revealed
clear differences between spot patterns of the
2D-PAGE and the anti-HCP-Ab immunoblot.
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Discussion

HCP PATTERN OF
PRODUCT CCF

IMMUNOGEN AND

For generating polyclonal antibodies used
in the anti-HCP ELISA for mammalian cells,
HCP material usually is taken from a mock
fermentation to cover the broadest possible
spectrum of HCP contamination. However,
by introduction of the drug product into the
cell line, the HCP pattern may be altered either
quantitatively or by expression of different
HCPs. Although it has been shown in different
publications that the effect on different HCP
species is “more similar than different” when

comparing different transfected cell lines
for production of biopharmaceuticals,?33334
meaningful differences may remain between
individual manufacturing processes. As such,
a detailed characterization by quantitative
proteomics would substantially improve
the understanding of a specific bioprocess.
Therefore, we first evaluated the consistency
between Mock and Product CCFs by standard
LC-MS. The total number of identified proteins
within the CCFs is in agreement with current
studies examining the CHO proteome or
secretome.®3334 As anticipated from previous
study, HCP expression between both materials
was observed to be highly similar.2?> Most of
the HCPs exhibited a comparable abundance

FIGURE 7. Results of 2D-Western blot analysis. (a) Overlaid images of silver stained 2D-PAGE (blue) and
immunodetected 2D-Western blot (orange) of Mock fermentation (Mock CCF). Matched protein spots appear
black. (b) Venn diagram of silver stained 2D-PAGE compared to 2D-Western blot. Most of the spots (348,
46.3%) weredetected in the intersection of 2D-PAGE and 2D-Western blot (green), whereas 216 spots (28.8%)
were uniquely detected in 2D-PAGE (red) and 187 spots (24.9%) in 2DWestern blot (cyan). (c,d) Venn diagrams
of detected spots within the MW range of 25-200 kDa (c) and 10-25 kDa (d).
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between Mock and Product CCF, but we
found that some basic proteins or proteins
with a lower MW are overrepresented, but
not uniquely identified, in Product CCF. The
unique HCPs identified either in Mock CCF
or in Product CCF were all at low abundance,
indicating a potential shift of the dynamic
range of the LC-MS assay for determining
HCP abundance in the drug product or in
the fermentation process. In some cases, a
mock fermentation is performed to mimic a
scenario with enhanced HCP levels. In the
mock fermentation used for this investigation,
the fermentation time was prolonged for
approximately 24 hours to enhance the HCP
levels in Mock CCF. However, the unique
HCPs corresponded to the distribution of the
common HCPs, leading to the conclusion that
no protein groups were uniqueto either material
with respect to MW or pl. Therefore, it can be
concluded that CCF of the mock fermentation
represents most HCPs that are relevant for
related bioprocesses, even if the conditions of
the fermentations are changed toward more
stress for the cells. This result thus strengthens
the previous findings that the same Mock CCF
material is suitable for developing an anti-
HCP ELISA as platform method for different
drug products and different processes.
Furthermore, our data support the usage of
Mock CCF as HCP Standard and antibodies
obtained by immunization of Mock CCF are
suitable for multi-product HCP ELISA. With
respect to these results and regard to broader
experience with product filings, it will be
valuable to confirm the process specific
performance of the anti-HCP ELISA by
determination of the antibody coverage in
Product CCF once the commercial upstream
production process is fixed.

