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1.1. THERAPEUTIC PROTEINS

T HERAPEUTIC proteins are successful and important biopharmaceuticals and many
of them are on the World Health Organization list of essential medicines [1, 2].

Recombinant protein-based medicines have been introduced in recent decades,
improving accessibility and enabling new treatment opportunities. Important
milestones were the approval of recombinant human insulin (Humulin®, 1982),
recombinant human erythropoietin (Epogen®, 1989) and the first monoclonal antibody
(mAb) for targeted cancer therapy (Rituxan®, 1997) by the Food and Drug
Administration (FDA) [3–5]. Nowadays, mAbs are the dominating entity of therapeutic
proteins and have been established for therapeutic areas such as oncology,
dermatology, hematology and neurology [1]. In addition, more complex formats, e.g.
bispecific antibodies or antibody-drug conjugates, are currently emerging [6].
Numerous mAb-based drugs are on the market (100 FDA approvals, status April 2021)
with a steadily increasing number in development [6, 7]. Recombinant therapeutic
proteins are much larger compared to small molecule (synthetic) drugs and exhibit an
inherently higher degree of structural complexity.

1.1.1. GLYCOSYLATION OF THERAPEUTIC PROTEINS

Glycosylation of (therapeutic) proteins is of high importance for their physico-chemical
properties, such as solubility and stability, as well as for pharmacokinetics and
pharmacodynamics [8, 9]. For example, glycosylation affects the half-life of
erythropoietin (EPO) [10, 11]. Glycosylation also impacts the safety and efficacy of
therapeutic proteins [12]. A protein may vary in the occupancy of a glycosylation site
(macroheterogeneity) or in the glycan structure present at a single glycosylation site
(microheterogeneity) [13]. Protein glycosylation is categorized into N- and O-
glycosylation (Figure 1.1). Asn residues in a consensus sequence motive
(Asn-x-Ser/Thr, x 6= Pro) may be subjected to N-glycosylation [14]. In contrast,
O-glycosylation (Ser/Thr) cannot be easily predicted by a specific sequence motif [15].

The most common building blocks of mammalian protein glycans are hexoses
(galactose, mannose), N-acetylhexosamines (N-acetylglucosamine, N-
acetylgalactosamine), deoxyhexose (fucose) and sialic acids (N-acetylneuraminic acid
and N-glycolylneuraminic acid) (Figure 1.1). Furthermore, glycan building blocks may
be decorated by other modifications such as acetylation or phosphorylation. N-glycans
share a common core and are structurally divided into high mannose-, hybrid- and
complex-type glycans. Mucin-type O-glycans show an N-acetylgalactosamine starting
unit and are grouped according to eight different core structures [16]. On therapeutic
proteins, the most often found O-glycans are of the core 1 type.

The glycosylation features of recombinant therapeutic proteins are highly dependent
on the production host [17]. For therapeutic proteins relying on glycosylation for the
mechanism of action, mammalian cell lines are usually chosen. The glycosylation
profiles of mammalian cell derived proteins are closer to human glycosylation
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compared to bacterial or fungal production systems. Common cell lines for
recombinant therapeutic protein production are Chinese hamster ovary (CHO), baby
hamster kidney (BHK), murine myeloma cells (NS0, SP2/0) or human embryonic
kidney 293 (HEK293) cells [18, 19]. Of note, hamster and murine cells additionally
express non-human glycan features which negatively affect the safety of therapeutic
proteins. For example, the presence of N-glycolylneuraminic acid and α1-3-linked
digalactose motives may cause immunogenicity [20].

Figure 1.1: Common glycan building blocks of therapeutic protein glycosylation.
A Monosaccharides are depicted with α-chair structure, symbol and color-coding.
Monoisotopic masses (M) of monosaccharide residuals are indicated. B and C
Representation of common N- and O-glycan structures observed for therapeutic
proteins. Of note, all information is related to mammalian-based expression systems,
which are usually used for therapeutic protein production.
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1.1.2. STRUCTURE OF IMMUNOGLOBULIN G-BASED ANTIBODIES

The protein sequence of most therapeutic mAbs is based on human immunoglobulin G
(IgG) [21]. IgG consist of two heavy and two light chains, arranged in a Y-form and
connected via disulfide bonds (Figure 1.2). The antigen-binding fragment (Fab) is
formed by the Fd (VH and CH1) and the light chain (VL and CL). Three
complementarity-determining regions (CDR) in the Fab are responsible for antigen
binding. The Fab is connected to the fragment crystallizable (Fc) domain (CH2 and
CH3) via a hinge region. IgG subclasses 1, 2 and 4 are currently being used for
therapeutic mAbs. The subclasses differ in specific characteristics, such as half-life,
effector functions and stability, which affect the suitability for manufacturability and
therapeutic purposes [22]. IgG1 is the most commonly used subclass due to
characteristics such as high affinity to Fc receptors and long plasma half-life [21]. Of
note, a recent review suggests to reconsider the therapeutic potential of engineered
IgG3 due to enhanced effector functions and better antigen accessibility [23]. In
addition, the different subclasses of IgG can be further subdivided into distinct
allotypes [24, 25]. The Kabat numbering is commonly used to describe positions of
amino acid residues [26]. It was the first standardized numbering system and facilitated
the comparison of different antibodies.

IgGs carry a conserved N-glycosylation site in the heavy chain (CH2 domain) at Asn297
[27]. Since IgGs exhibit two glycosylated heavy chains, heterogeneous glycan pairings
are commonly present (Figure 1.2). Due to the heterogeneity of glycan features and the
different combination possibilities of mAb glycan pairings, the functional
understanding of glycosylation is a major analytical challenge [28]. Further,
non-canonical Fab N-glycosylation may be present in the variable domains [29]. Of
note, O-glycans have also been reported for elongated therapeutic mAbs [30]. For the
conserved Fc N-glycosylation, a dedicated nomenclature (GxF) is commonly used for
describing complex-type diantennary glycans of IgGs. Gx indicates the number (x) of
terminal galactoses and F the presence of core fucose. In addition, GxF-N
(monoantennary), GxFN (bisection) and Mx (high mannose, x = number of mannoses)
are differentiated [12].

1.1.3. FUNCTIONAL RELEVANCE OF IMMUNOGLOBULIN G GLYCOSYLATION

Glycosylation features of IgG Fc N-glycans are known to impact effector functions
[12, 29]. For example, the interaction of IgG and the Fc gamma receptor III (FcγRIII) is
known to be highly glycosylation dependent, which is attributed to unique
glycan-glycan interactions [31]. Two different types of FcγRIII are expressed on natural
killer cells or neutrophils. Both types initiate key immunological processes such as
antibody-dependent cellular cytotoxicity or antibody-dependent cellular phagocytosis
[32]. Hence, the effector functions of a therapeutic mAb are greatly affected by its
glycosylation features. Fucosylation of IgG Fc glycans is known to tremendously (up to
50 fold) decrease the binding affinity towards FcγRIII [33]. Other glycosylation features
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Figure 1.2: Scheme of IgG1-based mAb and commonly observed Asn297 glycans.

such as galactosylation or bisection also influence the binding affinity, although to a
smaller extend [8, 34, 35]. Glycoengineering approaches to decrease fucosylation have
been successfully proven to enhance the clinical efficacy of mAbs such as Gazyva®

[29, 36, 37]. Besides effector functions, the pharmacokinetics are also affected by Fc
glycosylation. For example, hybrid and high mannose glycoforms are cleared faster
from circulation [38].

1.1.4. OTHER POST TRANSLATIONAL MODIFICATIONS OF PROTEINS

Besides glycosylation, additional post translational modifications (PTMs) occur
naturally, or they are introduced accidentally during manufacturing, purification or
storage of therapeutic proteins (Figure 1.3) [39]. Common PTMs are C-terminal Lys/Arg
clipping-variants, deamidation (Asn, Gln) or oxidation (Met, Trp, Cys). Certain PTMs
are known to impact the function of therapeutic proteins and hence are defined as
critical quality attributes (CQAs) [40]. For example, Asn deamidation of mAbs has been
reported to affect antigen binding or Fc receptor binding [41–43]. Fc oxidation
decreases half-life, owing to decreased neonatal Fc receptor binding and scavenging
[44, 45]. Co-occurring PTMs on therapeutic proteins cause a high degree of complexity.
Glycosylation is the most complex PTM and hence a major contributor to proteoform
heterogeneity. For complex glycoproteins such as EPO, several hundred proteoforms
have been reported [46]. The FDA estimated the presence of 108 theoretical
proteoforms for a therapeutic mAb [47]. However, it is critical to understand which of
these proteoforms are abundant enough to cause a significant biological/clinical effect.
Hence, the analytical characterization of PTMs is crucial and the elucidation of
structure-function relationships is of high importance to assess the criticality of a PTM
[48].
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Figure 1.3: Visualization of different post-translational modifications commonly
present in therapeutic proteins.

1.2. MASS SPECTROMETRIC ANALYSIS OF THERAPEUTIC

GLYCOPROTEINS

Tremendous technological improvements in mass spectrometry (MS) instrumentation
have been made in the last decades, which redefined the way (therapeutic)
glycoproteins are analyzed [49–53]. The gold standard for glycosylation analysis was
based on hydrophilic interaction liquid chromatography of released glycans with
fluorescence detection [54]. However, technological advances allow for a
protein-specific glycosylation analysis with MS detection. MS is a versatile technique,
which is used extensively for the characterization of therapeutic glycoproteins in
academia and industry [39, 55, 56]. In MS, the mass to charge ratio (m/z) of an ionized
analyte is determined in the gas phase. The two most common ionization techniques
for large biomolecules, such as proteins, are matrix assisted laser desorption ionization
(MALDI) and electrospray ionization (ESI) [57, 58]. Both techniques allow for soft
ionization of biomolecules, i.e. non-destructive ion formation. Several analytical
MS-based approaches have been developed for (therapeutic) proteins and PTMs,
namely bottom-up, middle-up and intact mass analysis (Figure 1.4). For a
comprehensive analytical characterization of therapeutic proteins, the integration of
multi-level analyses is pivotal [59–61].
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Figure 1.4: Schematic representation of different approaches for the MS analysis of mAb
proteoforms.

1.2.1. IONIZATION TECHNIQUES

MALDI was introduced by Karas and Hillenkamp [62, 63]. Several advantages, such as
short analysis time, low spectrum complexity and straightforward data interpretation,
make MALDI highly suitable for high-throughput applications. In MALDI, the analyte is
first co-crystallized with a MALDI matrix on a target plate. Small aromatic compounds,
which show absorption in the ultraviolet or infrared wavelengths, are usually used as
MALDI matrices. A laser pulse irradiation under vacuum causes a rapid heating of the
crystals. Of note, the exact ionization mechanism of MALDI is not fully grasped. Ion
formation is suggested either via a proton transfer mechanism in the solid phase prior
to desorption or in the gas phase upon ablation [64, 65]. Predominantly singly charged
ions are produced by MALDI, which simplifies the data interpretation. Most crucial for
successful MALDI experiments is the selection of an appropriate matrix, which
depends on the analyte of interest [66].

ESI of proteins was first described by Fenn et al. [58]. Separation techniques may be
hyphenated to MS via ESI, which is highly advantageous when analyzing complex
mixtures. In ESI, the liquid flow is dispersed into a spray under high voltage and highly
charged droplets are produced. Solvent molecules are evaporated, and ions are formed
via desorption of charged analytes from the surface of the droplets or after their
complete desolvation. In contrast to MALDI, ions produced by ESI are multiply
charged. This increases the potential mass range of analytes and MS resolution.
Furthermore, ESI allows for analyzing proteins or protein complexes retaining a
native-like structure in the gas phase [67].
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1.2.2. BOTTOM-UP ANALYSIS

In bottom-up approaches, proteins are analyzed at the peptide level. The advantages
are the high resolution and the site-specific information obtained on modifications. In
bottom-up workflows, proteins are usually reduced and alkylated followed by protease
cleavage. Trypsin is the gold standard protease. However, other specific proteases exist
and are useful alternatives to obtain complementary information [68]. Peptides are
then separated, mostly using reversed-phase (RP) liquid chromatography (LC) prior to
ESI-MS. For identification purposes, peptides are fragmented e.g. via gas-phase
collisions or radical transfer reactions to assign sequences and potential PTMs. In the
biopharmaceutical industry, bottom-up methods are popular for multiple-attribute
monitoring, meaning the simultaneous assessment of different PTMs. This is related to
the higher assignment confidence and specificity achieved by bottom-up approaches
compared to middle-up or intact analysis. However, the actual information of
proteoforms is lost and artificial modifications may be introduced during the long
sample preparation [69]. Bottom-up methods are very data-rich and efficient data
processing remains a bottleneck, in particular for glycopeptides.

1.2.3. INTACT ANALYSIS

Intact analysis of proteins is performed without prior chemical or enzymatic sample
preparation. In contrast to bottom-up approaches, information about the combination
of PTMs on one molecule is revealed, e.g. pairing of glycans on a mAb. Further, better
insights on the actual proteoform heterogeneity are achieved since the distribution of
PTMs, i.e. glycans, does not follow a random statistical distribution. However, intact
protein analysis lacks sensitivity and has a high degree of proteoform assignment
ambiguities, because intact mass profiles may be very complex. Particularly,
glycoproteins with multiple glycosylation sites, such as EPO, suffer from unresolved
isobaric and isomeric PTMs [59].

Intact protein analysis by MS is greatly facilitated by online hyphenation to separation
techniques such as size-exclusion chromatography (SEC) or ion exchange
chromatography (IEC) [70, 71]. Alternatively, Fc receptor affinity chromatography (AC)
is a recently introduced strategy for functional separation of mAb proteoforms [44, 72].
The commercialization of Fc receptor affinity columns as analytical tool is currently
emerging. AC allows to decomplexify intact glycoprotein mixtures. However,
hyphenation of functional AC and MS is yet unexplored in literature for mAb analysis.

1.2.4. MIDDLE-UP ANALYSIS

As alternative to intact protein analysis, middle-up strategies are often applied for the
analysis of antibodies, since they reduce the proteoform heterogeneity and increase the
MS resolution and sensitivity. Workflows consist of hinge-specific proteolysis and/or
simple reduction of disulfide bonds. Due to vastly different ionization efficiencies of the
subunits, middle-up experiments are commonly performed in combination with a
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separation dimension. In recent years, hinge-specific proteases have been
commercialized and have facilitated the subunit analysis of therapeutic IgGs [73–75].
IgG hinge-proteases are very specific and require only a short sample preparation. In
addition, some hinge protease can cleave under native conditions, which allows to
analyze the distinct function of Fc and Fab fragments. Middle-up experiments
complement the information obtained by bottom-up or intact protein analysis and are
a good compromise of structural integrity and site-specificity. Hence, this approach is
very helpful for assigning PTMs to a specific subunit.

1.3. SCOPE

The analytical characterization of therapeutic glycoproteins is crucial to assess their
safety and efficacy. However, the complexity of glycosylation is a major challenge for
analytical methods. The aim of the work in this thesis was to develop new mass
spectrometry-based techniques for the characterization of therapeutic glycoproteins.
The developed methods address current issues in glycoproteomic data-processing and
sample preparation and show the feasibility of MALDI for intact glycoform profiling.
They also demonstrate the power of intact- and middle-up mAb Fc receptor affinity
chromatography - mass spectrometry for proteoform-resolved structure-function
studies.

In Chapter 1 the importance of therapeutic glycoproteins is emphasized. PTMs, with
focus on glycosylation, are described with respect to their impact on proteoform
heterogeneity and structure-function relationships. Further, the most common
ionization techniques for protein analysis, MALDI and ESI are briefly introduced.
Finally, different MS-based analytical strategies for the characterization of mAbs are
elaborated.

Bottom-up approaches using RP LC-MS/MS are commonly used for glycoproteomic
experiments. These approaches are very powerful for comprehensive glycosylation
characterization. However, the vast complexity of data remains a major bottleneck in
glycoproteomic workflows. In Chapter 2, bioinformatic tools are combined into a
semi-automated workflow for glycoproteomics data analysis. Glycopeptide coverage
and the reliability of relative quantification could be increased.

Protease selection is a crucial step for successful glycoproteomic experiments. One
important selection criterion for a protease is that it generates singly glycosylated
glycopeptides. In Chapter 3 an alternative cysteine alkylation strategy,
aminoethylation, is applied for the first time for the bottom-up analysis of EPO.
Aminoethylation allows tryptic cleavage at newly introduced cleavage positions
between two glycosylation sites, which could be previously only achieved by less
specific proteases.
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Intact protein analysis has the unique ability to reveal the combination of glycoforms of
multiply glycosylated proteins. MALDI MS is usually not performed for comprehensive
intact glycoform profiling, owing to the low glycoform resolution and low stability of
glycosylation features, i.e. sialic acids. Chapter 4 demonstrates the feasibility of
glycoform-resolved intact analysis of EPO by MALDI Fourier-transform ion cyclotron
resonance MS. The method shows a high stability of sialic acid moieties and facilitates
the data analysis as no charge deconvolution is required.

Intact mass analysis of mAbs is commonly done by direct infusion MS or
separation-based techniques such as RP-HPLC MS. However, glycoforms are usually
not separated in this manner and no functional information is derived. In Chapter 5, a
method for functional FcγRIIIa AC with online MS hyphenation is presented. New
insights into the FcγRIIIa affinity of mAb glycoform pairings are derived from this
analytical setup.

The glycoform assignments of intact mAbs are highly ambiguous, if additional
glycosylation is present in the Fab. To expand the applicability of the developed method
from Chapter 5, different IgG hinge proteases are evaluated in Chapter 6 for an FcγRIIIa
AC-MS method of Fc-moieties. The advantages with respect to proteoform resolution
and assignment ambiguities, are demonstrated for Fab-glycosylated cetuximab.

In Chapter 7, an AC-MS method is described for FcγRIIIb mAb interactions. This is the
first report on an FcγRIIIb AC, demonstrating the suitability of AC to study low-affinity
interactions.