IAC OF HCP IMMUNOGEN AND DSP

IAC is a valuable tool for the enrichment of
proteins and for the identification of protein-
protein interactions.?%?” The IAC-MS combines
the strengths of both techniques, i.e., the
selective antigen-antibody interaction and
the sensitivity of MS.262° The approaches
described in the literature require biotinylation
of the anti-HCP-Ab for coupling with
subsequent purification and control of
aggregation. Moreover, the quantification
strategies used do not allow mapping of
identifications between the different samples.
This is particularly necessary, since the
mass spectrometric analysis using the data-
dependent acquisition approach favors high-
abundance peptides for identification and
prevents the measurement of low-abundance
peptides.?* Thus, HCPs with alower abundance
cannot be clearly determined as specifically or
nonspecifically bound, if they are identified in
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only one sample. Our glAC-MS approach has
two advantages: (1) the anti-HCP-Ab directly
can be used without prior biotinylation, and
(2) the label-free quantification strategy
enables the determination of specifically
and nonspecifically bound HCPs, since
identifications are mapped between the
samples, especially lower abundant HCPs.
However, IAC for ELISA antibody coverage
determination can be challenging, due to usage
of polyclonal antibody pools (anti-HCP-Ab) and
complex and heterogeneous immunogens.
Typically, very high product titers compared
to low levels of HCPs is the main challenge for
samples obtained during the DSP and the final
product, and solutions to this problem, like
peptide fractionation or native digestion of the
HCPswithout denaturation of the drug product,
have been published.?¢-3¢ Furthermore,
antigen-binding affinities and immunogenic
HCP concentrations, limitation of anti-HCP
antibody species and nonspecific binding
to the IAC materials (e.g., column or beads),
must be considered. Therefore, a suitable
control strategy for nonspecific HCP binding
is indispensable. The two different controls
(BC and NC) used in our approach allowed
the identification of HCPs already present
in the anti-HCP-Ab (target contaminants)
and those nonspecifically bound to the IAC
material, and HCPs in both controls were
evaluated quantitatively. For both controls,
Mock and Product CCF, demonstrated high
consistency between standard LC-MS and
glAC-MS analyses. The vast majority of HCPs
were bound by the anti-HCP-Ab, with only
minor alterations in the abundance of each
HCP. This suggests that an equilibration of the
quantification is achieved by depletion of high
abundance and enrichment of low abundance
HCPs by IAC. However, different levels of
individual HCPs were observed between
qlAC-MS of Mock CCF compared to Product
CCF. Here, the overlap between LC-MS and
qlAC-MS for Mock CCF was higher than for
Product CCF. A possible explanation could
be the different dynamic ranges of the assays
for HCP abundance in the materials. The high
abundance of the API in Product CCF led to a
decrease of overall HCP concentration, which
results in a decreased identification rate by
MS and technically lowering the HCP LC-MS
signal below the detection limit.

In contrast to the complex Product CCF, the
later DSP stages vyield a different profile.
Here, the samples showed an enrichment
of individual HCPs by IAC compared to
nonenriched CCF samples. Presumably, the
lower complexity of process-related impurities
in the DSP samples led to better isolation
and identification of low-abundance HCPs
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by glACMS. Considering the complete DSP,
a similar HCP pattern was observed for LC-
MS and glAC-MS (72% overlapping HCPs),
although 197 HCPs (23.5%) were not detected
by the glAC-MS approach. However, the
major proportion of these HCPs (128 HCPs)
is recognized by anti-HCP-Ab in Mock CCF.
This indicates a technical challenge for the IAC
method, rather than a detection gap of the anti-
HCP-Ab.

ELISA ANTIBODY COVERAGE
DETERMINATION BY QIAC-MS

For determination of ELISA antibody coverage,
a quantitative label-free proteomics approach
was applied. Two different controls were used
to identify and remove nonspecific binders:
(1) a bead control (BC; coupled anti-HCP-Ab
without added antigen) and (2) a negative
control (NC: antigen without coupled anti-
HCP-Ab). The 10 HCPs identified at low
levels in the BC (mainly contaminants from
sample preparation) were removed and not
considered for further analysis. The NC for
each CCF sample was compared quantitatively
to the corresponding IAC data. The applied
label-free quantification approach enables the
mapping of identifications between IAC and
NC and the determination of specifically and
nonspecifically bound HCPs, even those with
low abundance. To account for the variability of
the applied label-free quantification approach
(20%-50%),30-32the data were parsed into four
different stringency levels for the consideration
of the negative control to assess and establish
a suitable criterion. The stringency levels
(fold change IAC to NC) consider different
variabilities of the HCP quantification: (a)
1-fold (no variability considered), (b) 1.5-fold
(50% variability considered), (c) 2-fold (100%
variability considered), or (d) 5-fold (500%
variability considered). This means that a
difference in abundance of 1-fold does not
take variability into account and thus yields low
confidence in the determination of specifically
and nonspecifically bound HCPs, whereas
a difference of 5-fold provides a high
confidence determination.