A discussion about the challenges and outlooks of MS data analysis for glycoproteins
and the potential of functional AC-MS for biopharmaceutical research and development
is provided in Chapter 8.
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Glycoproteomic data are often very complex, reflecting the high structural diversity of
peptide and glycan portions. The use of glycopeptide-centered glycoproteomics by mass
spectrometry is rapidly evolving in many research areas, leading to a demand in reliable
data analysis tools. In recent years, several bioinformatic tools were developed to
facilitate and improve both the identification and quantification of glycopeptides. Here,
a selection of these tools was combined and evaluated with the aim of establishing a
robust glycopeptide detection and quantification workflow targeting enriched
glycoproteins. For this purpose, a tryptic digest from affinity-purified immunoglobulins
G and A was analyzed on a nano-reversed-phase liquid chromatography–tandem mass
spectrometry platform with a high-resolution mass analyzer and higher-energy
collisional dissociation fragmentation. Initial glycopeptide identification based on
MS/MS data was aided by the Byonic software. Additional MS1-based glycopeptide
identification relying on accurate mass and retention time differences using
GlycopeptideGraphMS considerably expanded the set of confidently annotated
glycopeptides. For glycopeptide quantification, the performance of LaCyTools was
compared to Skyline, and GlycopeptideGraphMS. All quantification packages resulted in
comparable glycosylation profiles but featured differences in terms of robustness and
data quality control. Partial cysteine oxidation was identified as an unexpectedly
abundant peptide modification and impaired the automated processing of several IgA
glycopeptides. Finally, this study presents a semiautomated workflow for reliable
glycoproteomic data analysis by the combination of software packages for MS/MS- and
MS1-based glycopeptide identification as well as the integration of analyte quality
control and quantification.
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2.1. INTRODUCTION

P ROTEIN glycosylation mainly occurs in the form of N- and O-glycosylation.
N-Glycans are attached to Asn within an amino acid consensus sequence

(Asn-Xxx-Ser/Thr, Xxx 6= Pro) and O-glycans are attached to Ser or Thr. Glycan
compositions can range from monosaccharides (e.g., Tn antigen for O-glycans [76]) to
large polysaccharides (e.g., N-glycans of recombinant human erythropoietin [77]). The
most common building blocks of human protein glycans are hexoses (glucose,
galactose, and mannose, Hex/H, 162.0528 Da), N-acetylhexosamines
(N-acetylglucosamine or N-acetylgalactosamine, HexNAc/N, 203.0794 Da), fucose
(Fuc/F, 145.0579 Da), and sialic acid (N-acetylneuraminic acid, NeuAc/S, 291.0954 Da).
The combinatorial possibilities of these building blocks and the variety of structural
features, such as the linkage position and anomeric configuration, make protein
glycosylation a highly complex posttranslational modification (PTM).

Glycoproteomics has become important for many life science disciplines, in particular
for biomedical and biopharmaceutical research [78–80]. Glycopeptide-centered
glycoproteomics aims at the characterization of macroheterogeneity and
microheterogeneity of protein glycosylation [13]. Reversed-phase liquid
chromatography coupled to high-resolution tandem mass spectrometry
(RPLC–MS/MS) is a standard analytical method in the field of glycoproteomics [81].
The separation of glycopeptides in RPLC is mainly driven by the peptide portions. Thus,
information on different proteins and glycosylation sites appears in the form of
glycopeptide clusters. Next to the peptide portion, glycosylation features, such as sialic
acids, can strongly influence the retention time [82]. Advances in MS technologies
tremendously enhanced the detection and informative fragmentation of glycopeptides
in the past years [83]. The large amount of highly complex data acquired using these
technologies shifted the major bottleneck in glycopeptide analysis to the data
processing steps. Next to the high complexity of glycosylation itself, data analysis is
further complicated by interfering background signals from biological matrices and
isomeric and near-isobaric ambiguities resulting from combinations of
monosaccharides, adducts, amino acids, and amino acid modifications [84, 85].

Efforts have been made in recent years in the development of bioinformatic tools to
facilitate and automate data processing in glycopeptide-centered glycoproteomics [86].
Several reports have reviewed the functionalities and application areas of data analysis
tools in the field of glycoproteomics [81, 83, 86, 87]. MS/MS-based scoring software
tools such as Byonic [88] are frequently used for glycopeptide identification [86].
Recently, software tools were developed that are based on the retention time (RT)
characteristics and accurate mass differences of glycopeptide MS1 signals in RPLC–MS
[84, 89]. These tools detect inaccuracies of MS/MS assignments based on the RT and
increase the number of identified glycopeptide compositions while keeping the false
positive assignments low. Other reports performed glycopeptide identification using
summed MS1 spectra of previously defined elution clusters [90]. This approach is
applicable when the identity and elution behavior of the glycopeptides of interest is
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known and is aided by quality criteria such as mass accuracy and isotopic pattern
matching. Furthermore, such approaches allow quantification in a high-throughput
manner, which is advantageous e.g., in clinal cohort analysis [90–92].

Here, we present a workflow for the reliable and efficient analysis of glycopeptides from
enriched glycoproteins. We performed a thorough evaluation of the software tools and
workflows used in our laboratory for the identification and quantification of
glycopeptides. For this, a sample containing immunoglobulins G and A (IgG and IgA),
simultaneously captured from human plasma, was chosen. This sample showed a
considerable level of complexity due to the presence of multiple glycoproteins of
interest and cocaptured (glyco)proteins from the plasma. The tools included Byonic,
GlycopeptideGraphMS, Skyline, and LaCyTools.

2.2. RESULTS AND DISCUSSION

2.2.1. GLYCOPROTEOMICS DATA ANALYSIS WORKFLOW

Affinity-copurified IgG/IgA from human plasma was chosen as a sample to
demonstrate the integration of tools for the semiautomated glycoproteomic data
analysis (Figure 2.1). The three main parts of this workflow cover glycopeptide
identification (Byonic, GlycopeptideGraphMS), curation, and quantification
(LaCyTools).

In the first step, Byonic was used for automated MS/MS-based (glyco)peptide
identification. This initial step is crucial to validate the presence of glycopeptides and
the assignment of the peptide portions. Next, the number of identified glycopeptides
was maximized by performing an open search based on MS1 information (mass and
RT) in GlycopeptideGraphMS. A preprocessing step in OpenMS was performed as
described for the original GlycopeptideGraphMS workflow [89], including deisotoping
and decharging of all features. The outcome of GlycopeptideGraphMS is a list with
glycopeptide clusters (defined as LC–MS features (nodes) that are connected by ∆mass
and ∆RT within the provided limits for glycopeptides), for which at least one node
should be confidently assigned by MS/MS to identify all glycopeptides in a cluster. The
clusters are also presented in interactive graphs, which assist in the identification of
false-positive connections (unlikely mass/RT shifts) and unexpected glycopeptide
clusters (e.g., missed cleaved products and peptide or glycan modifications). This
information can be used in an iterative manner to adjust the search space for Byonic.
Study-specific search criteria are listed in the Experimental section and a detailed
manual for the use of GlycopeptideGraphMS can be found elsewhere [89]. Of note,
separate LC–MS runs with exclusively MS1 information were acquired in order to
maximize the MS1-based identification and to ensure the highest possible data quality
for the quantification purposes.
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Figure 2.1: Integration of automated glycopeptide identification by Byonic and
GlycopeptideGraphMS (aided by OpenMS) and subsequent analyte quality control and
quantification by LaCyTools.

Upon glycopeptide identification, the list of glycopeptides generated by
GlycopeptideGraphMS was transformed to the input format required for targeted
curation and quantification in LaCyTools [90]. A python script was developed to
facilitate this step (Supporting Information File 3). LaCyTools was chosen because it is
open-source, can be applied for a large number of samples (thousands of samples in
one study have been reported [93]), and allows data curation and quantification.
Importantly, LaCyTools requires RT clusters to be defined in which MS1 spectra can be
summed and further processed, which is facilitated by the GlycopeptideGraphMS
output. The analyte list may be extended by including glycan compositions (e.g., from
the literature or databases such as GlyConnect [94]) within appropriate RT clusters (e.g.,
the same peptide portion and number of sialic acids). Furthermore, the user has the
option to perform preprocessing steps, such as m/z calibration and RT alignment. For
data curation, summed MS1 spectra were subjected to quality control based on
user-defined cut-offs for mass accuracy, isotopic pattern matching, and the
signal-to-noise ratio of an analyte. Finally, the integrated areas of all charge states
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passing the quality criteria were summed for each glycopeptide composition, the area
was corrected for missing isotopes, and total area normalization was performed for
label-free relative quantification. Study-specific parameters for the use of LaCyTools are
provided in the Experimental section and further explanation on the use of this tool can
be found elsewhere [95].

2.2.2. GLYCOPEPTIDE IDENTIFICATION

AUTOMATED MS/MS-BASED GLYCOPEPTIDE IDENTIFICATION BY BYONIC

The automated and score-based MS/MS glycopeptide identification using Byonic
resulted in the confident assignment of ten IgG/IgA N-glycopeptide clusters of interest
(Table 2.1 and Figures S1–S10, Supporting Information File 2).

Table 2.1: Automated MS/MS-based identification of IgG/IgA glycosylation sites by
Byonic. For each glycopeptide moiety, a representative glycoform is shown (see Figures
S1–S10, Supporting Information File 2 for the corresponding MS/MS spectra).

Protein Glycopeptide Glycosylation sitea Cluster Mass error (ppm) Score Scan time (min)
IgG1 R.EEQYN[+H5N4F1]STYR.V Asn297 IgG1 0.7 589 14.4
IgG2/3 R.EEQFN[+H3N4F1]STFR.V Asn297 IgG2/3 0 693 18.5
IgG4 R.EEQFN[+H3N4F1]STYR.V Asn297 IgG4 1.1 401 15.8
IgA1/2 R.LSLHRPALEDLLLGSEAN[+H5N4S1]LTC[+57]TLTGLR.D Asn263 LSL 0.9 839 40.2

R.LAGKPTHVN[+H5N5F1S2]VSVVM[+16]AEVDGTC[+57]Y.-b Asn459 LAGY 0.4 601 25.5
R.LAGKPTHVN[+H5N5F1S2]VSVVM[+16]AEVDGTC[+57].-b Asn459 LAGC 2.9 649 25.9

IgA2 K.TPLTAN[+H5N4F1S1]ITK.S Asn337 TPL -1.2 728 19.1
K.HYTN[+H5N5F1S1]SSQDVTVPC[+57]R.V Asn211 HYT 1.3 194 15.6

JC R.EN[+H5N4S2]ISDPTSPLR.T Asn49 ENI 0.1 565 22.2
R.IIVPLNNREN[+H5N4F1S1]ISDPTSPLR.T Asn49 IIV 1.2 271 28.0

a Numbering according to [92]. b C-terminal peptide of the heavy chain, no C-terminal tryptic cleavage.

Assigned glycopeptides from copurified human plasma proteins other than IgG and IgA
were not considered for further data processing (e.g., fibrinogen, alpha-1-antitrypsin,
or clusterin, see Table S1A–E, Supporting Information File 1). Missed-cleavage
variants were assigned for IgG1, IgG2/3, and IgA1/2 (Asn263) but not further considered
because of their low abundance. For the IgA joining chain (JC), the elongated peptide
with a missed cleavage was included for further data processing as the cleavage
efficiency was previously determined to be glycoform dependent [92, 96]. For the
assignment of tryptic N-glycopeptides to specific proteins, ambiguities exist for one
peptide moiety that could be assigned to either IgG2 or IgG3 and three moieties that
were shared between IgA1 and IgA2 (Table 2.1) [78]. These ambiguities were not
resolved using the proposed workflow. However, the presence of protein-specific
(non)glycopeptides may indicate differences in the abundance of the individual
proteins. For addressing these ambiguities, a more selective sample preparation is
required, for example, using different enrichment strategies or proteases [97].
Interestingly, an additional allotype of the main IgG3 glycosylation site (EEQYNSTFR)
was assigned in four out of five technical replicates by Byonic. This IgG3 glycopeptide is
an isomer of the tryptic IgG4 glycopeptide (EEQFNSTYR). However, upon manual
inspection of the data, only one scan of the assigned MS/MS spectra within all five
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technical replicates covered the relevant amino acids (position of Phe and Tyr), allowing
an unambiguous discrimination between IgG3 or IgG4 (score 281, Figure S11,
Supporting Information File 2). The IgA2 HYT glycopeptides had the lowest scores
(max. 194) compared to the other glycosylation sites. It was detected in four out of five
technical replicates and only with a maximum of one glycan composition. The low
intensity of these glycopeptide signals resulted in a decreased likelihood for MS/MS
selection. Of note, the IgA2 HYT glycopeptide covers a sequence stretch homologous to
the hinge region of IgA1, carrying O-glycans. In a previous study the IgA1 peptide has
been referred to as the HYT glycopeptide cluster as well [91]. The C-terminal IgA1/2
glycopeptides (LAGC/Y) were found mainly with methionine oxidation. Unoxidized
peptide moieties were also assigned but with low scores (below 50). The manual check
of the data revealed that in some cases, the selection of the wrong monoisotopic mass
in Byonic led to misassignments of near-isobaric compositions, e.g., TPL H5N5F3 (3+,
m/z 1074.8020, false) instead of TPL H5N5F1S1 (3+, m/z 1074.4619, correct). Other
theoretical possible, but less common, tryptic IgG3, IgA1, and IgA2 glycopeptides were
not detected [78, 91]. One of the reported common miscleaved IgA2 N-glycopeptides
(SESGQNVTAR) is likely to elute prior to MS acquisition as described previously for the
applied gradient [91]. For the expected IgA1 O-glycopeptide cluster, the Byonic search
failed to score any hits when performed as described previously [91]. Of note, the
tryptic O-glycopeptide cluster could be detected upon manual inspection, albeit with
low intensity (Figures S12 and S13, Supporting Information File 2). The reason for this
was further investigated based on the GlycopeptideGraphMS results and is discussed in
the section on automated MS1- and RT-based glycopeptide identification by
GlycopeptideGraphMS.

In MS/MS scoring approaches such as Byonic, the definition of a threshold for the
automated assignment of glycopeptides is generally a challenge as the scores depend
largely on the fragmentation method, the peptide characteristics (e.g., peptide length or
additional modifications), the glycome, and the sample matrix [85]. A recent study by
us applied a threshold score of 200 for the IgG/IgA glycopeptides from human serum,
aiming to find a balance between the exclusion of false positives while preventing false
negatives [91]. Sensitive glycopeptide assignments relying only on oxonium ions and
precursor mass, using a score above 30 were also described recently [89]. A suitable
cut-off score should always be carefully evaluated for each (glyco)peptide moiety with
respect to the glycoform coverage and accuracy [85].

Byonic identified the relevant N-glycosylation sites of IgG/IgA in all five technical
replicates with the exception of the low-abundant IgA2 HYT glycopeptide. Further
results and discussion of the accuracy and coverage of the investigated glycopeptides of
interest are presented in the following section. Software tools for automated
MS/MS-based assignments such as Byonic are highly useful in glycoproteomic data
processing workflows. Other, noncommercial, automated MS/MS-based software tools
for glycopeptide identification were recently reviewed [86] and have the potential to
substitute Byonic in similar workflows as described here. However, these tools were not
evaluated in the current study.
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AUTOMATED MS1- AND RT-BASED GLYCOPEPTIDE IDENTIFICATION BY

GLYCOPEPTIDEGRAPHMS

The glycopeptide identification was further extended by an open MS1 search based on
mass and RT differences using GlycopeptideGraphMS [89]. RT clusters for all MS/MS
assigned IgG/IgA glycopeptides were found using this tool (Figure 2.2). Of note,
GlycopeptideGraphMS relies on the MS/MS assignment of at least one glycopeptide per
RT cluster (be it automated or manual). The GlycopeptideGraphMS cluster with the
highest number of connections contained the expected masses of the IgA1
O-glycopeptides, which were not assigned in the Byonic search (Figure S12,
Supporting Information File 2). In line with the Byonic search, several other RT
clusters of missed cleaved products or glycopeptides from other plasma proteins were
present (data not shown).

Figure 2.2: Representative IgG and IgA glycopeptide clusters detected by
GlycopeptideGraphMS.

Additional clusters with a +27.9949 Da (formylation) mass shift and an increased RT
were observed for most of the IgG and IgA glycopeptides (see Figure S14, Supporting
Information File 2 for representative IgG glycopeptide examples). The formylation was
conveniently assigned to the glycan part (Figure S15, Supporting Information File 2)
but may occur at the peptide portion as well [98–100]. Formylation is likely introduced
by the exposure of the tryptic peptides to formic acid during the acid precipitation of
sodium deoxycholate in the final step of the sample preparation and during subsequent
storage [98]. Within the glycopeptide clusters of interest, Cys oxidation (+15.9949 Da)
was assigned as an unexpected modification in all Cys-containing glycopeptides (five
out of 11) at a high relative abundance (65.4–77.2%) and confirmed upon manual
inspection of the MS/MS data (Figures S13 and S16–S18, Supporting Information File
2). The y- and Y-fragment ions of (glyco)peptides with Cys oxidation showed a
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characteristic neutral loss of 107.0041 Da (C2H5O2NS), as reported for singly oxidized
carbamidomethylated Cys through an elimination reaction in the gas phase (Figures
S13 and S16–S18, Supporting Information File 2) [101]. Peptides with Cys oxidation
had a similar elution behavior as the unoxidized isomeric counterparts (with an
additional hexose instead of a fucose unit), leading to a high degree of ambiguous,
albeit often illogical compositions (e.g.. for the LSL cluster, Figure S16, Supporting
Information File 2 and Table S2A–E, Supporting Information File 1) and false-positive
assignments (e.g., the LAGC cluster, Figure S17, Supporting Information File 2) in
GlycopeptideGraphMS. In line with these findings, the high number of illogical
compositions and false-positive assignments of the IgA1 O-glycopeptide (three Cys
residues) were due to modification variants on the Cys residue (Figures S12 and S13,
Supporting Information File 2). In general, the assignment based on RT differences
and MS1 information (manual or automated) had a highly increased uncertainty for the
glycopeptides with partial Cys oxidation, and MS/MS was essential for confident
identification in these cases. Of note, false-positive assignments related to Cys
oxidation were also observed in the automated Byonic search upon manually
reevaluation. For example, the LAGC glycopeptide composition H6N5S2 had a
maximum score of 282, with no coverage of y-ions (Figure S17, Supporting
Information File 2). This was due to the presence of the oxidized Cys residue at the
C-terminus for which characteristic y- and Y-ions could be manually assigned in this
scan. These findings substantiate that the scores in automated MS/MS searches may be
still relatively high for false-positive assignments. Defining the appropriate search
space with prior knowledge on relevant modifications and neutral losses is crucial to
increase the identification accuracy for (glyco)peptides with unexpected modifications,
such as Cys oxidation. The oxidation of Cys can appear biologically in the sample or
artificially during/upon sample preparation [101, 102]. In general, Met modifications
are known for causing ambiguities in glycoproteomics due to partial oxidation,
particularly in combination with carbamidomethylation [85, 103]. To our knowledge,
no study has previously reported on partial Cys oxidation as a confounder in
glycoproteomics. As peptides containing the Cys oxidation had a higher abundance
than the unoxidized counterparts, it is stressed that this modification should be
carefully checked in Cys-containing glycopeptides as in the investigated sample, it had
major implications on the IgA glycoprofiling accuracy. Further elaboration of the
Cys-containing peptides, including modifications and correct glycan composition
identifications, were considered beyond the scope of this study due to the largely
increased complexity. Hence, the applicability of the proposed glycoproteomic data
analysis workflow was demonstrated on a subset of six N-glycopeptide clusters, namely
IgG1, IgG2/3, IgG4, JC (ENI, IIV), and IgA2 (TPL).