The different levels of stringency had only a
marginal effect on the coverage for Mock and
Product CCF. The Mock showed the highest
coverage of the ELISA antibody (~85%),
whereas for Product CCF (~70%) the coverage
was lower. The lower coverage in Product
CCF can be explained by the presence of the
highly abundant API. So, the given matrix may
have an impact on the dynamic range of HCP
concentration determination, as described
above in the section on IAC of CCF and DSP
samples. For the DSP intermediates, a minor
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effect on the coverage at different levels of
stringency was observed, indicating a higher
degree of nonspecific bindinginthese samples.
The nonspecific binding to the bead material
predominated over the specific binding to the
anti-HCP-Ab due to the very low abundance of
HCPs within the DSP intermediates. This leads
to an equalization of the HCP abundances
between the NC and the IAC, and thus to
a decreased anti-HCP-Ab coverage when
considering the NC quantitatively. As such,
the usage of negative controls is indispensable
for a reliable and confident determination of
ELISA antibody coverage specificity and to
support comparison of data between products
and between independent assays. Based on
recent literature, the variability of the label-
free approach has been reported in the range
of 20%-50%,3%-32 therefore, it follows that a
suitable stringency threshold (fold change IAC
to NC) for the quantitative consideration of the
NC is 1.5-fold (corresponds to 50% variability).
The analysis of stringency levels here shows
that both 1.5-fold and a stricter threshold of
more than 2-fold may also be used without
changing the coverage results.

Different approaches to the coverage
calculation were investigated, either using
only the HCPs identified at the overlap of
standard LC-MS and glAC-MS or the total
number of HCPs identified in glAC-MS. From
the experiments performed within this study,
it can be assumed that this factor only has
marginal influence on complex samples (Mock
and Product CCF), but a substantial impact
on the partly purified and less complex DSP
intermediates. Here, the determined coverage
was almost 50% lower when using only the
overlapping HCPs instead of including the
HCPs solely identified in the DSP samples.
An explanation for this could be that there are
different dynamic ranges for the determination
of HCP concentration between the two
methods. In the standard LC-MS approach,
the high abundance of the API and/or other
processrelated impurities superimposes on
the low-abundance HCPs, whereas when
applying IAC, the HCPs are substantially
enriched and the API depleted. The latter
results in a better HCP isolation by antibody
binding and enhanced identification of low-
abundance HCPs. Overall, this leads to a higher
identification rate in the IAC-enriched samples
and a lower one in the non-enriched samples.
Using negative controls for quantitative
determination and the resulting identification
of nonspecific binders, the total number of
HCPs identified by qlAC-MS for coverage
determination is improved, likely because
these proteins must be from the specific
sample but may be in too low abundance for
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detection without IACenrichment. For this
reason, it can be suggested that using the
total number of HCPs identified in gIAC-MS is
a suitable approach for calculation of the anti-
HCP-Ab coverage.

ASSESSMENT OF ELISA ANTIBODY
COVERAGE

Using the glAC-MS approach, we confirmed
that high ELISA antibody coverage was
achieved with the anti-HCP-Ab reagent.
Approximately 13% of HCPs (130 of 963
HCPs) identified by standard LC-MS were not
found to be covered by the anti-HCP-Ab ELISA
antibody. One possible reason for this may
be the low abundance of these HCPs in the
immunogen so that no or low antibody titer of
mainly low-affinity antibodies were developed
inthe animal. In combination with experimental
conditions, this may further lead to antibodies
by loss, e.g., during the washing steps.

As expected, based on previous findings,??
the anti-HCP-Ab coverage, considering the
complete bioprocess, was similar as for the
CCF of the mock fermentation. This indicates
that use of the Mock CCF for coverage
analysis is relevant, as the majority of HCPs are
covered by the anti-HCP-Ab for the complete
bioprocess. Although the determination of
antibody coverage by IAC has significant
advantages compared to the 2D-Western blot
method, IAC still has limitations in the presence
of high levels of drug product. Again, the
results from Mock CCF anti-HCP-Ab coverage
can answer the question if the absence of
coverage for individual HCPs is caused by a
lack of specific antibodies (HCP not detected
in Mock CCF) or a technical limitation due to
high product concentration (HCP detected in
Mock CCF). In such cases, the true value of
anti-HCP-Ab coverage is underestimated.