For the six glycopeptide clusters of interest, the presence of 262 theoretical
glycopeptides (based on the internal IgG/IgA glycan reference list [91] and Glyconnect
entries for these peptides [94], Table S3, Supporting Information File 1) was manually
evaluated in Skyline, and the presence of 83 glycopeptides in the used data was
confirmed (Table S4, Supporting Information File 1). In total, 82 correct glycopeptide
compositions were identified using GlycopeptideGraphMS with MS/MS validation,
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whereas the Byonic-only search resulted in 35 compositions (Table S4, Supporting
Information File 1). Of note, four glycan compositions (H2N3F1, H2N4F1, H5N3F1S1,
H5N5F2S1) were not included in the N-glycan search list of Byonic, and hence not
included for the calculation of its glycopeptide coverage. Those glycans were only
present in low abundance on the glycopeptides, and often no MS/MS spectrum was
present (Figure 2.3). However, it highlights the importance of a complete glycan
composition list for a database-based identification of glycopeptides, something that is
less critical in MS1-based RT and accurate-mass-difference searches.

In the GlycopeptideGraphMS search, nine compositions were detected that were not
within the internal IgG/IgA glycan reference list [91] or had an entry in Glyconnect for
these peptides (Table S4, Supporting Information File 1) [94]. These analytes were
present at very low relative abundances (<1%). The IgA2 TPL peptide showed the
highest number (five) of additional compositions (H6N5F1, H5N5, H5N4F2S1,
H5N5F2S1, and H6N4F1S1). For all glycoforms identified by GlycopeptideGraphMS,
only one composition (TPL, H4N4F2S1) was determined as false-positive as no MS1
signals could be found for this analyte in the raw data. Of note, one TPL glycoform
(H5N5S1) was detected with a low abundance in three out of five technical replicates
but was excluded from the identification and further processing due to the presence of
isobaric MS signals in the raw data. On the other hand, only one glycopeptide (IgG2/3
H3N3F1) was assigned manually, without being identified by GlycopeptideGraphMS as
the correct mass and RT combination was not in the deconvoluted mass list. These
false-positive and false-negative results are artifacts of the feature recognition,
deconvolution, and deisotoping in OpenMS [89] prior to the GlycopeptideGraphMS
analysis. Furthermore, the preprocessing steps caused some glycopeptides to be
detected at multiple RT values (Figure 2.3), whereas the raw data showed only a single
chromatographic peak. The applied OpenMS workflow has a reported accuracy of 91%
for detecting the correct monoisotopic peak of a feature, and this workflow was not
further optimized in the current study [89].

With respect to the consistency of the glycopeptide identification in technical
replicates, the MS1-based identification (GlycopeptideGraphMS) supported by MS/MS
data showed a better performance than MS/MS identification alone (47 vs 16
glycopeptides detected in all replicates, respectively, Figure S19, Supporting
Information File 2). Both automated identification approaches showed variations
within the data of the technical replicates, and the glycopeptide coverage was
maximized by combining all measurements. For the MS1-based assignment, the
variation between replicates was found in the minor glycan species, which were on the
borderline of the limit of detection. Further, the stochastic nature of MS/MS selection is
a known factor, which may cause variability in MS/MS-based assignments [89].
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Figure 2.3: Representative GlycopeptideGraphMS output for peptides of interest.
Assigned compositions were identified using MS/MS data via Byonic (green) or manual
assignment (blue) or by MS1 only (red, GlycopeptideGraphMS with additional accurate-
mass and isotopic pattern check of the raw data). The assignment of the compositions is
based on information from all replicates. Lines between compositions indicate the mass
difference for Hex (yellow), HexNAc (blue), HexHexNAc (green), Fuc (red), and NeuAc
(purple). * Indicates potential deconvolution errors and ** indicates data not included
in the Byonic search list.
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Overall, the GlycopeptideGraphMS workflow showed a high identification accuracy
(82/83, 99%) and coverage (82/83, 99%, Table S4, Supporting Information File 1). In
comparison, the accuracy of the Byonic search for the glycopeptides of interest was
comparably high (35/37, 95%), whereas the glycopeptide coverage was moderate
(35/77, 45%). This is in line with the reported near-perfect accuracy and limited
coverage of the glycopeptide identification by Byonic [85]. Of note, the glycopeptide
coverage of Byonic depends highly on the search parameters, fragmentation settings,
and the presence and quality of MS/MS spectra. The latter is often compromised due to
dynamic range limitations, especially in complex matrices [85, 104]. The accuracy of
both approaches (MS1 and MS/MS) may be impaired by unexpected peptide
modifications, as exemplified for Cys oxidation. Thus, careful inspection of the result
outputs (RT graphs in GlycopeptideGraphMS, automatically annotated MS/MS spectra
in Byonic) is important. Indications of additional peptide modifications can then be
considered for manual MS/MS verification and be included in the search space of
automated MS/MS assignments in an iterative manner. Alternatively, a prior open
search aimed at the identification of peptide modifications may be applied by software
tools such as Preview [105]. Overall, this data shows that, while MS/MS-based
assignment tools are essential for the confident identification of glycopeptide clusters,
MS1-based approaches show a highly complementary performance by identifying
glycopeptides for which no MS/MS data is present. For the latter,
GlycopeptideGraphMS is a highly valuable tool as it is easy to use, fast, and open source.

2.2.3. GLYCOPEPTIDE CURATION AND QUANTIFICATION IN LACYTOOLS

Upon glycopeptide identification, the analytes were curated and quantified by
LaCyTools. The performance of LaCyTools was compared to that of Skyline (manual
curation and quantification) and GlycopeptideGraphMS (quantification). The analytes
and charge states passing the quality criteria (for LaCyTools: m/z accuracy <10 ppm,
isotopic pattern quality value <0.2, signal-to-noise ratio >9; for Skyline: m/z accuracy
<10 ppm, idotp >0.85) were highly similar between LaCyTools and Skyline (Table S5,
Supporting Information File 1). Minor differences were observed for low-abundant
glycopeptides. In GlycopeptideGraphMS, quality control is only based on mass
accuracy and not included in this comparison.

The three software tools evaluated for targeted glycoform quantification resulted in
comparable site-specific glycosylation profiles for human plasma IgG, JC, and IgA2
(Figure 2.4 and Table S5, Supporting Information File 1), which were in line with the
literature (Table S6, Supporting Information File 1) [91, 92]. Skyline and LaCyTools
showed the highest similarity in the relative quantification results (Figure S20,
Supporting Information File 2). Both tools had a median relative standard deviation
(RSD) of 4% over all quantified glycopeptides. In contrast, GlycopeptideGraphMS
integration resulted in a higher variability (median RSD: 15%, Figure S20, Supporting
Information File 2) and slightly deviating glycosylation profiles, as compared to Skyline
and LacyTools.
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Figure 2.4: Comparison of quantification results obtained by manual integration of
EICs in Skyline (black), automated integration of summed MS spectra in LaCyTools
(light gray), and GlycopeptideGraphMS (dark gray). Error bars represent standard
deviation of MS1-only measurements (n = 4 for LacyTools and Skyline; n = 3/4 for
GlycopeptideGraphMS; in all detected replicates, n was at least 3. The first injection was
excluded for all tools due to RT shifts and increased standard deviations). *: Did not pass
the analyte curation (LaCyTools). **: Was not identified in at least 3 technical replicates
(GlycopeptideGraphMS).
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As the data used for quantification were the same, the differences in the quantification
precision are caused by the data processing performed by the different software tools.
Of note, the automated quantification in GlycopeptideGraphMS required additional
manual interference for analytes that had multiple RTs in the output file and only a
single chromatographic peak in the raw data. Similar as for the glycopeptide
identification, quantification with GlycopeptideGraphMS showed clearly that the
preprocessing of the data is a crucial factor for the outcome. Further optimization of
the OpenMS preprocessing steps to prevent double feature assignments may improve
the quantification precision.

Within the investigated quantification tools, Skyline allows the highest control of the
feature selection for quantification as the integrated EICs can be manually inspected for
interferences, correct peak integration, and quality criteria (mass accuracy and isotopic
pattern). LaCyTools provides information on the mass accuracy and isotopic pattern
and integrates the isotopes of selected features in summed MS spectra within
user-defined RT windows. Here, it is crucial to select appropriate RT windows and
isotopes of interest before starting the analysis to prevent the inclusion of closely
eluting isomeric and isobaric interferences. Of note, isomeric glycopeptide
compositions were summed and not processed individually. This approach makes RT
alignment a crucial step for a robust quantification. With the optimized parameters in
place, LaCyTools allows highly automated data handling, making it an excellent tool for,
e.g., clinical cohort analysis. In the current work, a python script was developed to
streamline the connection between GlycopeptideGraphMS identification and
LaCyTools quantification (Supporting Information File 3). All tools provided absolute
values for glycopeptide quantification, which were subsequently total-area-normalized
per glycosylation site, as commonly done in label-free relative quantification in
glycoproteomics [90, 91, 104, 106].

In the current study, all quantitative analyses were performed on the MS1-only runs to
obtain the highest possible data quality. However, runs including fragmentation scans
are also suitable for quantification, albeit introducing a slightly higher variability in
some cases due to a lower number of data points per chromatographic feature (in
particular obvious for the IgG1 and IgG2/3 data in the current study, see Figure S21,
Supporting Information File 2). The difference in the quantification accuracy between
MS1-only and MS/MS data is highly dependent on the frequency of the MS1 scans, and
thus the time spent on fragmentation scans. In most situations, it is likely that a
compromise must be made to allow both robust quantification and data-rich MS/MS
identification in the same LC–MS run. The introduction of MS1-based identification
reduces the time needed for fragmentation.
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2.3. CONCLUSION

Here, we demonstrated a semiautomated glycoproteomics data analysis workflow for
enriched glycoproteins by integrating different tools for glycopeptide identification,
curation, and quantification after RPLC separation and MS(/MS) detection. For this, a
mix of the human plasma-enriched antibodies IgG and IgA was used as a representative
glycoproteomics sample of moderate complexity. A similar approach can be applied to
a more complex sample when targeting only a select set of glycoproteins. However, to
capture the full complexity of, e.g., the human glycoproteome, improvements should be
made in the automated integration between the described tools. In line with previous
reports on single glycoproteins, the number of identified glycoforms was significantly
maximized by combining MS1-based identification (using GlycopeptideGraphMS) in
combination with MS/MS-based identification (using Byonic) as compared to
fragmen-tation-based analysis alone. Moreover, the graphical approach allowed by
GlycopeptideGraphMS is very powerful for identifying unexpected glycoforms as well
as modifications of the glycopeptides and aids the optimization of the search space for
MS/MS annotation in an iterative manner. Although an MS1-based approach alone
allows the identification of more unique glycopeptides as compared to an
MS/MS-based approach, a combined workflow is essential to prevent wrongly assigned
glycopeptides as well as to identify the nature of specific modifications. The
combination of Byonic and GlycopeptideGraphMS identification with LaCyTools-based
curation and quantification of glycopeptides from enriched glycoproteins as presented
in the current work provides a powerful workflow towards high-throughput
glycopeptide analysis.

2.4. EXPERIMENTAL

2.4.1. SAMPLE, CHEMICALS, AND ENZYMES

Human plasma Visucon-F was obtained from Affinity Biologicals (Ancaster, ON,
Canada). Affinity matrix beads for IgG (CaptureSelect FcXL, capacity 25–35 g/L) and IgA
(CaptureSelect IgA, capacity 8 g/L) were obtained from ThermoFisher Scientific
(Leiden, Netherlands). All used chemicals were from Sigma-Aldrich (Zwijndrecht,
Netherlands) except for trifluoroacetic acid (Merck, Darmstadt, Germany) and
acetonitrile (Biosolve, Valkenswaard, Netherlands). Purified water was used from a
Purelab Ultra system (Veolia Water Technologies Netherlands B.V., Ede, Netherlands).
Sequencing-grade trypsin was obtained from Promega (Madison, WI).

2.4.2. SAMPLE PREPARATION

A detailed description of the methods for the immunoaffinity enrichment of the
immunoglobulins and the glycopeptide preparation can be found elsewhere [91]. In
brief, 5 µL of Visucon F plasma standard were diluted in PBS, and the immunoglobulins
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were enriched using a mix of CaptureSelect FcXL Affinity matrix beads for IgG and
CaptureSelect IgA affinity matrix beads for IgA. Upon incubating the serum and the
beads for 1 h at room temperature with agitation, the beads were washed three times
with PBS and three times with water. The immunoglobulins were released by acid
elution (100 mM formic acid) and collected into a 96-well PCR plate (Greiner Bio-One,
Kremsmünster, Austria). Finally, the eluates were dried for 2.5 h at 60°C by
centrifugation under vacuum.

For tryptic digestion, the dried sample was reconstituted in 10 µL of
reduction–alkylation buffer containing 100 mM Tris buffer, 1% w/v SDC, 10 mM
tris(2-carboxyethyl)phosphine (TCEP), and 40 mM chloroacetamide (CAA). Upon
mixing for 5 min, the samples were incubated for 5 min at 95°C and cooled to room
temperature. Tryptic digestion was started by the addition of 50 µL digestion buffer
containing 50 mM ammonium bicarbonate pH 8.5 and 200 ng sequencing-grade
trypsin. Upon mixing for 5 min, the sample was incubated at 37°C overnight. Acid
precipitation using 1.2 µL formic acid was performed on the following day. The
precipitate was removed by centrifugation, and 40 µL of the supernatant was
transferred to a V-bottom 96-well plate (Greiner). The sample was stored at -20°C.

2.4.3. LC–MS/MS ANALYSIS

A 0.5 µL aliquot of the sample was analyzed five times with MS1 only (for MS1-based
identification in GlycopeptideGraphMS and quantification in LaCyTools, Skyline, and
GlycopeptideGraphMS) and five times with additional MS/MS (for
fragmentation-based identification using Byonic and quantification using LaCyTools)
in an alternating order. For the separation of the (glyco)peptides, the sample was
injected into an Easy nLC 1200 system (Thermo Fisher Scientific) equipped with an
in-house prepared precolumn (15 mm × 100 µm; Reprosil-Pur C18-AQ 3 µm, Dr.
Maisch, Ammerbuch, Germany) and an analytical nanoLC column (15 cm × 75 µm;
Reprosil-Pur C18-AQ 3 µm). As mobile phases 0.1% formic acid in water (A) and 20%
water/80% acetonitrile + 0.1% formic acid (B) were used. A gradient from 10–40% of the
mobile phase B was applied within 20 min. The LC was hyphenated to an Orbitrap
Fusion Lumos MS (Thermo Fisher Scientific). For MS1 analysis, scans were acquired in
a mass range of m/z 400–3,500 in positive mode. The resolution was set to 120,000. The
target for automatic gain control (AGC) was set to 400,000. The maximum injection
time was 50 ms. An intensity threshold of 20,000 was applied. For MS/MS analysis,
charge states 2–7 were included for stepped higher-energy C-trap dissociation (HCD)
with a normalized collision energy (NCE) of 35% ± 5% (30%, 35%, and 40% combined in
one spectrum), a maximum injection time of 60 ms, and a AGC target of 50,000.
Additionally, MS/MS fragmentation was triggered for a HexNAc loss (204.087). For the
triggered MS/MS analysis, a stepped HCD with an NCE of 35% ± 15% (20%, 35%, and
50% combined in one spectrum) was applied, and the AGC target was increased to
500,000 while the maximum injection time was increased to 200 ms. For all MS/MS
scans, a precursor isolation width of m/z 1.2 was used. The MS/MS scan resolution was
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30,000 and the m/z range was 110–3,500.

2.4.4. MS/MS DATA EVALUATION

A manual inspection of the raw data was performed in Xcalibur (v. 2.2, Thermo Fisher
Scientific). PMI-Byonic (v. 3.7.13 Protein Metrics) was used for the MS/MS-based
protein and glycosylation site identifications [88]. Protein identification was based on a
canonical Homo sapiens UniProt database including 71,591 protein sequences (20,205
from Swiss-Prot and 51,386 from TrEMBL). The C-terminal cleavage of lysine and
arginine and a maximum of two missed cleavages was allowed. A tolerance of 10 ppm
was applied for the precursors and 20 ppm for fragment ions. A carbamidomethylation
was set as a fixed modification for cysteine residues. Methionine oxidation was enabled
as a variable modification. The search for N- and O-glycopeptides was separately
performed. For this purpose, either the database “N-glycan 309 mammalian no
sodium” (Supporting Information File 7) or “O-glycan 78 mammalian” (Supporting
Information File 6) was applied as a custom modification. For manual MS/MS
assignments, the web tool ProteinProspector v. 6.2.1 was used (http:
//prospector.ucsf.edu/prospector/cgi-bin/msform.cgi?form=msproduct).
All glycopeptide compositions that were not identified by Byonic were subjected to a
manual check of the MS/MS raw data in Xcalibur. This check included verifying the
presence of the characteristic MS/MS ions (Table S4, Supporting Information File 1).
In addition, allotypes of IgG3 and IgA2, which can be present in a human plasma pool
[78], were manually checked. For this, the peptide sequences TKPWEEQYNSTFR,
GFYPSDIAVEWESSGQPENNYNTTPPMLDSDGSFFLYSK (IgG3 N-glycopeptides), and
MAGKPTHINVSVVMAEADGTC(Y) (IgA2 N-glycopeptide) were checked for the
presence of the Y1 (peptide + HexNAc) ion in the MS/MS data. In addition, the expected
glycoforms H1N1, H1N1S1, and H1N1S2 of the IgG3 O-glycopeptide SCDTPPPCPR
were checked.

2.4.5. GLYCOPEPTIDEGRAPHMS ANALYSIS

MS1-based glycopeptide identification in all five MS1-only measurements and
visualization was performed using GlycopeptideGraphMS (v. 2.06) according to the
user manual [89]. In short, the raw data were first transformed to the mzML format
using msconvert (ProteoWizard 3.0 suite). The data preprocessing included the
deconvolution of all MS1 signals using an OpenMS workflow
(KNIME_OPENMS_GraphMS_Preprocessing_120318) in KNIME [89, 107, 108]. This
workflow was used with OpenMS 2.3. Adaptions in the parameters were made in the
m/z range of 400–3,500 and the charge states 2–7. For the glycopeptide identification in
GlycopeptideGraphMS, the intensity threshold was set to 1,000,000, the allowed mass
deviation of the glycan building blocks to 0.02 Da, and the maximum subgroup degree
was set to 1. As composition searching blocks (see the example provided in Supporting
Information File 5), hexose (Hex, 162.0528 Da, max. 30 s RT difference).
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N-Acetylhexosamine (HexNAc, 203.0794 Da, max. 30 s RT difference), hexose, and
N-acetylhexosamine (HexHexNAc, 365.1322 Da, max. 30 s RT difference), deoxyhexose
(Fuc, 146.0579 Da, max. 20 s RT difference), and N-acetylneuraminic acid (NeuAc,
291.0954 Da, max. 120 s RT difference) were enabled. For each glycopeptide cluster of
interest, one data point was assigned to a composition that was verified by the Byonic
search. For the visualization in GlycopeptideGraphMS, the diameter of the data points
and the relative abundance of the glycopeptides were represented upon logarithmic
scaling between intensities from 1 × 106 to 1 × 1012. False-positive assignments
containing negative values in the compositions (illogical compositions) based on the
assigned reference data points of all glycopeptides were removed. Analytes (with logical
compositions) connected solely to analytes with illogical compositions (i.e., negative
features) were excluded as well. For quantitative comparisons, only analytes were
considered which were identified in at least three technical replicates. Intensities of
analytes present at more than one RT were summed in case of a close RT proximity
(likely isomers) or manually checked in the raw data for multiple peaks and included or
excluded, dependent on the presence of multiple peaks in the raw data.

2.4.6. SKYLINE ANALYSIS

In addition to the automated glycopeptide identification, a MS1 assignment and peak
integration was performed in Skyline (v19.1.0.193). The correct peak integration was
manually checked. A reference glycopeptide composition list was inserted into Skyline.
This list contained the merged information from the automatically assigned
compositions (Byonic and GlycopeptideGraphMS), compositions listed on GlyConnect
[94] for IgG and IgA, and an in-house analyte list that was recently used for an IgG/IgA
analysis (based on literature information and manual peak assignment in MS1) [91].
The transition settings were set to product ions, the charge states were set to 2–7, and
the time window was adjusted for each different glycopeptide cluster. MS1 data of the
glycopeptide compositions were manually inspected, and charge states with an isotope
dot product (idotp) >0.85 and a mass accuracy <10 ppm were included. “Normalized
Area” was used for quantification.

2.4.7. LACYTOOLS ANALYSIS

For automated quantification in LaCyTools (v 1.0.1) [90], the raw data were converted to
the mzXML format by MSConvert. The generation of the LaCyTools analyte list was
supported by an in-house Python (v 3.7.6) script (Supporting Information File 3),
which converted a representative GlycopeptideGraphMS output to the required input
format for LaCyTools. Glycopeptide compositions that were not assigned in the
representative data set in GlycopeptideGraphMS were added to the list to an
appropriate retention time cluster. Potentially false-positive results (no MS1 isotope
pattern matching or no MS/MS verification) were manually removed. The applied
analyte list is provided in Supporting Information File 5. Next, an alignment list was
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created by selecting the most abundant glycopeptide compositions for each RT cluster.
The width of the retention time cluster was set to 15 s and adjusted to 7 s for analytes
with closely eluting interference signals. The RT alignment of the technical replicates
was performed within a time window of 30 s and an m/z window of 0.1. For analyte
curation and quantification, an m/z window of 0.025 was used. Upon processing in
LaCyTools, all charge states of analytes with an isotopic pattern quality value higher
than 0.2, mass accuracies of >10 ppm, and a signal-to-noise ratio <9 were excluded. The
peak areas of the remaining charge states were summed and corrected by being divided
by the isotopic pattern fraction. Of note, for the comparison of the relative
quantification of GlycopeptideGraphMS, Skyline, and LaCyTools, the relative
abundance was not renormalized to the intersection of the analytes.

SUPPORTING INFORMATION

Supporting information is available free of charge via
https://www.beilstein-journals.org/bjoc/articles/16/253.
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Recombinant human erythropoietin (rhEPO) is an important biopharmaceutical for
which glycosylation is a critical quality attribute. Therefore, robust analytical methods
are needed for the in-depth characterization of rhEPO glycosylation. Currently, the
protease GluC is widely established for the site-specific glycosylation analysis of rhEPO.
However, this enzyme shows disadvantages, such as its specificity and the characteristics
of the resulting (glyco)peptides. The use of trypsin, the gold standard protease in
proteomics, as the sole protease for rhEPO is compromised, as no natural tryptic cleavage
site is located between the glycosylation sites Asn24 and Asn38. Here, cysteine
aminoethylation using 2-bromoethylamine was applied as an alternative alkylation
strategy to introduce artificial tryptic cleavage sites at Cys29 and Cys33 in rhEPO. The
(glyco)peptides resulting from a subsequent digestion using trypsin were analyzed by
reverse-phase liquid chromatography-mass spectrometry. The new trypsin-based
workflow was easily implemented by adapting the alkylation step in a conventional
workflow and was directly compared to an established approach using GluC. The new
method shows an improved specificity, a significantly reduced chromatogram complexity,
allows for shorter analysis times, and simplifies data evaluation. Furthermore, the
method allows for the monitoring of additional attributes, such as oxidation and
deamidation at specific sites in parallel to the site-specific glycosylation analysis of
rhEPO.
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3.1. INTRODUCTION

R ECOMBINANT human erythropoietin (rhEPO) is a successful
therapeutic glycoprotein whose bioactivity and safety are highly affected by specific

glycosylation features (e.g., the rhEPO half-life depends on the number of sialic acids)
[11]. First-generation rhEPO exhibits three N-glycosylation sites (Asn24, Asn38, Asn83)
and one O-glycosylation site (Ser126). N-Glycans of rhEPO show a wide structural
diversity, including a varying number of antennae, N-acetyllactosamine (LacNAc)
repeats, terminating sialic acids (N-acetylneuraminic acid (Neu5Ac) and
N-glycolylneuraminic acid (Neu5Gc)), and glycan modifications, such as acetylation,
phosphorylation, and sulfation [77]. The O-glycosylation site reportedly carries core
1-type structures with 0, 1, or 2 sialic acids, including acetylation [109]. Numerous mass
spectrometry (MS)-based analytical methods have been described to characterize
rhEPO glycosylation at the released glycan level [77, 110], by studying glycopeptides
[59, 111–114], or, more recently, analyzing rhEPO in its intact form [59]. Between those
methods, the bottom-up glycopeptide analysis is the only approach that allows the
simultaneous characterization of N- and O-glycosylation heterogeneity in a
site-specific manner [11].

Site-specific glycopeptide analysis requires the generation of proteolytic peptide
moieties covering a single glycosylation site [115]. Therefore, protease selection is a
crucial step in analytical method development. Trypsin is the gold standard in
proteomics due to its high specificity and robustness [116]. However, the use of this
protease alone is not sufficient for site-specific glycosylation analysis specifically for
rhEPO, as no natural tryptic cleavage sites (Lys and Arg) are located between the
glycosylation sites Asn24 and Asn38 [11, 111]. GluC is currently the protease of choice in
most rhEPO glycopeptide studies [111–114]. However, the use of this enzyme is
generally compromised by its pH dependent specificity, its low digestion efficiency, and
the generation of relatively large peptide portions [68]. Hence, numerous missed
cleaved products and inconsistent results for the obtained peptide moieties are
reported, hampering the data analysis of rhEPO glycopeptides [59, 111, 113, 114]. To
overcome the disadvantages of the generation of rhEPO glycopeptides by GluC,
different approaches were established. For example, trypsin and GluC were used in a
double digestion of rhEPO[117] or information from two independent complementary
digestions was combined [59, 114]. However, these strategies are less consistent and
more time-consuming than the use of a single specific protease.

In the current study, site-specific glycosylation analysis of rhEPO using trypsin as the
sole proteolytic enzyme was enabled via the aminoethylation of cysteines. Using this
approach, cysteines are transformed into pseudolysines and recognized as substrates
by trypsin [118]. Aminoethylation can be performed using 2-bromoethylamine, as was
first described in 1956 [119]. This approach was applied by several others to facilitate
proteolytic cleavage using trypsin [120, 121]. For example, cysteine aminoethylation
and trypsin digestion were recently combined in a biopharmaceutical application,
increasing the sequence coverage of the complementarity determining region in a
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monoclonal antibody [121]. In the current study on rhEPO, cysteine aminoethylation
created two tryptic cleavage sites between Asn24 and Asn38 at Cys29 and Cys33. This
approach was readily integrated into a conventional reverse-phase liquid
chromatography (RP-LC)-MS workflow for rhEPO multiple-attribute monitoring at the
(glyco)peptide level. As compared to conventional methods, the current approach
resulted in a lower diversity in the cleavage products, shorter peptide portions for the
glycopeptides, and shorter analysis times. Furthermore, it prevented the interference of
oxidation (Met54) and deamidation (Asn47) sites with the assessment of the Asn38
glycosylation.

3.2. EXPERIMENTAL SECTION

3.2.1. CHEMICALS AND SAMPLES

All chemicals had at least analytical grade quality. Further information about the
chemicals used can be found in the Information S1. A reference standard of rhEPO
produced in a Chinese hamster ovary (CHO) cell line was provided by Roche
Diagnostics (Penzberg, Germany).

3.2.2. SAMPLE PREPARATION

A detailed description of the sample preparation can be found in the Information S1.
Briefly, 250 µg of rhEPO was denatured, reduced (20 mM DTT), and then alkylated by
either 60 mM iodoacetic acid (for GluC digestion as reported [122]) or 60 mM
2-bromoethylamine (for 1 h at 60 °C for trypsin digestion) in a final volume of 320 µL.
Upon buffer exchange, samples were digested for 16-18 h by GluC (25 °C,
enzyme/protein 1:25) or trypsin (37 °C, enzyme/protein 1:100) in 450 µL of 50 mM
ammonium bicarbonate, pH 7.8. Sample preparation was performed in triplicate per
digestion protocol.

3.2.3. REVERSE-PHASE LIQUID CHROMATOGRAPHY-MASS SPECTROMETRY

Ten µL of each sample (around 5 µg) was analyzed by C8 RP-LC-MS/MS. A C8 BEH
column (2.1 mm × 150 mm, 1.7 µm, 130 Å, Waters) was used on a UPLC system
(Vanquish Horizon, Thermo Scientific). The flow rate was kept at 300 µL/min, and the
column temperature was kept at 65 °C. A 65 min gradient of 1% to 80% B (mobile phase
A, 0.1% formic acid in water; mobile phase B, 0.1% formic acid in acetonitrile) was
applied (Table S1). The UPLC was hyphenated to an LTQ Orbitrap Velos (Thermo
Scientific). MS1 information was obtained for m/z 200-2,000 in the positive ion mode.
MS2 scans were acquired by CID with a normalized collision energy of 35% for the five
most intense parent ions. Detailed information about the MS settings can be found in
Information S2 [122].

3

36



3.2.4. DATA ANALYSIS

A detailed overview of the data analysis workflow can be found in Information S3 and
Figure S1. In short, GlycopeptideGraphMS (ver. 2.04) [89], in combination with the
MS2 confirmation (manual and using Byonic) of selected glycoforms (Figure S2) and
the literature [122], was used for assignment of the glycopeptides. An initial analyte
quality control and automatic quantification of the main cleavage products was
performed in LacyTools (ver. 1.0) [90]. Skyline (ver. 19.1.0.193) was used for a manual
integration and the quality control of the main glycopeptides of interest for all relevant
cleavage products [123].

3.3. RESULTS AND DISCUSSION

3.3.1. PROTEOLYTIC PEPTIDES

All expected peptides, with at least three amino acids, were assigned for the tryptic
rhEPO digest (Figure S3 and Table S2). The efficiencies of the Cys alkylation with
2-bromoethylamine (97.3%) and the subsequent tryptic digestion (99.3%) were
evaluated based on one Cys-containing peptide with an adjacent Arg (Figure S4 and
Table S3). The alkylation selectivity was evaluated by considering the top seven most
abundant peptides, and showed negligible rates (<1%) of Met, Glu, Asp, and Tyr
aminoethylation (Figures S5-S10 and Table S4). The non-selectively alkylated sites are
in line with the reported (O-)alkylation byproducts in S-alkylation reactions [124]. Trace
amounts of peptides were observed of which the presence is likely explained by the
tryptic cleavage of alkylated Met, Glu, or Tyr (Figures S7 and S9). For the glycopeptides
obtained in the trypsin workflow, cleavages were observed C-terminally to Lys (Asn38
and Asn83), Arg (Ser126), and aminoethylated Cys (Asn24) (Figure 3.1 and Table S5).
Aminoethylation of the cysteines and their cleavage by trypsin was confirmed by
fragmentation of the non-glycosylated Asn24 (theoretical m/z 980.4359, 1+) and Asn38
(theoretical m/z 665.8466, 2+) peptides (Figure S11). For both Asn24 and Asn38, an
additional missed cleaved peptide portion was detected, which was overalkylated. The
location of the extra aminoethyl group was assigned to Cys29 in the MS2 analysis of the
non-glycosylated Asn24 peptide Glu21–Cys31 (Figure S12), likely preventing trypsin
cleavage. The estimated relative abundance of the overalkylated and missed cleaved
versions of the Asn24 and Asn38 glycopeptides was 9.1% and 10.5%, respectively (Table
S6). Considering the theoretically increased ionization efficiency of the missed cleaved
version, due to the additional amines in the elongated sequence [125], the true relative
abundance may be even lower and consequently negligible. For the other glycosylation
sites (Asn83 and Ser126), specific peptide portions were obtained using trypsin (Figure
3.1).
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Figure 3.1: Visualization of detected rhEPO glycopeptides in representative replicates by
RP-LC-MS/MS analysis upon (A) trypsin digestion after aminoethylation and (B) GluC
digestion after carboxymethylation. Glycopeptide assignment and visualization was
performed using GlycopeptideGraphMS [89]. The diameter of the data points indicate
the relative abundance of the glycopeptides (logarithmic scaling between intensities
from 1 × 106 to 1 × 1012). Data points with the same color have the same peptide
backbone but different glycan compositions.

3

38



GluC-derived rhEPO glycopeptides showed C-terminal cleavages to Glu (Asn24, Asn38,
Asn83, and Ser126), Asp (Asn38 and Ser126), and Ser (Asn83 and Ser126), which were
reported earlier for rhEPO [111]. The unspecific cleavage of GluC resulted in several
digestion products per glycosylation site. Missed cleaved products of Asn24
(Ala19–Glu37) and Asn38 (Asn38–Glu55) resulted in coeluting glycopeptides in the
same cluster as the respective main peptide moieties (Figure 3.1), hampering the data
analysis [59, 114]. The highest heterogeneity in the obtained GluC peptide portions was
observed for Asn38, which showed four cleavage products (Figure 3.1 and Table S5), as
reported previously [114]. Furthermore, Ser126 was detected on three different peptide
portions, while the GluC digestion resulted in two products for both Asn24 and Asn83.
The abundance of additional peptides ranged from 0.3% for Asn38 (Asn38–Asp43) to
29.2% for Ser126 (Ala118–Ser104) (Table S6). For further data analysis, peptides of
interest were selected based on the relative abundance (>20%). In addition, a GluC
cleavage product of Asn38 (Asn38–Glu55) was included, as its glycosylation site is
located next to the cleavage site. The rhEPO cleavage products of GluC are not
consistently reported in different studies [59, 111, 113, 114]. This may be due to
different protease sources, sample preparations, and data analysis procedures.

Using the novel trypsin workflow, all glycopeptide peptide moieties, including the
missed cleaved products for Asn24 and Asn38, were well separated by RP-LC, which
allowed for straightforward data integration. Furthermore, the trypsin workflow
enabled a shorter analysis time as compared to the GluC workflow using the same
RP-LC gradient. The maximum retention time for the trypsin workflow was 37 min
(Asn83-H7N6F1S4), while that of GluC was 55 min (Asn83-H7N6F1S4). In summary, the
trypsin workflow reduced the heterogeneity of proteolytic glycopeptides as compared
to the GluC workflow (6 vs 11 glycopeptides for four glycosylation sites) because of the
higher protease specificity of trypsin.

3.3.2. SITE-SPECIFIC GLYCOSYLATION ANALYSIS

In line with previous reports on rhEPO glycosylation, the trypsin-based workflow
showed mainly fucosylated complex-type N-glycans with varying numbers of antennae
(2-4), LacNAc repeats (1-3), and sialylation (0-5) (Table S7) [77, 109, 110]. Moreover,
site-specific glycosylation differences were characterized, indicating a relatively high
content of high mannose-type and diantennary complex-type structures on Asn24;
Asn38 and Asn83 predominantly showed tetra-antennary complex-type N-glycans
(Figure 3.2) [77]. For the O-glycosylation site, mainly core 1-type structures with one
and two sialic acids were detected, which was in line with those reported in the
literature [109]. Low abundances of Neu5Gc-containing glycoforms were assigned for
both N- and O-glycopeptides (Table S7). Interestingly, glycopeptide compositional
isomers were separated in the RP-LC (Figure S13). However, the isomers were not
individually considered for further data processing due to uncertainties in their
assignment. A detailed exploration of the isomeric structure assignment was
considered out of the scope of this report.
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Figure 3.2: Site-specific quantitative comparison of the main N- and O-glycoforms
(>0.5% relative abundance excluding acetylated variants, Table S7) of the peptide
moieties of interest obtained by trypsin (green) or GluC (blue) digestion of rhEPO.
Bars and error bars represent the mean values and standard deviations of triplicate
measurements, respectively. Asterisks (*) indicate nondetected glycoforms. Compounds
are represented as H, hexose; N, N-acetylhexosamine; F, fucose; S, N-acetylneuraminic
acid; G, N-glycolylneuraminic acid; and P, phosphate. SA: sialic acid (S or G).
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A total number of 39 (74), 32 (56), 28 (58), and 10 (20) compositions for the main
trypsin-derived Asn24, Asn38, Asn83, and Ser126 glycopeptide clusters, respectively,
were assigned, excluding (including) acetylation variants (Table S7). This amounts to 55
(100 including acetylation) different N-glycoform compositions. Both N- and
O-glycopeptides revealed low abundant glycoforms, which were previously not
reported for rhEPO. For example, hybrid-type structures were detected on Asn24, and a
disialyl motif (H1N1S3) was detected on Ser126 (for MS2, see Table S7 and Figure S14).
Of note, the glycopeptide feature assignment was based on the retention time
clustering using GlycopeptideGraphMS and prior knowledge [89, 122]. To limit the
assignments of false-positive glycoforms, MS2 validation was performed for at least one
glycoform per cluster (Figure S2), and all MS1 signals were subjected to accurate mass
and isotopic pattern matching. Glycoforms that have not been reported in CHO
cell-produced rhEPO were in part validated by MS2 (Figure S14). The new trypsin
method resulted in similar site-specific glycosylation profiles as compared to the
reference GluC method (Figure 3.2). Interestingly, the relative abundance of high
mannose glycans at Asn38 was higher for GluC peptide moieties, which had the
cleavage site adjacent to the glycosylation site (Asn38–Glu55). Furthermore, differences
in the relative abundances of GluC O-glycopeptides carrying 46% or 33% H1N1S1 and
47% or 64% H1N1S2 were observed on the shorter or longer peptide, respectively. The
findings for Asn38 suggest a glycoform-dependent preference of the GluC digestion
when the glycan is located subsequent to the cleavage site. Such effects were shown
before for trypsin, which cleaved less efficiently when a fucosylated glycan was present
next to the targeted Arg [96]. For the O-glycopeptides, the effects might be attributed to
differences in MS responses between different cleavage products. To our knowledge, no
reports have as of yet investigated the differences in the relative quantification of
glycosylation for differently cleaved peptide moieties in rhEPO. Here we show that
tryptic peptides result in a simplified data interpretation as compared to GluC, as less
peptide heterogeneity is introduced.