Overall, the glAC-MS approach presented
here is suitable for ELISA antibody coverage
determination and allows the identification of
covered and non-covered HCPs, improving risk
assessment for analytical quality and patient
safety. The knowledge of the presence or
absence of ELISA antibodies that bind specific
HCPs in the Mock CCF is highly relevant to the
quality of the given antibody reagent coverage.
In case this HCP species would occur with
increased levels of the drug substance, this will
most probably result in a higher ELISA value
given by the immunological weighted ELISA
result and ensured by the serial dilutions in a
suitable HCP ELISA plate layout. Therefore, the
knowledge of each HCP species not detected
by the ELISA antibodies can be the basis for
increasing the quality of the HCP analysis by,
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for example, additional testing of individual
"high risk” HCPs with potential to affect
product stability and quality and patient safety
in a case-specific manner.

COMPARISON OF QIAC-MS WITH GEL-
BASED APPROACH

Gel-based approaches like 2D-Western
blot analysis are wellestablished standard
methods for ELISA antibody coverage
determination.12 Here, the spot pattern of
a silver stained 2DPAGE of a Mock CCF was
compared to a 2D-Western blot with the anti-
HCP-Ab as primary antibody. 2D gel analysis
approaches have some limitations, such as
potentially incomplete HCP resolution or
complex spot patterns due to extensive HCP
and product modifications, such as post-
translational modifications. Moreover, the
coverage determination relies mostly on visual
comparison and no simultaneous identification
of HCPs is possible. As it is widely accepted
by the industry and regulators that gel-
based approaches are still a usable standard
for determination of antibody coverage, a
comparison of this qlAC-MS approach with
the current standard has substantial value.
Anti-HCP-Ab coverage data derived from
2D-Western blot analysis were compared with
the qlAC-MS of Mock CCF. The ELISA antibody
coverage for Mock CCF determined by the
qlAC-MS approach (~86%) was significantly
higher than the gel-based approach (~62%).
Furthermore, the absolute number of HCPs
considered for coverage determination was
higher for glAC-MS (956 HCPs) than for the
gel-based approach (751 spots). Spots in the
gel-based approach may include an unknown
number of identical HCP species with different
modifications, which must also be taken into
account. In this study, the gel-based approach
revealed clear differences between the spot
patterns of the 2D-PAGE and anti-HCP-Ab
immunoblot. The low overlap of spots in
2D-PAGE and 2DWestern blot is partially
caused by spots detected solely by the sensitive
immunoblot compared to the silver stain and
reveals a technical limitation of the 2D-PAGE
analysis. However, in the 2D-PAGE as well as
in the glAC-MS approach, HCPs with an MW
below 25 kDa or in the basic region (around
pl 9) were substantially underrepresented in
this analysis, which is in agreement with recent
literature.?® Based on broader experience with
different HCP ELISA antibody productions, it
seems likely this may be due to a lower immune
response against some HCPs with low MW.
On the one hand, the number of epitopes is
limited to small proteins, and, therefore, the
ability to induce an antibody response in the
animal by an immunogenic epitope is reduced
statistically compared to a large protein with
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multiple epitopes. On the other hand, it can
be speculated that small proteins with basic
or acidic Pl are more prone to denaturation or
even not soluble under the neutral buffered
pH conditions of the HCP suspension used
for injection or the conditions after injection
of the HCPs into the animal’'s skin. Therefore,
the limited number of epitopes suitable to
induce antibody production against the native
HCP may be further reduced by denaturation,
especially for HCPs with acidic and basic pl.
Overall, the qlAC-MS approach overcomes
some limitations of the 2D-Gel approaches,
but still the complex matrix of CCF and the
low levels of HCPs poses a challenge in HCP
analysis for both described methods.