In addition to the different glycoforms, the non-glycosylated variants of each of the
tryptic cleavage products of Asn24 (2.3%), Asn38 (0.001%), and Ser126 (5.1%) were also
detected (Table S8). It should be noted that the estimation of the abundance of the
non-glycosylated variants would be more accurate after deglycosylation, as the
ionization efficiency of the peptide with and without glycan may be vastly different, as
previously reported [13]. The GluC-derived peptides showed inconsistent results for
non-glycosylated variants on different cleavage products, in particular when the
cleavage site was adjacent to the glycosylation site (Asn24 and Asn38). For example,
non-glycosylated variants were only detected for Asn38 peptide moieties with the
glycosylation site adjacent to the cleavage site (Table S8). In addition, the
non-glycosylated variant of NITTGCAE was observed for the Asn24 site in the GluC
digest (Figure S15). However, no glycopeptides were observed for this peptide moiety.
Overall, the trypsin workflow facilitated a consistent site occupancy determination.
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3.3.3. OXIDATION AND DEAMIDATION

In addition to glycosylation, the post-translational oxidation (Met54) and deamidation
(Asn47 and Asn147) of rhEPO were previously reported to impact its structure and
biological activity [126]. Trypsin-based RP-LC-MS peptide mapping to assess the
oxidation and deamidation of rhEPO is preferred over GluC-based methods, as trypsin
allows the analysis of Asn47 deamidation and Met54 oxidation on separate peptides
(Figure 3.3, S16-S18, and Table S9) [126]. GluC cleavage faces the issue of Met54 and
Asn47 being present on the same peptide moiety as Asn38. This complicates the
quantification of the individual post-translational modifications, as both the oxidation
and the deamidation result in additional peaks per glycoform. Additionally, it results in
ambiguities as the mass difference between a Neu5Gc and a Neu5Ac is exactly the same
as the mass increment upon Met54 oxidation (15.9949 Da). Thus, besides site-specific
glycosylation analysis, the new trypsin-based workflow offers an approach for
multiple-attribute monitoring of rhEPO, including its deamidation and oxidation.

Figure 3.3: Sequence of rhEPO. Tryptic peptides covering glycosylation sites (green)
and relevant deamidation (orange) and oxidation sites (blue) are highlighted. For
the glycosylation sites, the eight most abundant glycoforms are presented. Structural
ambiguities of the glycoforms were reduced by information from the literature [77].

3.4. CONCLUSIONS

We demonstrated the feasibility and advantages of cysteine aminoethylation with
subsequent trypsin digestion for the site-specific glycosylation analysis of rhEPO. To
our knowledge, this is the first report that describes trypsin as the sole protease for the
cleavage between the glycosylation sites Asn24 and Asn38 of rhEPO. Trypsin showed a
high specificity, resulting in six peptide portions covering the four glycosylation sites. In
contrast, GluC showed a total of 11 peptide portions for the four glycosylation sites. In
the direct comparison between carboxymethylated GluC-derived and aminoethylated
trypsin-derived glycopeptides, we found comparable site-specific relative
quantification results for the glycosylation of rhEPO. It should be noted that the current
study is of exploratory nature, and further validation is needed to assess the
quantification consistency of low-abundant glycoforms. The decreased heterogeneity
in the proteolytic cleavage products using trypsin resulted in a significantly reduced
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sample complexity, causing less ambiguities and facilitating straightforward data
analysis. Moreover, the tryptic digestion did not show glycosylation-dependent
cleavage and appeared highly suitable for the parallel monitoring of deamidation and
oxidation in a multiple-attribute monitoring approach. Finally, the described sample
preparation can be integrated in current rhEPO glycopeptide mapping workflows with
minor adaptations, making it an attractive method for the biopharmaceutical sector.

SUPPORTING INFORMATION

Supporting information is available free of charge via https://pubs.acs.org/doi/
10.1021/acs.analchem.0c01794?goto=supporting-info.
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Recombinant human erythropoietin (EPO) is a complex therapeutic glycoprotein with
three N- and one O-glycosylation sites. Glycosylation of EPO influences its safety and
efficacy and is defined as a critical quality attribute. Thus, analytical methods for
profiling EPO glycosylation are highly demanded. Owing to the complexity of the intact
protein, information about EPO glycosylation is commonly derived from released glycan
and glycopeptide analysis using mass spectrometry (MS). Alternatively, comprehensive
insights into the glycoform heterogeneity of intact EPO are obtained using ESI MS-based
methods with or without upfront separation of EPO glycoforms. MALDI MS, typically
performed with TOF mass analyzers, has been also used for the analysis of intact EPO
but, due to the poor glycoform resolution, has only provided limited glycoform
information. Here, we present a MALDI FT-ICR MS method for the glycosylation profiling
of intact EPO with improved glycoform resolution and without loss of sialic acid residues
commonly observed in MALDI analysis. Three EPO variants were characterized in-depth
and up to 199 glycoform compositions were assigned from the evaluation of
doubly-charged ions, without any deconvolution of the mass spectra. Key glycosylation
features such as sialylation, acetylation, and N-acetyllactosamine repeats were
determined and found to agree with previously reported data obtained from orthogonal
analyses. The developed method allowed for a fast and straightforward data acquisition
and evaluation and can be potentially used for the high-throughput comparison of EPO
samples throughout its manufacturing process.
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4.1. INTRODUCTION

R ECOMBINANT human erythropoietin (EPO) is a complex glycoprotein and a very
successful biopharmaceutical [127–129]. The protein backbone is about 18,000 Da

with additional glycosylation that extends the molecular mass up to about 32,000 Da.
Four glycosylation sites (Asn24, Asn38, Asn83, and Ser126) and a high diversity of
structural glycosylation features (varying levels of antennae, N-acetyllactosamine
(LacNAc) repeats, sialylation, phosphorylation, sulfation, acetylation) have been
described [130]. Since these features affect the safety and efficacy profile of EPO,
glycosylation – defined as a critical quality attribute (CQA) of EPO – must be
characterized to ensure the quality of the biopharmaceutical [122].

The in-depth glycosylation analysis of complex glycoproteins, such as EPO, is typically
performed by a combination of different mass spectrometry (MS)-based methods
[131, 132]. In fact, since the very first reports on the structure and function of EPO, MS
has been widely used to study its glycosylation. The integration of information,
obtained from multiple analysis levels, is needed for a comprehensive characterization
of EPO glycosylation (Figure 4.1).

Figure 4.1: Scheme of multi-level characterization of EPO using MS-based methods.

The analysis of enzymatically released glycans has provided detailed information of the
N-glycosylation of EPO [130, 133–136], while the analysis of glycopeptides has allowed
for a site-specific determination of the glycan compositions [114, 115, 122, 137–140]. At
the intact protein level, MS provides unique information on the combinatory presence
of different glycan moieties on its four glycosylation sites [59, 133, 141–144]. However,
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such an analysis, that leads to very complex mass spectra, is challenged by the high
glycoform heterogeneity. This problem has been often mitigated by combining
powerful separation techniques with sensitive MS methods [142, 145–148]. For
example, the use of anion exchange chromatography (AEX) and Fourier transform ion
cyclotron resonance (FT-ICR) MS has recently allowed for the assignment of 357
proteoforms to an EPO reference standard (EPO RS) [71]. Such an in-depth analysis
requires long measurement times and tedious data processing, therefore, more direct
strategies have also been developed. For example, in a recent report by Čaval and
co-workers, intact glycoengineered variants of EPO were analyzed by native ESI MS on
a modified Orbitrap MS system without any upfront separation [46]. The assignment of
up to 236 EPO glycoforms allowed for comprehensive glycoform profiling of EPO [59].
Direct analysis methods were demonstrated to be very powerful for fast glycoform
profiling and similarity assessment. Of note, the high heterogeneity of EPO limits the
applicability of top-down MS/MS strategies therefore the analysis of intact EPO
proteoforms, as well as other glycoproteins of similar complexity, must be always
complemented by other structural analyses such as bottom-up MS.

Intact protein analysis of EPO has also been performed by MALDI MS however, this
type of analysis has only provided limited information since the different EPO
glycoforms are typically not resolved in time-of-flight (TOF) MS that is the most
commonly used type of MALDI MS [149–152]. Furthermore, MALDI analysis of
sialylated glycans and glycoconjugates is often affected by the loss of sialic acid residues
that occurs during or post ionization. Compared to ESI MS, MALDI MS methods offer
the advantage of a faster acquisition, the absence of carryover, a more stable ion source
performance, and a more straightforward data interpretation. Therefore, a MALDI MS
method for the analysis of intact EPO, with glycoform resolution and without loss of
sialic acid residues, would be of great benefit.

In this study, we developed a MALDI FT-ICR MS method for the analysis of intact EPO
glycoforms. Three EPO variants, namely EPO RS, EPO RP+ and EPO RP- were analyzed
using 2,5-dihydroxyacetophenone as a MALDI matrix to minimize the loss of sialic acid
residues. Robust and detailed glycosylation profiles were obtained directly from the
evaluation of doubly charged EPO glycoforms, without any deconvolution of the mass
spectra. The precise assignment of glycoform compositions allowed for the evaluation
of key glycosylation features of EPO such as sialylation, acetylation, and LacNAc
repeats. The developed method allowed for a straightforward comparison of EPO
variants and can be potentially used throughout the manufacturing process for
example for clonal selection, batch-to-batch comparison, and biosimilars evaluation.
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4.2. EXPERIMENTAL SECTION

4.2.1. CHEMICALS AND SAMPLES

All chemicals used in this study had at least analytical grade quality and were, if not
otherwise stated, purchased from Sigma Aldrich (Steinheim, Germany). EPO RS, EPO
RP+, and EPO RP- were produced in Chinese hamster ovary (CHO) cells and were kindly
provided by Roche Diagnostics (Penzberg, Germany). EPO RP+ and EPO RP- were
obtained from EPO after fractionation by reversed-phase HPLC, as described elsewhere
[122]. All EPO materials were previously studied by several methods and reference data
was used for comparison [71, 122, 140]. Precisely, the very same samples used in this
studies were previously characterized by bottom-up MS at a glycopeptide level and the
obtained MS/MS spectra are available at doi:10.25345/C54998 [140]. For MALDI MS
analysis, 2,5-dihydroxyacetophenone (DHAP, saturated) mixed in a ratio 8:2 with
diammonium hydrogen citrate (DAHC, 20 mg/mL), in acetonitrile (ACN):water
(50:50%, v/v), was used as MALDI matrix. 4-Chloro-α-cyanocinnamic acid (ClCCA) was
prepared at 10 mg/mL in ACN:water (70:30%, v/v) while, saturated sinapic acid (SA)
and saturated α-cyano-4-hydroxycinnamic acid (CHCA) were prepared in
ACN:water:trifluoroacetic acid (30:69.9:0.1%, v/v/v). For external calibration of the MS
system, 10 mM trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-popenylidene]malono-
nitrile (DCTB) in acetone was used as MALDI matrix to analyze cesium iodide cluster
ions [(CsI)n + Cs]+.

4.2.2. DESIALYLATION

Enzymatic desialylation of EPO RS was performed using SialEXO® (Genovis). 50 µg of
EPO were digested with 50 units SialEXO (40 units/µL) in 20 mM
tris(hydroxymethyl)aminomethane buffer, pH 6.8 at 37°C for 4 h.

4.2.3. SAMPLE CLEAN-UP

The EPO samples were subjected to solid-phase extraction (SPE) by C4 ZipTip® tips
(Merck Millipore). The SPE-tip was washed three times with 10 µL of ACN:water:formic
acid (FA) (50:49.9:0.1%, v/v/v). Then, the SPE-tip was conditioned, three times, with 10
µL of 0.1% FA in water. Prior to loading, 10 µg of the sample were diluted in 10 µL with
0.1% FA in water. Upon sample loading (20 times), an additional washing step (five
times methanol:water:FA (5:94.9:0.1%, v/v/v)) was applied and the sample was eluted
in 10 µL of ACN:water:FA (50:49.9:0.1%, v/v/v).

4.2.4. MALDI SPOTTING

0.5 µL of the EPO samples were spotted onto a polished steel target MALDI plate (Bruker
Daltonics) and 0.5 µL of DHAP matrix were added. For external calibration of the MS
system, 0.5 µL CsI3 (50 mM in water) was spotted together with 0.5 µL of DCTB matrix
[153]. The spots were allowed to dry at room temperature.
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4.2.5. MALDI FT-ICR MS

A 15 T solariX XR FT-ICR mass spectrometer (Bruker Daltonics) with a CombiSource and
a ParaCell was used in the study. The mass spectrometer was operated using ftmsControl
software (Bruker Daltonics). MALDI experiments were performed with a Smartbeam-
II Laser System (Bruker Daltonics) at a frequency of 500 Hz and 200 laser shots. The
“selective accumulation” mode was used to sum 200 high-quality spectra. The data were
acquired in positive-ion mode in the m/z range 2,022- 35,000 with 64,000 data points
(i.e. transient time 0.2884 s). The total measurement time was approximately 5 min. The
MS instrument was externally calibrated using [(CsI)n + Cs]+ ion clusters (Figure S1).
All samples were measured in triplicates. For EPO RS, two additional measurements
were performed on two days for interday analysis. Additionally, linear positive-mode
MALDI TOF MS measurements were performed on a rapifleX mass spectrometer (Bruker
Daltonics).

4.2.6. DATA ANALYSIS

Mass spectra were visualized and inspected in DataAnalysis 5.0 (Bruker Daltonics).
mMass was also used for visualization and peak integration of .xy files [154]. The
Uniprot sequence of human EPO (P01588) without C-terminal arginine was used for
the calculations of average masses with the web-based tool ProtPi
(https://www.protpi.ch). An average mass of 18,235.7324 Da was used for the EPO
backbone with 2 disulfide bonds. For glycan building blocks, the residual average
masses of hexose (H, 162.1406 Da), N-acetylhexosamine (N, 203.19252 Da),
deoxyhexose (F, 146.1412 Da), N-acetylneuraminic acid (S, 291.2546 Da),
N-glycolylneuraminic acid (G, 307.2544 Da), acetyl (Ac, 42.0368 Da) and phosphate (P,
79.9799 Da) were used from National Institute of Standards and Technology
(https://www.nist.gov/static/glyco-mass-calc/). The assignments of
glycoform compositions were mainly based on recent data on intact glycoforms,
glycopeptides and released glycans of the studied EPO variants [71, 110, 140]. Analyte
curation was based on an m/z tolerance of 5 Th, a signal-to-noise ratio ≥ 10, and the
presence in all replicates. The assigned glycoforms were further validated by simulating
the mass spectrum of doubly charged intact EPO ions, using recently published
bottom-up data of EPO RS and an R script for simulating mass spectra of intact
glycoproteins (https://github.com/Yang0014/glycoNativeMS) [59, 140]. In
addition, the R script was used to assess the similarity of intact EPO RS MALDI mass
spectra for the intra- and interday analysis. Relative abundances of intact EPO
glycoforms were calculated by total signal intensity normalization. The data were
grouped into different glycosylation traits (sialylation, acetylation and LacNAc repeats).
For this, all relative intensities were summed based on the number of sialic acids, acetyl
groups, or HxN(x-3) repeats. The average number of sialic acids per EPO molecule was
determined by summing all relative abundances upon multiplying by the number of
sialic acids.
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4.3. RESULTS AND DISCUSSION

4.3.1. OPTIMIZATION OF MALDI MS ANALYSIS

The analysis of sialylated glycans and glycoconjugates by MALDI MS may be affected by
the loss of sialic acid residues generated from in-source and metastable decay (ISD)
processes. The extent of such a loss depends on both the nature of the analyzed
biomolecule and the MALDI conditions such as the MALDI matrix and the laser power.
Furthermore, the ISD of biomolecules is partially influenced by the pressure of the
MALDI ion source [155, 156]. It has been shown that the use of an intermediate
pressure MALDI ion source minimizes the loss of sialic acid residues of released glycans
and glycopeptides [157, 158]. Alternatively, sialic acid residues can be stabilized by
chemical derivatization as previously shown for the analysis of released glycans and
glycopeptides [159–161].

Here, different MALDI matrices, namely CHCA, ClCCA, SA, and DHAP, were evaluated
for the analysis of EPO RS by MALDI FT-ICR MS (Figure S2). All matrices allowed for the
detection of EPO RS glycoforms. The glycosylation profiles obtained using ClCCA and
DHAP showed high similarity, whereas the profiles obtained with SA and CHCA showed
a significant shift towards less sialylated glycoforms. This shift, presumably associated
with in-source decay processes and consequent loss of sialic acid moieties, was more
pronounced for the CHCA matrix. MALDI matrix adducts, detected at high intensity for
ClCCA (Figure S3), were negligible in the mass spectra obtained using DHAP which was
chosen for the further analysis of EPO RS by MALDI FT-ICR MS. The use of DHAP, as a
“cold” MALDI matrix, and the intermediate pressure MALDI ion source of the FT-ICR
MS system minimized sialic acid residue loss of intact EPO RS. The suitability of DHAP
for the analysis of sialylated proteins has previously been reported [162].

The obtained mass spectra showed intense doubly charged EPO glycoform signals with
intensities ranging over almost two orders of magnitude. The most abundant
glycoforms were also detected as singly and triply charged ions but at a lower intensity
(Figure S4). The spectra of the less complex desialylated EPO RS showed a higher
abundance of singly charged ions (around 10%) and desialylated EPO RS dimers were
detected as doubly and triply charged species (Figure S4). Due to the low number of
observed charge states and their different abundance, the mass spectra were not
deconvoluted, instead, the data interpretation and processing was solely based on the
doubly charged ions which were measured at a resolving power of about 2,000 (Figure
S5). Of note, MALDI FT-ICR MS has allowed the measurements of small protein and
polysaccharides at an isotopic resolution up to about m/z 24,000, providing mass
spectra of superior quality compared to MALDI TOF MS [163–175].
Ultrahigh-resolution glycosylation profiles have been obtained for apolipoprotein-CIII,
ribonuclease-B, and Fc portions of monoclonal antibodies [169–173]. Isotopic
resolution measurements of EPO RS did not improve the mass spectra quality (data not
shown) as a consequence of the fast decay of the transient signal that affected the
sensitivity of the analysis. EPO RS glycoforms, analyzed by MALDI TOF MS, were not
resolved and were instead detected as a single broad peak in line with previous reports

4

51



(Figure 4.2) [149–152, 176]. The glycoform resolution in MALDI TOF mass spectra
improved after desialylation of the EPO RS, however, also in this case, MALDI FT-ICR
MS analysis was more informative.