In conclusion, a well-characterized HCP
ELISA showing process-related performance
by detecting a broad range of HCPs is
the current analytical gold standard for
biopharmaceutical batch release testing of
commercial biopharmaceutical products.
From the presented data, it is clear our glAC-
MS approach is suitable for ELISA antibody
coverage determination and allows for the
identification of covered and noncovered
HCPs by the ELISA, leading to an improvement
in risk assessment of HCP content in
biopharmaceutical products. The combination
of highly specific antigen-antibody interactions
in IAC and the sensitivity of MS-based
protein detection enables good coverage
determination across a broad range of HCPs
with respect to MW and pl. The virtual 2D
visualization of the identified HCPs presents
results in a visual way akin to 2D-Gel analysis or
the data can be presented in a list that includes
data quality parameters for identified HCPs.
The generated list of HCPs may be further used
for database implementation and digitalization
for more sophisticated analyses over different
products, processes and/or timepoints of
testing to gain generalizable HCP knowledge
over time.

The method presented here allows label-free
identification and relative quantification of CPs
that exhibit immunoreactivity even at very low
abundance in the sample. To our knowledge,
for the first time, the approach was shown here
to be applicable for the analysis of process
samples containing highabundance API.
Compared to 2D-PAGE and 2D-Western blot,
which is the current standard for determination
of HCP coverage for anti-HCP antibodies in
biopharmaceutical quality control, this method:
(1) typically detects more HCP species; (2)
allows the identification of the detected HCP
species; (3) allows relative quantification of
individual HCPs even in the presence of highly
abundant API; and (4) assays the antibody
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binding under conditions more comparable
to the ELISA testing than the denaturing
conditions of a 2D-Western blot. Besides the
substantial benefits of the qlAC-MS approach
presented herein, some limitations were
identified. First, there is a need for suitable
controls for each run of the IAC workflow due
to the high sensitivity of the LC-MS detection.
Nonspecific HCP binding to material and
equipment can be reduced but not completely
avoided, so a threshold approach for specific
enrichment by IAC should be utilized. Second,
only if the quantitative IAC performs highly
reproducibly for different analytical runs, than
it is possible to compare the results obtained
on different days or among different products.
Finally, expert knowledge about the evaluation
of complex MS data is required. Nonetheless,
once the qlAC-MS approach is established,
it provides a detailed picture of the ELISA
antibody binding and possible detection gaps
of the ELISA, and it also enables a significant
improvement in risk assessment and mitigation
by identification the HCP species present and
enrichment of low abundance species during
DSP. This is essential for HCP detection gap
risk mitigation. For example, comparing direct
HCPs and IAC HCP detection from samples
with high HCP levels (CCF) can be used as
the basis for identification of possible HCP
detection gaps of the ELISA antibody with a
particular focus on already described high-risk
HCPs.?> The relevance of these gaps can be
further assessed for correlation in samples like
UFDF or DS for different bioproducts.

Overall, thisstudydemonstratesthatcombining
IAC with MS detection applies quantitative
proteomics for HCP characterization and
improves the quality of the characterization of
the anti-HCP-Ab compared to 2D-Western blot
analysis for antibody coverage determination.
The approach has proven valuable to our
product and process development and is
being implemented broadly across biological
programs for assessing HCP ELISA coverage,
which is an important criteria for HCP assay
quality. Furthermore, our data show that it is
a powerful tool to enrich those HCPs that are
detected by the antibodies in samples with
low and very low HCP abundance. We believe
broad implementation of the approach will
further increase knowledge about whether
individual residual HCPs in biopharmaceuticals
may affect product efficacy or stability, leading
to improved efficiency in product purification
process and improved knowledge of the purity
of biopharmaceutical products.
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Materials and methods