Figure 4.2: MALDI FT-ICR mass spectra of doubly charged EPO RS (A) wild-type,
(B) desialylated and corresponding MALDI TOF mass spectra (C and D, respectively).
*represents acetylated species.

4.3.2. GLYCOFORM ASSIGNMENTS OF EPO REFERENCE STANDARD

A complex glycosylation profile of EPO RS was obtained by MALDI FT-ICR MS (Figure
4.2A, Table S1). Desialylation of EPO RS reduced significantly the mass spectrum
complexity and allowed for the assignment of 42 “core” glycoform compositions (Figure
4.2B, Table S2). All assignments were based on previously reported glycoform
compositions obtained from the characterization of EPO RS samples at the intact
protein, the glycopeptide, and the released glycan levels [71, 110, 140]. Thus, the main
“core” glycoforms were assigned to HxN(x-3)F3 compositions generated from the
combinatory occupancy of the four glycosylation sites with varying numbers of
antennae and LacNAc (HN) repeats. The largest “core” glycoform was assigned to
H30N27F3 while H22N19F3 had the highest abundance. A series of low-abundant
HxN(x-5to6)F2P1 “core” glycoforms were also detected. These compositions were
associated with phosphorylated (+ 79.9799 Da) high mannose structures (e.g. H5N2P1,
H6N2P1, Figure S6), which are known to be present at relatively high abundances
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(summed around 10%) [140]. Of note, HxN(x-6)F2P1, originating from the presence of
H6N2P1 at one of the N-glycosylation sites, has a compositional difference
of-2H-1P+2N relative to H(x-2)N(x-4)F2 resulting from an unoccupied N-glycosylation
site which translates into a theoretical ∆m/z of -1.0620. These species could not be
resolved and the detected signal was assigned to HxN(x-6)F2P1 glycoforms based on
quantitative information on the high mannose glycoforms (i.e. H6N2P1, around 5%)
and the occupancy of the N-glycosylation sites [140]. In fact, it was previously shown
that Asn24 bears the highest levels of high mannose glycoforms and is the most
unoccupied N-glycosylation site (around 2%) of the analyzed EPO RS [140]. The
assignment of the “core” structures of desialylated EPO RS was further supported by the
fact that only phosphorylated high mannose glycoforms were assigned in
charge-sensitive high-resolution AEX-MS [71, 140]. Although deamidated proteoforms
and sulfated (+ 80.063 Da) glycans of EPO RS were previously reported, these could not
be resolved in our analysis [77].

The higher glycoform heterogeneity of the wild-type EPO RS is mainly derived from the
presence of a varying number of sialic acids, such as Neu5Ac and to a minor extent
Neu5Gc, on the “core” structures (Figure 4.2). Additional acetyl groups on the sialic
acid residues further increased the complexity. In total, 183 glycoforms were assigned to
EPO RS (Table S1, Figure S7) with the five most abundant glycoforms being
H22N19F3S12, H22N19F3S11, H21N18F3S10, H22N19F3S13, H23N20F3S19, in line
with previous reports on CHO cell produced EPO [59, 71]. On average, for all glycoforms
present in a representative replicate, the measurement error was -0.5 ± 1.5 Th (-1.0 ±
3.0 Da) based on an external calibration, solely. Mass deviations up to 15.1 Da and 236
glycoforms were instead previously reported for intact EPO glycoforms analyzed by
direct native ESI MS analysis [59]. The higher mass tolerance, the potential
deconvolution artifacts and the difference in the analyzed EPO samples are possible
reasons for the higher number of assigned glycoforms in ESI compared to MALDI.

The possible presence of overlapping signals generated from isobaric glycoforms or
glycoforms with similar masses was also evaluated for the assignments. For example,
glycoform compositions containing Neu5Gc instead of Neu5Ac differ by 15.995 Da (or
∆m/z 7.998). This mass difference can also result from the oxidation of Met54 at the
protein backbone. However, no detectable amount of oxidized backbone was assigned
in the desialylated EPO therefore, this protein modification was excluded. Similarly,
both HxN(x-3)F3Sy and H(x+1)N(x-5)F2S(y+1)P1 (∆m/z 9.5756) could also be assigned
with high confidence. Another example is the compositional difference between 4 HN
(+1461.3325 Da) and 5 NeuAc (+1456.2729 Da) that is reflected in a mass difference of
5.0596 Da (∆m/z 2.5298). In this case, assignments were based on the mass accuracy,
the assigned “core” glycoforms and previous AEX-MS assignments [71]. The assignment
of acetylated glycoform compositions also required some additional consideration.
Acetylation of sialic acids (up to 2 acetyl groups per sialic acid are possible) of EPO has
previously been reported [11, 46, 59, 71, 110, 140]. Up to 6 acetyl groups were assigned
to the most abundant glycoform (H22N19F3S12) of EPO RS (Table S1). Glycoforms with
one acetyl group do not overlap with other glycoforms and can be accurately assigned
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whereas glycoforms with two acetyl groups (HxN(x-3)F3SyAc2) were rarely assigned
since glycoforms containing H(x+1)N(x-2)F3S(y-2)G1, with similar masses (∆m/z
3.0024), were generally more prominent based on mass accuracy. For compositions
with a higher number of acetyl groups, another partial overlap (∆m/z 4.9975) between
HxN(x-3)F3SyAcz and H(x+1)N(x-2)F3S(y-1)Ac(z-2) was in addition carefully
considered for more confident assignments.

Considering the degree of complexity, structural and compositional information
obtained using other types of analysis is pivotal to make confident assignments in
MALDI FT-ICR mass spectra. In addition to the reported glycosylation analyses of EPO
RS, the assignments were further supported by a comparison between the MALDI
FT-ICR MS spectra of EPO RS and an in silico constructed spectrum obtained from
bottom-up glycopeptide data (Table S3) [140], as previously reported by Yang and
coworkers [59]. Such a constructed glycosylation profile of EPO RS showed high
similarity to the glycoform distribution in the acquired MALDI mass spectrum (Figure
S8) although a shift towards higher sialylation levels was observed in the measured
data. This was in line with what was previously shown by Yang and coworkers which
compared ESI MS spectra of intact EPO and an in silico constructed spectra from
glycopeptides data [59]. The observed differences may be explained by the loss of sialic
acids and an ionization bias of the sialic acids in bottom-up glycopeptide analysis
compared to intact protein characterization. Finally, the glycosylation profiles obtained
with MALDI FT-ICR MS were in agreement with previously reported data obtained
using bottom-up and intact protein analysis by ESI MS [71, 140].

To assess the repeatability of the EPO RS glycosylation profiles obtained by MALDI
FT-ICR MS, replicate measurements of EPO RS were performed over three days. The
median intraday and interday variabilities, calculated for the relative intensities of all
glycoform compositions (n=183), were 7.4% and 9.8%, respectively (Table S4). The good
repeatability of the EPO glycosylation profiles was corroborated by mass spectra
similarity scores higher than 0.96 (Figure S9).

4.3.3. GLYCOSYLATION ANALYSIS OF EPO VARIANTS

Detailed glycosylation profiles of two additional EPO variants, namely EPO RP+ and
EPO RP-, were obtained using the MALDI FT-ICR MS method optimized for the analysis
of EPO RS (Figure 4.3, Tables S5 and S6). These variants were recently characterized by
QC release methods, bottom-up LC-MS and AEX-MS at the intact level [71, 122, 140]. In
the MALDI FT-ICR MS spectra, 169 and 199 glycoform compositions were assigned to
EPO RP+ and EPO RP-, respectively, whereas 160 and 192 glycovariants (deamidated
proteoforms not included) were previously assigned by AEX-MS. A higher number of
LacNAc repeats was detected by MALDI FT-ICR MS for EPO RP+ compared to EPO RS,
in line with bottom-up LC-MS data (mainly at Asn83) [122]. The MALDI spectra of EPO
RP- indicated lower levels of N-glycosylation. Instead, glycoforms with only two
occupied N-glycosylation sites (HxNx-2F2Sy) were assigned for EPO RP-, e.g. the most
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abundant species was assigned to H15N13F2S9 instead of H17N11F2S9P1 (assigned
glycoform for EPO RS), in line with the previously reported low site occupancy of Asn24
[122].

Figure 4.3: MALDI-FT-ICR mass spectra of EPO variants with (A) increased number of
LacNAc units and (B) decreased glycosylation site occupancy.

Key glycosylation features of the three different EPO variants were compared (Figure
4.4). The average number of sialic acids, determined by MALDI-FT-ICR MS, was 10.7
(EPO RS), 10.9 (EPO RP+) and 9.4 (EPO RP-). This is in good agreement with QC release,
bottom-up LC-MS and AEX-MS analyses previously reported for the same EPO variants
(Table 4.1). MALDI FT-ICR MS showed the same sialylation ranking (EPO RP+ > EPO RS
> EPO RP-), except for the AEX-MS method (EPO RS > EPO RP+ > EPO RP-). Considering
the QC release method as the best estimation of sialylation, the sialic acid stability of
the MALDI FT-ICR MS method is above 95%.
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Figure 4.4: Key glycosylation features of three EPO variants analyzed by MALDI FT-ICR
MS. (A) sialylation, (B) acetylation and (C) LacNAc repeats. * not detected.

Table 4.1: Comparison of the average sialic acid content per EPO molecule determined
by different methods.

Method EPO RS EPO RP+ EPO RP-
MALDI FT-ICR MS 10.7 ± 0.03 10.9 ± 0.01 9.4 ± 0.04
QC* [122] 11.2 ± 0.05 11.4*** 10.2***

MAM** [122] 10.9 ± 0.1 10.4*** 10.1***

AEX-MS [71] 11.6 ± 0.04 11.4 ± 0.08 11.0 ± 0.13
* HPAEC-PAD analysis of released sialic acids (Neu5Ac).
** Multiple Attribute Monitoring by bottom-up LC-MS of a GluC digest.
*** Standard deviations not available.
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Other glycosylation quality features such as LacNAc repeats and acetylation can also be
derived from the MALDI FT-ICR mass spectra (Figure 4.4). In line with previous reports,
70% - 80% of the sialic acids are not acetylated [71]. Mono-acetylated species were
below 20% and higher degrees of acetylated glycoforms should be carefully interpreted
owing to described overlapping species. The expected differences in the LacNAc
repeats of the different EPO variants could be shown as well by the relative
quantification (Figure 4.4). The distribution of HxN(x-3)F3 species obtained for EPO RS
was in good agreement with the analysis upon desialylation (Figure 4.2). EPO RP+
showed the highest content of HN units (H24N21F3 most abundant) and both EPO RS
and EPO RP- showed H22N19F3 as the most abundant species.

It should be stressed that prior knowledge of glycosylation moieties of complex
glycoproteins, such as EPO, is needed for a reliable interpretation of intact protein mass
spectra. Such information must be obtained by a multi-level structural characterization
of the glycoproteins which includes released glycan analysis and site-specific
characterization by bottom-up MS. Nonetheless, as depicted in Figure 4.1, a
comprehensive characterization of EPO must include the analysis at the intact protein
level to determine the combinatory presence of protein modifications on different
modification sites. This unique information is key for assessing the structural integrity,
quality, and safety of pharmaceutical proteins.

4.4. CONCLUSIONS

In this study, we showed that detailed glycosylation profiles of intact EPO can be
obtained by low-resolution MALDI FT-ICR MS. An exceptional improvement in
glycoform resolution was achieved compared to MALDI TOF MS analysis. MALDI
FT-ICR MS provided glycosylation profiles comparable to data previously obtained with
other types of analyses such as native ESI MS and AEX-MS and allowed for a more
straightforward data acquisition and interpretation. In fact, MALDI FT-ICR MS allowed
for the measurements of multiple samples without the need for in-between washing
steps as for native ESI MS, while the evaluation of only doubly charged ions made
deconvolution unnecessary. The comparison of the glycosylation profiles of three
different EPO variants, namely EPO RS, EPO RP+ and EPO RP-, showed that MALDI
FT-ICR MS allows for the evaluation of key glycosylation features such as the number of
sialic acid residues and acetyl groups and LacNAc repeats. In particular, sialylation – the
most important and susceptible glycosylation trait of EPO – was proven to be stable
under the chosen MALDI conditions and sialylation profiles were in good agreement
with those obtained from other orthogonal methods. Of note, as the loss of sialic acid
during MALDI also depends on the nature of the analyzed biomolecule, different
spotting conditions and/or acquisition parameters may be required for the analysis of
different glycoproteins. Finally, the simplicity and potential high-throughput capability
of the here developed method are desirable characteristics for applications in the
biopharmaceutical industry. Further studies are needed to evaluate the applicability of
the developed method for the analysis of unpurified EPO during the manufacturing
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process and to evaluate (and develop) more accessible MS technology (e.g. MALDI
qTOF MS) that could provide similar mass spectral quality of EPO glycoforms as
obtained using 15T MALDI FT-ICR MS. To our knowledge, this is the first report on the
use of MALDI MS for the glycoform-resolved analysis of highly sialylated intact
glycoproteins. We anticipate the application of our strategy for the analysis of different
pharmaceutical glycoproteins with a molecular mass of up to 40 kDa including various
hormones and glycoconjugate vaccines.
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Determination of the impact of individual antibody glycoforms on FcγRIIIa affinity, and
consequently antibody-dependent cell-mediated cytotoxicity (ADCC) previously required
high purity glycoengineering. We hyphenated FcγRIIIa affinity chromatography to mass
spectrometry, which allowed direct affinity comparison of glycoforms of intact
monoclonal antibodies. The approach enabled reproduction and refinement of known
glycosylation effects, and insights on afucosylation pairing as well as on low-abundant,
unstudied glycoforms. Our method greatly improves the understanding of individual
glycoform structure-function relationships. Thus, it is highly relevant for assessing
Fc-glycosylation critical quality attributes related to ADCC.
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F Cγ receptors (FcγR) are key elements in many immunological responses. FcγRIIIa
has an important role in mediating antibody-dependent cell-mediated cytotoxicity

(ADCC). Thus, investigating antibody-FcγRIIIa interactions is highly relevant for
fundamental and clinical research, as well as (bio)therapeutic innovations [32, 177].
The Fc glycosylation of immunoglobulin G (IgG) has large effects on its FcγRIIIa
interaction [33]. Most significantly, IgG fucosylation reduces FcγRIIIa affinity by up to
100-fold. This is in part attributable to a unique glycan-glycan interaction between the
IgG Fc and the FcγRIIIa N162 glycan [31]. Knowledge of the effects of IgG glycosylation
led to the successful development and approval of next-generation, glycoengineered
therapeutic monoclonal antibodies (mAbs) with low fucose levels, such as Gazyva
(obinutuzumab, Roche/Genentech) [37, 178]. In contrast to the effects of fucosylation,
galactosylation of the IgG Fc glycan slightly increases the FcγRIIIa affinity [34, 35].
Several glycosylation traits are therefore critical quality attributes [12].

Analytical methods for assessing effector functions and Fc/Fc-receptor interactions in
therapeutic antibodies were recently reviewed [177, 179]. Functional cellular activity
assays have the advantage of high relevance towards the in vivo situation. The
downstream signaling is determined by a complex interplay of immune complexes
binding to activating and inhibitory FcγR [32]. The interaction of FcγRIIIa with the Fc
portion occurs in an asymmetrical 1:1 stoichiometry that precludes cellular activation
in vivo by monomeric antibodies [32, 180]. Thus, the translation of functional cellular
assays is more straightforward compared to cellular or cell-free binding assays studying
monomeric antibodies. However, the fundamental interactions of Fc and FcγRIIIa do
not depend on whether IgG is present in monomeric form or as an immune complex,
and it is important to study them. Several cell-free physicochemical assays are well
established and generally, the first choice for assessing the potential impact of
monomeric IgG Fc attributes on receptor binding due to their increased analytical
performance with regard to assay complexity, affinity resolution, and robustness [179].
Moreover, these binding assays strongly linked in vitro FcγRIIIa affinity and ADCC
activity [8, 34, 35]. Explicitly, retention time differences in FcγRIIIa affinity liquid
chromatography (AC) were linked to ADCC [34].

A common disadvantage of all previous methods is the averaged and potentially biased
output because of the naturally occurring IgG glycoform heterogeneity. Therefore,
unraveling the impact of individual IgG glycoforms on FcγRIIIa affinity previously
required laborious glycoengineering. The lack of molecular resolution of established in
vitro affinity assessment techniques, such as surface plasmon resonance (SPR) or AC
necessitated high IgG glycoform purity [8, 34, 181].

Here, we present the simultaneous assessment of FcγRIIIa affinity of multiple IgG
glycoforms of a therapeutic mAb. This was achieved by AC hyphenated to mass
spectrometry (MS). MS allowed molecular resolution while the separation dimension
provides FcγRIIIa (V158) affinity. Advantageous features are: (1) affinity assessment of
individual, previously unstudied glycoforms from biosynthetic mixtures, omitting the
need for advanced glycoengineering; and (2) increased affinity differentiation
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compared to established in vitro techniques due to the simultaneous assessment.

MS has become an important technique for characterizing intact proteins [182–185].
The combination with AC (AC-MS) proved its potential for functional characterization
of therapeutic mAbs recently. AC-MS based on the fetal/neonatal Fc receptor (FcRn)
showed decreased FcRn affinity, and by extension IgG half-life, for a mAb oxidized at
M255 [72]. However, FcRn affinity is only very weakly influenced by glycosylation
[8, 181]. Therefore, resolving complex glycosylation heterogeneity molecularly on an
intact protein level is necessary for FcγRIIIa-AC-MS, which makes it more challenging
and more powerful at the same time. For method development, a good balance
between MS response and separation efficiency is crucial. In contrast to previous
AC-UV studies [181], we employed a simple ammonium acetate buffer. We optimized
ammonium acetate concentration and linear pH gradient (Supplemental Figure 1),
aiming at an at least equal separation efficiency compared to the previously reported
FcγRIIIa AC-UV conditions (Figure 5.1(a)). This was achieved using 50 mM ammonium
acetate and a pH gradient from pH 5 - pH 3 (Figure 5.1(b)). We used the same column
for which FcγRIIIa AC retention times were previously linked to ADCC and obtained
comparable profiles (Figure 5.1) [34].

A 15 T Fourier transform ion cyclotron resonance (FT-ICR)-MS instrument provided
high sensitivity and mass accuracy for determining even low-abundant glycoforms
(Figure 5.1(c,d), Supplemental Table 3 and 4). We detected 21 compositions, reflecting
27 partially isomeric glycoforms (Figure 5.1(b) and Supplemental Table 4). Typical
charge state distributions ([M + 24H]24+ to [M + 29H]29+) of folded protein
conformations were observed for the entire pH gradient (inserts Figure 5.1(c,d)). The
method showed very good intra- and inter-day variability of relative peak areas for the
resolved glycoforms of the mAb (Supplemental Figure 3 and Supplemental Table 5).
Further, relative peak areas of glycoforms of the intact mAb showed good agreement
compared to the glycoform profile based on released glycan analysis (Supplemental
Figure 5). This demonstrated the feasibility of performing relative quantitation and
provides additional proof of correct glycoform assignment.

AC-MS enables the simultaneous in vitro comparison of FcγRIIIa affinity of antibody
glycoform mixtures, in contrast to SPR or AC-UV. Previously, FcγRIIIa affinities of seven
glycoengineered mAbs were assessed using AC-UV [181]. More recently, AC-UV and
subsequent glycan analysis were used to assess the heterogeneity of Fc-glycosylation of
a therapeutic antibody, using a non-glycosylated FcγRIIIa [186]. However, glycosylation
has been shown to be critical for differential recognition of IgG-glycoforms by wild-type
FcγRIIIa [187]. Thus, no significant differences for individual glycoforms, except for
galactosylation levels, were observed. With our method, we can directly compare the
affinity of 21 glycoforms present in a therapeutic mAb without the need for
fractionation or glycoengineering. Herein, we use a human embryonic kidney (HEK)
cell-produced FcγRIIIa. This may lead to altered glycosylation and affect
affinity/selectivity compared to the natural receptor. Currently, available natural
FcγRIIIa data is missing site-specificity or is inferred (and incomplete) [187, 188].
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Figure 5.1: FcγRIIIa affinity chromatography for a therapeutic mAb. (a) UV
chromatogram using reported non-MS compatible conditions [181]. (b) AC-MS under
MS-compatible conditions represented by extracted ion chromatograms of detected
glycoforms. (c and d) Deconvoluted mass spectra and charge state distribution (inserts)
of (c) 2x fucosylated (18 - 34 min) and (d) remaining glycoforms (34 - 42 min). In case
of multiple possibilities (asterisk), the most probable glycoform is presented, based on
reference data (Supplemental Table 7); all possible glycoforms and their structures are
listed in Supplemental Table 1 and 4.
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While the majority of CHO and HEK cell glycoforms seems to qualitatively overlap with
natural glycosylation, neither seems good at producing triantennary structures [189].
HEK cells can produce antennary fucosylation, but also unnatural LacDiNAc structures
[189]. At the same time, the functional impact of individual FcγRIIIa glycoforms is
unclear.

Fucosylation is known to have the highest impact on FcγRIIIa affinity [29, 33]. Single
afucosylation is sufficient to drastically increase binding, owing to the asymmetric 1:1
binding between IgG and FcγRIIIa [28, 180]. Consequently, glycoforms containing
fucosylation on both heavy chains (2x fucosylated) populate the earlier eluting peak in
the AC chromatogram (Figure 5.1(b,c)). The 1x (a)fucosylated and 2x afucosylated
species are found in the later eluting AC peak (Figure 5.1(b,d)). However, the AC-MS
system achieves a much more detailed differentiation of affinity than AC-UV, because it
can rank FcγRIIIa affinity of multiple (partially) co-eluting glycoforms in one run
(Supplemental Table 6). In contrast, AC-UV requires comparison of multiple runs,
making retention time stability a limiting factor. Other assays only give an average value
for all glycoforms present, resulting in a potentially significant impact of even
low-abundant glycoforms of vastly higher affinity. As a result, we could demonstrate
that 2x afucosylated complex glycoforms (G0(N)/G0(N), G0(N)/G1(N)) show an
increased FcγRIIIa affinity over 1x (a)fucosylated (Figures 5.1(b) and 5.2(a)).
Furthermore, AC-MS can distinguish the positive influence of galactosylation on
FcγRIIIa affinity in all fucosylation variants (Figures 5.1(b), 5.2(a), Supplemental
Figure 4). Previously, this was only observed for 2x fucosylated glycoforms by AC-UV
and mainly 1x afucosylated glycoforms by AC-UV and SPR [34, 35, 181]. More recently, a
comprehensive binding study applying AC-UV, SPR and ADCC analysis showed the
positive influence of afucosylation and galactosylation for highly homogeneous 2x
fucosylated glycoforms and 0x fucosylated glycoforms [8].

Figure 5.2: Extracted ion chromatograms of AC-MS with glycoengineered mAbs
containing a high level of bisected and afucosylated glycoforms (a) and high level
of bisected and fucosylated glycoforms (b). Increased affinity is observed for
afucosylation compared to 1x (a)fucosylation. Bisected fucosylated glycoforms showed
also increased affinity compared to non-bisected fucosylated glycoforms. Positive effect
of galactosylation is represented for each glycosylation feature.
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A further challenge in glycoengineering is biosynthetic interferences between the
different glycosylation features [35, 190]. For example, bisection correlates with other
glycosylation features depending on the expression system, which complicates
independent affinity assessment [190, 191]. Furthermore, glycoengineered mAbs often
still exhibit a high degree of glycosylation heterogeneity [191]. The high molecular
resolution of our method allows the study of subtle FcγRIIIa affinity differences by
dissecting the contribution of individual glycosylation features. For example, we could
demonstrate that bisection increases FcγRIIIa affinity independent of afucosylation
and galactosylation [35, 191]. This was observed regardless of the presence of galactoses
(Figure 5.2(b)).

In addition, FcγRIIIa affinity of typically low-abundant glycoforms (≈0.1% relative
abundance, Supplemental Table 5) could be studied (Figure 5.1(b)). For example,
mono-antennary glycoforms lacking N-acetylglucosamine (-N) showed decreased
affinity compared to its complex bi-antennary glycoforms (e.g., G0F/G0F-N vs.
G0F/G0F, Figure 5.1(b), Supplemental Figure 4 and Supplemental Table 6).
Glycoengineering, and therefore classical affinity assessment, of low-abundant species,
is often deemed too tedious, a limitation efficiently addressed by our method.

High mannose species have been shown to increase ADCC activity via FcγRIIIa binding
that was attributed to the lack of core-fucose [192]. A minor amount of high mannose
glycans, paired with either another high mannose (0.8% M5/M5) or the complex glycan
(0.2% M5/G0F), was detected in the therapeutic mAb (Figure 5.1(b)) [193]. Largely,
these showed higher affinity compared to 2x fucosylated glycoforms. However, the
affinity of M5-containing glycoforms was reduced compared to 1x (a)fucosylated
complex glycoforms. These findings are supported by previous studies describing
increased binding affinities [8, 181, 192] and ADCC activities [8, 192] of high mannose
glycoforms over 2x fucosylated complex glycoforms, and similar or decreased affinities
and activities compared to afucosylated complex glycoforms [8, 181, 192]. Identity and
affinity of the M5/M5 were confirmed by glycoengineering (Supplemental Figure 6 and
7). Moreover, the isolated analysis of the glycoengineered M5/M5 mAb showed
comparable retention as observed in the therapeutic mAb, giving no indication for a
measurable bias in retention behavior caused by competitive receptor binding of other
glycoforms.

Glycoforms with one non-glycosylated heavy chain (X/NG) are normally also found to a
low extent in therapeutic antibodies [194]. Decreased binding affinities and ADCC
activities were observed for these glycoforms in previous studies [195]. We observed
elution of fucosylated glycoforms (G0F/NG, G1F/NG, G2F/NG) already before the pH
gradient (for initial pH of 5) started, whereas G0/NG showed the lowest affinity of the
afucosylated glycoforms, but it exhibited a higher affinity compared to the 2x
fucosylated glycoforms (Supplemental Table 6, Supplemental Figure 4).

In conclusion, FcγRIIIa AC-MS represents a great advance in characterizing the impact
of antibody Fc glycosylation on FcγRIIIa affinity. It omits the need for high purity
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glycoengineering, which is notoriously difficult, especially for biosynthetic pathway
intermediates [28], and has hitherto complicated and, in part, prohibited the affinity
assessment of various glycoforms. We were able to perform an FcγRIIIa affinity
assessment of individual glycoform pairings present in a therapeutic mAb, including so
far unstudied, low-abundant glycoforms (e.g., G0F-N/G0F). Due to its high molecular
and high FcγRIIIa affinity resolution, the method allows independent assessment of
individual glycosylation features. For example, we could show, for the first time, the
increased affinity of afucosylated complex glycoforms over singly (a)fucosylated
complex glycoforms and high mannose glycoforms. Furthermore, we could support the
independent, positive influence of bisection. FcγRIIIa AC-MS will allow a fast and
reliable assessment of FcγRIIIa affinity of novel (synthetic) glycoforms, even in the
presence or excess of other glycoforms.

FcγRIIIa AC-MS may be highly useful in other applications. For example, other
post-translational modifications as well as protein backbone differences may be
analyzed in addition to glycosylation, again separating independent effects. Thus,
FcγRIIIa AC-MS will be an enormously valuable tool in studying and tuning ADCC
activation of (therapeutic) antibodies. Largely by the omission of high purity
glycoengineering, proteoform-related critical quality attributes and their interactions
could be defined earlier in therapeutic mAb development. In the future,
glycoengineering of FcγRIIIa towards natural glycosylation would be highly desirable.
In general, AC-MS approaches have a high potential for studying biomolecular
interactions in a proteoform-resolved manner and are extremely valuable in unraveling
structure-function relationships.

5.1. MATERIALS AND METHODS

5.1.1. CHEMICALS

All chemicals were purchased from Sigma-Aldrich (Steinheim, Germany) and had at
least analytical grade quality. Deionized water was used from a Purelab ultra (ELGA
Labwater, Ede, The Netherlands). Ammonium acetate solution (7.5 M, Sigma-Aldrich)
and glacial acetic acid (Fluka-Honeywell) were used for preparing MS-compatible
mobile phases.

5.1.2. ANTIBODIES

In this study, four different monoclonal antibodies (mAbs) differing in glycosylation
were used. First, a standard therapeutic mAb covering a typical degree of glycosylation
heterogeneity was investigated. In addition, a glycoengineered high
mannose-containing variant of the first mAb and a mAb contained a high level of
afucosylation and bisection were analyzed. Lastly, a highly fucosylated and highly
bisected anti-D mAb were investigated (reported as +B) [35]. The first three mAbs were
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provided by Roche Diagnostics (Penzberg, Germany) and the last one by Sanquin
(Amsterdam, The Netherlands).

5.1.3. FCγRIIIA COLUMN PREPARATION

FcγRIIIa affinity column was provided by Roche Diagnostics (Penzberg, Germany). The
preparation of the FcγRIIIa affinity column is reported elsewhere.8 In brief, biotinylated
human FcγRIIIa_V158 (HEK cell-produced with glycosylation profile as reported [189])
was incubated with streptavidin sepharose for 2 h upon mild shaking and the
receptor-derivatized sepharose was packed in a Tricorn 5/50 Column housing (inner
diameter 5 mm x length 50 mm, GE Healthcare).

5.1.4. FCγRIIIA AFFINITY LIQUID CHROMATOGRAPHY

For FcγRIIIa affinity liquid chromatography with non-MS compatible conditions and
UV detection (absorbance measured at 280 nm), previously reported pH gradient and
mobile phase composition were used.13 Equilibration buffer/mobile Phase A consisted
of 20 mM sodium citrate pH 6.0 and 150 mM NaCl. Mobile phase B contained 20 mM
citrate pH 3.0 and 150 mM NaCl. Final MS-compatible conditions contained 50 mM
ammonium acetate pH 5.0 (mobile phase A) and 50 mM ammonium acetate pH 3.0
(mobile phase B). All experiments were performed using a biocompatible Thermo
Ultimate3000 instrument at 25°C. The samples were diluted with mobile phase A, if
necessary (conc. 1-5 µg/µL). Injection volume was set to 10 µL. The flow rate was set to
500 µL/min. For hyphenation with MS, the flow rate was reduced from 500 µL/min to 30
µL/min via flow-splitting prior to the electrospray ionization (ESI) source. Upon
injection, the column was washed with 5 column volumes (10.5 min) of mobile phase A,
and the sample was eluted in a linear gradient of 15 column volumes (31.5 min) ending
with 100% mobile phase B. In addition, a washing step using 5 column volumes (10.5
min) of mobile phase B and a linear pH gradient of 7.5 min ending with 100% mobile
phase A was applied after the elution gradient. Re-equilibration using 15 column
volumes (31.5 min) of mobile phase A was applied between runs.

5.1.5. FOURIER TRANSFORM ION CYCLOTRON RESONANCE MASS

SPECTROMETRY

Online ESI-MS coupling of FcγRIIIa AC was performed on a Bruker 15 T solariX
FT-ICR-MS (Bruker Daltonics, Bremen, Germany). Instrument tuning and calibration
were performed using direct infusion (2 µL/min) of the therapeutic mAb (0.1 µg/µL in
mobile phase A) (Supplemental Figure 2 and Table 2). The m/z of all charge states of
the main glycoform (G0F/G1F) were used for calibration. By using the charge state
envelope of the most abundant glycoform, the relevant mass range was sufficiently
covered. External calibration was not needed for the intended purpose of the study
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because the masses and glycoforms of the analyzed mAbs were known. ESI capillary
voltage was set to 4,000 V and endplate offset to -500 V. Nebulizer gas pressure was set
to 0.8 bar, dry gas to 3 L/min and source temperature to 200°C. The ion funnel 1 was
operated at 150 V, radio frequency amplitude at 300 Vpp and skimmer 1 at 125 V.
Spectra were acquired in an m/z-range of 506-20,000. Accumulation time was set to 1 s.
The amount of data points was set to 128 k. Each spectrum in serial mode analysis
resulted from the summation of 20 spectra. This resulted in the acquisition of 2.6 data
points per minute in the chromatogram. This acquisition rate was chosen as a
compromise of sensitivity (for low-abundant glycoforms) and resolution, and it was
sufficient for the generally broad eluting peaks observed in this study. All mass spectra
were visualized and processed using DataAnalysis 5.0 (Bruker Daltonics). For
deconvolution, the Maximum Entropy tool was used (145,000-150,000 Da, datapoint
spacing = 1, instrument resolving power = 3,000). Further information regarding data
processing are described in the Supplemental Material.
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Fcγ receptors (FcγR) mediate key functions in immunological responses. For instance,
FcγRIIIa is involved in antibody-dependent cell-mediated cytotoxicity (ADCC). FcγRIIIa
interacts with the fragment crystallizable (Fc) of immunoglobulin G (IgG). This
interaction is known to be highly dependent on IgG Fc glycosylation. Thus, the impact of
glycosylation features on this interaction has been investigated in several studies by
numerous analytical and biochemical techniques. FcγRIIIa affinity chromatography
(AC) hyphenated to mass spectrometry (MS) is a powerful tool to address co-occurring Fc
glycosylation heterogeneity of monoclonal antibodies (mAbs). However, MS analysis of
mAbs at the intact level may provide limited proteoform resolution, for example, when
additional heterogeneity is present, such as antigen-binding fragment (Fab)
glycosylation. Therefore, we investigated middle-up approaches to remove the Fab and
performed AC-MS on the IgG Fc to evaluate its utility for FcγRIIIa affinity assessment
compared to intact IgG analysis. We found the protease Kgp to be particularly suitable for
a middle-up FcγRIIIa AC-MS workflow as demonstrated for the Fab glycosylated
cetuximab. The complexity of the mass spectra of Kgp digested cetuximab was
significantly reduced compared to the intact level while affinity was fully retained. This
enabled a reliable assignment and relative quantitation of Fc glycoforms in FcγRIIIa
AC-MS. In conclusion, our workflow allows a functional separation of differentially
glycosylated IgG Fc. Consequently, applicability of FcγRIIIa AC-MS is extended to Fab
glycosylated IgG, i.e., cetuximab, by significantly reducing ambiguities in glycoform
assignment vs. intact analysis.6
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6.1. INTRODUCTION

T HE fragment crystallizable (Fc) of antibodies mediates immunological responses,
for example through binding to Fc receptors [32, 196]. Fc glycosylation has a key

role in modulating Fc receptor-mediated effector functions, such as
antibody-dependent cell-mediated cytotoxicity (ADCC) [12, 179, 197]. The affinity
toward FcγRIIIa is known to be crucial for ADCC [32]. Fucosylation of Fc glycans
drastically decreases FcγRIIIa affinity which is attributable to an unique glycan-glycan
interaction [31]. Other glycosylation features such as galactosylation were also shown to
affect the Fc-FcγRIIIa interaction [34, 35]. The binding of the Fc to FcγRIIIa is
asymmetric in a 1:1 stoichiometry [180]. Nonetheless, FcγRIIIa affinity is influenced by
the pairing of Fc glycans [28]. While differential affinity of glycoforms is dominated by
the stronger binding glycan, the second glycan modulates affinity to a smaller extent,
but along the same structural features [28, 198]. Nowadays, therapeutic monoclonal
antibodies (mAbs) are most often derived from human immunoglobulin G 1 (IgG1,
schematic overview in Figure 6.1). They are used in the treatment of various diseases,
such as cancers or autoimmune diseases [199, 200]. In the biopharmaceutical industry,
mAbs are very successful and currently dominate new approvals [1]. Recently,
glycoengineering for enhanced FcγRIIIa affinity and ADCC has been therapeutically
exploited [29, 37].

Numerous analytical technologies exist for assessing the effector functions of
therapeutic antibodies [177, 179]. They vary largely in information content, generally
with a negative correlation between complexity and resolution. Complex cellular assays
are more easily translated to the in vivo situation. Contrary, physicochemical assays
provide higher molecular resolution and better robustness. Though immune responses
depend on the formation of immune complexes, receptor binding studies on
monomeric IgG are highly relevant and widely used [32, 179] Ultimately, combining
information from different assays is essential to fully understand antibody effector
functions. Glycosylation heterogeneity is a major challenge for the assessment of
individual contributions of specific glycoforms to the effector functions, especially
considering pairing possibilities. Several studies applied laborious glycoengineering in
order to assess receptor binding and effector functions of specific glycoforms
[8, 34, 35, 181]. Affinity chromatography (AC) represents a cell-free physicochemical
assay which provides a functional separation and correlates well with surface plasmon
resonance (SPR) assays and ADCC assays [8, 34, 181]. We reported recently on coupling
of FcγRIIIa AC to mass spectrometry (AC-MS) [198]. This approach allows the
differential assessment of Fc glycoforms in heterogeneously glycosylated mAbs with
high resolution of proteoforms and affinity on an intact protein level. Whereas it should
be very powerful for most mAbs, proteoform resolution may be insufficient for more
complex formats [61]. This applies to mAbs with a higher degree of heterogeneity due
to sequence variants or post translational modifications (PTMs), especially additional
glycosylation sites in the antigen-binding fragment (Fab). In addition, the analysis of
new antibody-derived therapeutic formats, such as bispecific antibodies or fusion
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proteins, may be challenging [201].