CELL LINES AND BIOREACTOR
CULTURES

The cell lines used for Mock and for product
production used here originate from CHO
cells isolated by Tjio and Puck.?® Both cell lines
belong to the subpopulation of CHO DUKX
(CHO DG-44) cells. These cells were generated
by mutagenizing the CHO subclone to create
a missense mutation in one allele and a
deletion in the other allele of the dihydrofolate
reductase gene.*® Both cell lines were adapted
to suspension growth and only the production
cell line was stably transfected to express a
mADb IgG1. For production of HCPs from both
mock and product, frozen cell stocks were
maintained incell banks, thawed and scaled
up in shake flasks, small-scale bioreactors and
mid-size bioreactors. Bioreactor conditions
are related to the Boehringer Ingelheim
proprietary platform process, and cultivation
of the product was in 12000 L scale. The Mock
process varies from the mAb product process
in that it has a 24 h elongated process time
before harvest to increase HCP levels. The
Mock transfected cell line does not express a
product and was cultivated in a 200 L stirred
tank. The following product process samples
were tested: Product cell culture fluid (Product
CCF) contains filtered, cell free supernatant at
the end of fermentation; downstream process
intermediates (capture pool (CP); depth filter
pool (DFP); and anion exchange and cation
exchange chromatography polishing 1 (Pol1)
and polishing 2 (Pol2)). The DSP sample
ultrafiltration/diafiltration (UFDF) is the last
process step before formulation of Drug
Substance.

GENERATION OF ANTI-HCP-AB

The anti-HCP-Ab was derived by a 200 L
fermentation, with a cell line lacking the
coding sequence for the mAb IgGl API.
The fermentation parameters for this
“Mock” fermentation were closely related
to the proprietary Boehringer Ingelheim
platform process with the exception that
the fermentation time was extended for 2 d.
This extension increased the level of HCPs in
the cell-free culture supernatant at the end
of fermentation. Immunization with the cell-
free supernatant at the end of fermentation
was performed in rabbits. A fraction of
the rabbits were immunized with the total
HCP content, and the second fraction was
immunized using a low MW fraction of the
HCPs to enhance antibody levels against low
MW HCPs. The different antibody sera were
purified by anti-HCP immunochromatography
against their respective HCP fraction. Finally,
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the purified HCP fractions were pooled so
that detection of low MW HCPs detection was
improved compared to the total HCP antibody
fraction alone.

TWO-DIMENSIONAL GEL
ELECTROPHORESIS

Buffer components were added to the sample
to a final concentration as follows: 1% CHAPS,
70 mM dithiothreitol (DTT), 7 M urea, and 2 M
thiourea. The sample was concentrated using
Amicon Ultra Ultrafiltration Units (3 kDa cutoff).
The protein amount of the sample prior to 2D
gel electrophoresis was determined using an
established method according to Popov et al.*
IEF was performed as described elsewhere.*?
Briefly, 20 cm gels containing 9 M urea, 3.5%
acrylamide, 0.3% piperazine diacrylamide, and
a total of 4% carrier ampholyte pH 2-4 were
used. The samples were applied onto the IEF
gels on the anodic side of the tube gels. The
proteins were focused under nonequilibrium
pH gradient electrophoresis conditions
(NEPHGE) for 21 h and 15 min. The IEF gels
were applied onto SDS gels of 0.75 x 250 x 300
mm3 containing 15% acrylamide and 0.2% bis-
acrylamide using the IEF gels as stacking gels.
The proteins were separated according to their
apparent MW in a continuous buffer system
(25 mM Tris, 192 mM glycine, and 0.1% SDS).
The separated proteins were visualized with
silver stain to achieve the highest sensitivity.

TWO-DIMENSIONAL WESTERN BLOT
AND IMMUNODETECTION

For Western blotting, the 2D gel was
continuously blotted using a semi-dry electro
blot (0.8 mA/cm2) with a transfer buffer
containing 50 mM Tris base, 300 mM glycine,
10% methanol, and 0.25% SDS onto PVDF
membrane. After blocking with Roti-Block for 2
hours, the blot wasincubated with anti-HCP-Ab
in block buffer with a concentration of 10 pg/
mL overnight at 5°C. The blot was incubated
with the secondary antibody anti-rabbit 1gG
HRP-conjugated (1:2000) in block buffer for at
least 1.5 h. The blot was developed using 3,3
diaminobenzidine substrate.

DATA EVALUATION 2D-PAGE AND
2D-WESTERN BLOT

The digitized images were compared using
Decodon Delta2D 4.8.0. Every detected spot
was checked manually. Spots in the silver-
stained gel and the immunodetected Western
blot were counted. The number of digitally
detected spots was compared to the manually
counted spots in the silver-stained gel. Both
imageswereoverlaid, and theimmunodetected
Western blot spots were assigned to the spots
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of the silver staining to identify detection
gaps. To calculate an overlap of detected
spots resulting from silver staining and
immunodetection, a “fused” image of silver
staining and Western blot was generated.
This fused image then was compared with
the individual silver-stained gel and Western
blot image for identification of differences
in the spot patterns between the two
detection methods.

IMMUNOAFFINITY CHROMATOGRAPHY

For IAC, epoxy magnetic beads were used to
generate two types of bead materials, and
IAC was performed using Dynabeads® M-270
Epoxy (Thermo Fisher Scientific). The magnetic
spheres contain epoxy groups as functional
groups that react with primary amines of
proteins or other molecules and form stable
amide bonds. To remove interfering buffer
components, the anti-HCP-Ab was rebuffered
by ultrafiltration against 50 mM borate buffer,
pH 8.5 using an Amicon Centrifugal Filter Unit
with Ultracel-50 membrane (Merck Millipore),
according to the manufacturer's instructions.
The protein concentration was determined by
UV measurement (absorption at 280 nm). For
antibody coupling to generate the coupled
bead material for the Bead Control (BC) and
IAC, the magnetic beads were incubated
along with the anti-HCP-Ab overnight at
37°C. Subsequently, unbound antibody was
removed in different wash steps. To inhibit
any further coupling reactions at unreacted
sites, the magnetic beads were blocked for
2 h at ambient temperature using 5% bovine
serum albumin (BSA). This bead material
was then used for the Bead Control (BC; anti-
HCP-Ab coupled beads without exposure to
CCF HCPs) and for IAC analysis (anti-HCP-Ab
coupled beads with exposure to CCF HCPs).
To generate the Negative Control (NC) bead
material, magnetic beads without coupled
antibody were prepared to define nonspecific
binding. Here, the magnetic beads were
incubated with 50 mM borate buffer overnight
at 37°C and blocked with BSA as described
above. For IAC and NC, both sets of magnetic
beads were incubated with the HCPs of the
respective process sample overnight at 37°C.
Here, the NC was performed for each process
sample (including the DSP samples). Unbound
antigen was removed in different wash steps.
HCPs bound to the antibody coupled IAC and
NC bead materials were eluted using 0.1 M
glycine pH 2 for 1 h at ambient temperature.
For in-solution digestion, the pH of the eluate
was adjusted to pH 8 using 1 M ammonium
bicarbonate.
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SAMPLE PREPARATION FOR MS
ANALYSIS

For LC-MS analysis, the samples were
initially concentrated and rebuffered. The
samples were precipitated with 33% (w/ v)
trichloroacetic acid with a final concentration
of 7% (w/ v) for 45 min on ice. Subsequently,
the samples were washed with acetone and
resuspended in 8 M urea buffer. The protein
concentration was determined by 660 nm
Assay (Thermo Fisher Scientific) measurement
according to the manufacturer’s instructions.
For further sample preparation, the samples
were diluted with 50 mM ammonium
bicarbonate to a final concentration of 1 M
urea. The proteins were reduced to 10 mM
DTT for 15 min at 60°C and alkylated using 30
mM iodoacetamide at ambient temperature
for 30 min in the dark. The alkylation reaction
was quenched by the addition of 100 mM DTT.
Afterward, the proteins were proteolytically
cleaved with trypsin (1:20) overnight at 37°C.
The reaction was stopped by acidification with
trifluoroacetic acid to a final concentration of
1%. The digested samples were concentrated
to dryness using vacuum concentrator.

HPLC-MS/MS DATA ACQUISITION

HPLC-ESI-MS and -MS/MS mass spectra were
obtained using an UltiMate® 3000 RSLCnhano
System (Thermo Fisher Scientific) coupled to
a Q Exactive HF-X Orbitrap mass spectrometer
(Thermo Fisher Scientific). The separation of
peptides was performed with reversed-phase
(RP) chromatography. Separator column
Acclaim PepMap RSLC C18 column (300 pm
I.D. x 150 mm, 2 ym particle size, 100 A pore
size, Thermo Fisher Scientific) was used.
Eluents were A: water/0.1% formic acid; B:
acetonitrile/0.1% formic acid. The peptides
were separated using a segmented gradient
from 2% B to 50% B in 91 min at 40°C with
a flow rate of 5 pyL/ min. MS and MS/MS
spectra were recorded in positive ion mode
with internal mass calibration. MS/MS spectra
were produced with higher-energy collisional
dissociation applying a normalized collision
energy of 28. A TOP10-data-dependent
acquisition with polysiloxanes as lock masses
and dynamic exclusion of already measured
ions was applied. Additional blank runs were
performed to identify carryover proteins.

IDENTIFICATION AND QUANTIFICATION
OF PROTEINS

For unbiased identification and label-free
quantification of proteins, the MS data sets
were analyzed with Proteome Discoverer
2.2 (Thermo Fisher Scientific). Protein
identification was achieved by database
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searching using MS Amanda 2.0 (as
implemented in Proteome Discoverer). The
mass spectra were matched against a database
consisting of a list of common contaminants
from sample preparation, the sequences of
the API (light and heavy chain) and a NCBI-
CHO database (generated on 05.08.2020,
taxonomy: Cricetulus griseus (tax ID 10029),
94975 entries). The search parameters were
used as following: enzyme: trypsin (full),
maximum missed cleavages: 2, taxonomy: all,
MS tolerance 10 ppm, MS/MS tolerance 10
ppm, static modification: Carbamidomethyl
(C), dynamic modifications: Oxidation (M),
Deamidation (NQ), and Acetylation (peptide
N-term). For False Discovery Rate (FDR)
calculation, we applied adecoy approach based
on reversed protein sequences. The peptide
identification was based on an FDR below 0.05,
on peptide spectrum match (PSM), and protein
level. Protein grouping was performed. In case
of ambiguous protein identification, only one
isoform of a protein is reported. A minimum
of 2 unique peptides over all datasets were
required for identification. Unique peptides are
peptides which are unique to the sequences of
the specific protein group. Contaminants were
removed for further analysis.

For quantification, a label-free approach
was applied. Here, the corresponding MS
signal of high confidence (1% FDR) identified
peptides was matched to all data sets based
on a tolerance of 10 ppm and a retention
time window of 4 minutes. This enabled
the detection of low abundance peptides in
additional datasets. Proteins were quantified
based on the intensity of at least two unique
peptides of a protein. The samples were
normalized to the total protein abundance
(summed intensity of all identified proteins) of
the respective samples.

CALCULATION OF ANTIBODY
COVERAGE

Antibodycoverageforanti-HCP-Ab determined
by glAC-MS approach was calculated by using
label-free quantification. HCPs identified in
standard LC-MS measurement of a sample
were compared with the identified HCPs in
the respective IAC sample. The anti-HCP-Ab
coverage was calculated by excluding all HCPs

that were identified within the Bead Control
(contaminants in anti-HCP-Ab) and that show
a higher or similar abundance in the Negative
Control (nonspecific binding of HCPs to bead
material) compared to the IAC antigen sample
(antibody bound, nonspecifically bound, and
contaminants from anti-HCP-Ab reagent,
i.e., NC = IAC). Different levels of stringency
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(ratio IAC to NC, fold change) were applied as
thresholds: HCPs that were (a) 1-fold, (b) 1.5-
fold, (c) 2-fold, or (d) 5-fold lower abundance in
the IAC analysis compared to the NC were not
considered as enriched, and, therefore, were
not used in the coverage determination at each
threshold level. For calculation of the coverage,
either the HCPs identified in the overlap of LC-
MS and the glAC-MS (overlap; overlapping
HCPs divided by all HCPs detected in standard
LC-MS) or the total number of HCPs identified
in qlACMS (total; all HCPs detected in qlAC-
MS divided by all HCPs detected in standard
LC-MS) was used. For this, the respective
number of HCPs (either overlap or total) was
divided by the number of HCPs identified
by LC-MS. Antibody coverage for anti-HCP-
Ab determined by gelbased approach was
calculated by visual comparison of silver
stained 2D-PAGE and 2D-Western blot. Here,
the overlapping spots between 2D-PAGE and
2D-Western blot (intersection) were divided by
all spots detected in silver stained 2D-PAGE.
The spots uniquely detected in the 2D-Western
blot were not considered as covered.
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