Figure 6.1: Schematic overview of human IgG1 with a zoom into the hinge region,
indicating cleavage sites of IdeS, SpeB, and Kgp. The heavy chain (HC) contains three
constant domains (CH1-CH3) and a variable domain (VH), whereas the light chain (LC)
has only one constant domain (CL) and a variable domain (VL). The Fd consists of VH
and CH1. LC and Fd together form the antigen binding fragment (Fab). About 15% of
plasma IgG contain one or more additional N-glycosylation sites in the variable domains
[202]. CH2 and CH3 of the two heavy chains build the fragment crystallizable (Fc).
Within the Fc is a conserved glycosylation site at N297 in the CH2 [29]. Between the
CH1 and CH2 of the heavy chains is a mostly flexible hinge region and the four chains
are covalently connected via disulfide bridges. Amino acids are presented with single
letter code and numbered according to the Kabat system [26].

Cetuximab is an approved mAb with additional Fab glycosylation and ADCC is
described as one mechanisms of action [203, 204]. Each heavy chain (HC) contains an
N-glycosylation site at the Fab (N88) and at the Fc (N299) resulting in a high number of
possible glycoforms. The proteoform heterogeneity of cetuximab is further increased
by C-terminal lysine variants of the HC [61]. Hence, glycoform assignment of the
heavily glycosylated cetuximab by intact mass analysis is hindered by a high degree of
ambiguities [61, 205]. Middle-up approaches are highly advantageous alternatives for
obtaining information about individual subunit (e.g., Fc, Fc/2, Fab) modifications,
especially for complex formats [39, 73, 206]. Bacterial enzymes are important tools for
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middle-up approaches, since they cleave IgG specifically within the hinge region.
Robust and simple workflows for the middle-up analysis of (therapeutic) mAbs are
established [74, 75, 172, 205, 207]. IdeS, SpeB, and Kgp are frequently used commercial
IgG hinge-specific proteases (cleavage sites and products are indicated in Figure 6.1
and Supplementary Figure 1, respectively). As opposed to papain, for example,
additional cleavages outside of the hinge region are not reported under standard
conditions. Their characteristics were recently summarized [74]. IdeS based middle-up
MS analysis of cetuximab is commonly applied to unravel the (glycosylation)
microheterogeneity [61, 205, 208].

This study combines our recently reported FcγRIIIa AC-MS with middle-up analysis.
Therefore, we investigated how cleavages within the hinge region affect the FcγRIIIa
binding properties of the obtained Fc. Three different commercial IgG hinge-specific
proteases were tested, namely IdeS, SpeB, and Kgp [74]. We demonstrate comparability
of middle-up and intact affinity assessment by FcγRIIIa AC-MS upon Kgp digestion.
Furthermore, we applied this workflow to cetuximab and simultaneously assessed the
FcγRIIIa affinity, characterized the Fc glycoform pairings and analyzed the Fab
glycosylation.

6.2. MATERIALS AND METHODS

6.2.1. CHEMICALS, PROTEASES AND ANTIBODIES

All chemicals in this study had at least analytical grade quality. Deionized water was
obtained from a Purelab ultra (ELGA Labwater, Ede, The Netherlands). Preparation of
mobile phase was performed with ammonium acetate solution (7.5 M, Sigma-Aldrich,
Steinheim Germany) and glacial acetic acid (Honeywell, Seelze, Germany). IdeS
(FabRICATOR®), SpeB (FabULOUS®), and Kgp (GingisKHAN®) proteases were
purchased from Genovis (Lund, Sweden). A reference standard therapeutic mAb
produced in CHO cells (referred to as mAb1) and the FcγRIIIa affinity column was
obtained from Roche Diagnostics (Penzberg, Germany). An EMA-approved cetuximab
(Erbitux®) was used in this study. Cetuximab is a chimeric IgG1, produced by SP2/0
murine myeloma cells, which binds to the epidermal growth factor receptor (EGFR).

6.2.2. ANTIBODY DIGESTION (IDES, SPEB, KGP)

All IgG hinge-specific proteases were reconstituted in deionized water following the
manufacturer’s instructions (IdeS: 67 units/µL, SpeB 40 units/µL, Kgp: 10 units/µL).
Buffers and reducing conditions were selected from the recommended options. mAbs
were digested at a concentration of 5 mg/mL (1 unit of protease per 1 µg of mAb) and
incubated for 1 h at 37°C. In case of Kgp, the samples were buffer exchanged prior to
digestion (10 kDa molecular weight cut-off filter, Merck, Darmstadt, Germany) to
digestion buffer. 100 mM Tris buffer (pH 8) was used with mild reducing conditions (2
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mM cysteine) for Kgp and reducing conditions (1 mM DTT) for SpeB, respectively. IdeS
digestion was performed under non-reducing conditions with 100 mM ammonium
bicarbonate (pH 7). After digestion, samples were buffer exchanged to a final
concentration of 5 mg/mL in 50 mM ammonium acetate pH 5 (10 kDa molecular
weight cut-off filter).

6.2.3. FCγRIIIA AFFINITY CHROMATOGRAPHY-MASS SPECTROMETRY

The FcγRIIIa AC-MS system was previously described in detail [198]. In short, a
biocompatible Thermo Ultimate3000 instrument coupled to a 15 T solariX XR FT-ICR
mass spectrometer (Bruker Daltonics, Bremen, Germany) was used. The column was
operated at 25°C and a flow rate of 500 µL/min was applied. Prior to MS detection, the
flow rate was reduced to 30 µL/min via flow-splitting. Mobile phase A was 50 mM
ammonium acetate pH 5 and mobile phase B 50 mM ammonium acetate pH 3. Upon
injection (50-100 µg sample), the column was washed for 10.5 min (5 column volumes)
with 100% mobile phase A and then a linear gradient to 42 min to 100% mobile phase B
(15 column volumes) was applied. For electrospray ionization (ESI), the capillary
voltage was set to 4,000 V, the nebulizer gas to 0.8 bar, the dry gas flow to 3 L/min dry
gas and the source temperature to 200°C.

6.2.4. DATA ANALYSIS

Average masses were calculated using the web-based Protein Tool
(https://www.protpi.ch) based on the protein sequences and expected
modifications. For mAb1 and cetuximab, C-terminal lysine clipping and 16 disulfide
bridges were set as modifications. N-terminal pyroglutamic acid was additionally
added as modification for cetuximab. Visualization and processing of mass spectra was
performed in DataAnalysis 5.0 (Bruker Daltonics). Extracted ion chromatograms (EICs)
were generated based on the theoretical m/z (± 0.2 Th) for all observed charge states.
For deconvolution, the Maximum Entropy tool was used (deconvolution range
indicated in table headings, data point spacing = 1, instrument resolving power =
3,000). All described Fc glycans can be found in Supplementary Table 1 which provides
information about composition and structure.
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6.3. RESULTS AND DISCUSSION

6.3.1. IGG PROTEASE EVALUATION

The FcγRIIIa AC-MS retention profiles of hinge cleaved mAb1, obtained by either IdeS,
SpeB, or Kgp, and of intact mAb1 were compared (Figure 6.2). Although digestion sites
of the three proteases are in close proximity in the hinge region (Figure 6.1), vastly
different retention profiles were observed for the differently cleaved Fc. Kgp generated
Fc was found to exhibit a remarkably comparable retention profile to the intact mAb1.
IdeS digested mAb1 did not show retention on the FcγRIIIa column and the expected
cleavage products, including the Fc, were detected in the injection peak
(Supplementary Figure 2). Under native conditions, Fc fragments consisting of paired
polypeptide chains were observed rather than single Fc/2 chains which is attributable
to non-covalent interactions of the Fc polypeptides [205]. The lack of retention can be
explained by the removal of amino acids that form an essential part of the FcγRIIIa
binding motif [180]. In particular, L234 and L235 are crucial amino acids. The mutation
of these amino acids to alanines (LALA mutant) is known to eliminate FcγRIIIa binding
and thus ADCC [197, 209].

Figure 6.2: FcγRIIIa AC-MS base peak chromatograms of intact and IdeS-, SpeB-,
and Kgp-digested mAb1. For intact and Kgp-digested mAb1, two distinct groups of
peaks were detected, namely fucosylated forms with lower affinity (RT 20-35 min) and
afucosylated glycoforms with higher affinity (RT higher than 35 min); see Figure 3.
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In contrast to IdeS, the protease SpeB does not remove these key amino acids from the
Fc. The Fab was observed in the injection peak while the Fc was retained on the
FcγRIIIa column (Supplementary Figure 3). However, in contrast to Kgp, the Fc
retention profile upon SpeB cleavage was vastly different from that of the intact mAb.
SpeB derived Fc spread over the entire chromatogram and most of the Fc eluted already
before the pH gradient started. Two differences from Kgp derived Fc might provide an
explanation. Firstly, the removed amino acids (THT) might lead to an impaired
conformational stability of the Fc obtained by SpeB. Furthermore, substitution of H, at
this position, was shown to influence FcγRIIIa binding and ADCC [210]. Finally, partial
reduction, which is likely to occur under the applied reducing conditions of 1 mM DTT
[74], is discussed to influence binding to Fc receptors and ADCC [211]. Under milder
reducing conditions SpeB does not show sufficient activity (data not shown). Besides
the impaired retention profile, an increased heterogeneity is a disadvantage for MS
analysis, when comparing SpeB to Kgp. Heterogeneity is caused by additional cleavages
between H224 and T225 or T223 and H224 (Supplementary Figure 3). These products
showed a similar impaired binding behavior. In contrast to SpeB, Kgp protease retains
T223, H224, and T225 and works under mild reducing conditions (2 mM cysteine)
which prevents reduction of the hinge interchain disulfide bonds [75]. Both, the
additional amino acids and intact disulfide bonds, might be responsible for improved
binding of Kgp derived Fc over SpeB derived Fc. Interestingly, the Fab was removed in a
previous study using papain to exclude that the Fab influences the FcγRIIIa binding
[181]. In line with our observations for Kgp in FcγRIIIa AC-MS, binding of papain
generated Fc was comparable to intact IgG (glycovariants). Total binding strength as
well as glycoform differences were preserved in the SPR analysis [181]. Papain digestion
is performed under conditions (5-10 mM cysteine) which are only slightly more
reductive than for Kgp (2 mM cysteine) [75, 181]. The preferred cleavage site of papain
is between the Kgp and SpeB cleavage site (H224 and T225) [212, 213] and corresponds
to the observed additional cleavage site of SpeB. Hence, the harsher incubation
conditions are more likely to cause the differences between Kgp, or papain, and SpeB
than the presence or absence of H224. However, by-products (due to cleavage outside
the hinge region), insufficient yields and glycoform dependency make papain less
favorable as an IgG middle-up protease [75, 214]. Moreover, papain might degrade the
receptor material of the affinity column, since it is not an IgG-specific protease.
Consequently, due to the preservation of the affinity separation and the specificity, Kgp
was chosen for the middle-up FcγRIIIa AC-MS workflow. Interestingly, an IdeS
middle-up approach is described for neonatal Fc receptor (FcRn) AC [44]. In this study,
an impact of the Fab on the FcRn interaction was shown for several mAbs. The
influence of different Fabs might also be relevant for other Fc receptor interactions.
Thus, middle-up AC-MS also has high potential for investigating Fab-Fc
structure-function relationships in a proteoform-resolved manner.
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6.3.2. COMPARABILITY OF INTACT AND MIDDLE-UP FCγRIIIA AFFINITY

CHROMATOGRAPHY

FcγRIIIa AC, separates two distinct groups of peaks, representing fucosylated
glycoforms (2x fucosylated glycoforms) with lower affinity and (partially) afucosylated
glycoforms (2x and 1x afucosylated glycoforms) with higher affinity (Figures 6.2, 6.3)
[198]. It has to be noticed that the column performance was slightly different for late
eluting glycoforms compared to previous experiments on intact mAb1 [198]. Fc
glycoforms are discussed in a nomenclature as listed in Supplementary Table 1.
Middle-up FcγRIIIa AC-MS exhibited sharper peaks than its intact counterpart (Figure
6.3).

Figure 6.3: Extracted ion chromatograms of major glycoforms assigned for FcγRIIIa AC-
MS of mAb1 on intact and Kgp middle-up level. *indicates additional isomers listed in
Supplementary Table 2.

6

81



In general, decreasing the size of proteins in chromatography, in this case from 150 to
50 kDa, increases the diffusion coefficient [215]. This improves the mass transfer
kinetics of the protein [216, 217] Sharper peaks and a similar retention resulted in better
separation efficiency for the middle-up FcγRIIIa AC-MS. Mainly, several partially
separated species in the EICs of Figure 6.3 indicate separation of glycoforms with
terminal galactose present on the 1,3-arm or the 1,6-arm of G1F. Differential FcγRIIIa
affinity of G1F(1,3) and G1F(1,6) glycoforms has recently been reported [G2F = G1F(1,6)
> G1F(1,3) = G0F] [218]. Based on this, G0F/G1F(1,3) has a similar affinity as G0F/G0F.
G0F/G1F(1,6) exhibits an increased FcγRIIIa affinity comparable to G0F/G2F. Similarly,
the G1F/G1F (G0F/G2F) peak shows partial separation. The first peak was assigned to
G0F/G2F and G1F(1,3)/G1F(1,6) while the second peak likely represents
G1F(1,6)/G1F(1,6). In addition, a third species [G1F(1,3)/G1F(1,3)] might populate the
front of the peak. However, in this case peak asymmetry might provide an alternative
explanation. For G1F/G2F, an early eluting peak [G1F(1,3)/G2F] was observed for the
middle-up as well as the intact analysis. The affinity of G1F(1,6)/G2F was similar to
G2F/G2F. A comparable glycoform ranking for mAb1 glycoforms is achieved in
middle-up and intact FcγRIIIa AC-MS analysis. The masses corresponded to the
expected Fc fragments (Supplementary Table 2) and comparability of glycoform
affinity ranking to the intact mAb1 was demonstrated by comparing retention time
differences (Figure 6.3 and Supplementary Figure 4).

6.3.3. FCγRIIIA AFFINITY ANALYSIS OF CETUXIMAB PROTEOFORMS

FcγRIIIa AC-MS of intact cetuximab is illustrated in Figure 6.4 by EICs using m/z values
of the three most abundant fucosylated and afucosylated Fc glycoforms, assuming
H7N4F1/H7N4F1 as Fab glycosylation. Fab glycans are presented and discussed at a
compositional level to avoid confusion with Fc glycans. Mainly fucosylated complex
and high mannose glycoforms with little terminal galactose-α-1,3 galactose (α-gal) are
described for the Fc glycosylation of SP2/0 produced cetuximab. For the Fab
glycosylation, highly heterogeneous complex glycans with a high amount of α-gal and
N-glycolylneuraminic acid (S) are reported [29, 219]. Intact cetuximab analysis
proposed G0F/G1F and M5/G1F as the main fucosylated and (partially) afucosylated
glycoforms, respectively (Figure 6.5). Based on literature, G0F/G0F and M5/G0F should
be the most abundant Fc fucosylated and (partially) afucosylated glycoforms,
respectively [61, 205]. This was later confirmed by middle-up analysis. FcγRIIIa AC-MS
of intact cetuximab reduced the MS spectral complexity by separating fucosylated from
(partially) afucosylated Fc glycoforms (Figure 6.5) compared to previously reported
intact analysis [61, 205]. However, one MS peak may still be assigned to various
combinations of Fc and Fab glycoforms with the same mass or similar masses. The
degree of overlapping glycoforms and the resulting assignment ambiguities were
exemplified by permutating three high abundant Fab glycoforms (H6N4F1, H6N4F1S1,
H7N4F1) with the three most abundant Fc glycoforms (G0F, G1F, M5) already resulting
in 36 different combinations (Figure 6.5 and Supplementary Table 3). This is excluding
heavy chain positional isomers within one site, such as G0F-H6N4F1/G1F-H7N4F1 and
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G0F-H7N4F1/G1F-H6N4F1.

Figure 6.4: FcγRIIIa AC-MS of cetuximab on intact and Kgp middle-up level. Intact
analysis was restricted to the main Fab glycoform (H7N4F1/H7N4F1) and the most
abundant Fc glycoforms (G0F, G1F, M5). G0F/G0F# is marked exemplarily for isomeric
EICs: G0F/G1F exhibits the same EIC if the Fab glycoform is H7N4F1/H6N4F1. For
middle-up FcγRIIIa AC-MS analysis, EICs of all detected Fc glycoforms are presented.
Data for C-terminal lysine variants (+K) are omitted for clarity. *indicates additional
isomers listed in Supplementary Table 4.

The theoretical number of possible glycoforms is significantly higher when considering
all possible Fc and Fab glycans. Thus, at the intact level, assessing FcγRIIIa affinity of
cetuximab glycoforms by AC-MS based on EICs is prevented by the high number of
isomeric and non-resolved proteoforms.
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Figure 6.5: Assignment of cetuximab glycoforms on intact and Kgp middle-up level
by FcγRIIIa AC-MS. Fc glycoform assignment of intact cetuximab was restricted to 6
different Fab glycoform pairings indicated by a color code. The broad peaks often
contain multiple isomeric and non-resolved glycoforms (Supplementary Table 3).
Thirty four out of thirty six possibilities are assigned to peaks. For Kgp middle-up
FcγRIIIa AC-MS, the composition of Fab glycoforms were assigned as well as the Fc
fragments (*indicates additional isomers). All observed deconvoluted masses for intact
and middle-up analysis are listed in Supplementary Tables 3-5.
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For example, Fc glycoforms G0F/G0F and G0F/G1F will be extracted as the same mass,
when combined with Fab glycans of composition H7N4F1/H7N4F1 and
H7N4F1/H6N4F1, respectively. The MS analysis of mAbs is generally affected by an
increased signal heterogeneity derived from additional non-resolved proteoforms and
adducts [220]. In particular for native MS of complex proteins, the applied
deconvolution (algorithm, settings) can have an influence on the data evaluation with
respect to resolving heterogeneous mass spectra [220]. Cetuximab glycoforms,
containing H7N4F1/H6N4F1S1 and H6N4F1/H6N4F1S1 Fab glycoform pairings
(Figure 6.5 and Supplementary Table 3), were not resolved. A mass difference of 17 Da
with H7N4F1/H7N4F1 and H6N4F1/H7N4F1 means the m/z difference for the most
abundant charge state (28+) is 0.6 Th. This difference cannot be resolved under the
applied conditions. Additionally, isomeric and non-resolved proteoforms lead to the
distortion of the relative abundances as mentioned at the start of this paragraph. This
becomes quite apparent when comparing the intact to the middle-up analysis in
Figures 6.4, 6.5.

In contrast, middle-up FcγRIIIa AC-MS of cetuximab simplified MS spectra enough to
confidently assign Fc glycoforms and lysine variants (Figures 6.4, 6.5). Nonetheless, the
Fc glycoform pairing assignments also showed some degree of ambiguity
(Supplementary Table 4, e.g., M5/G1F vs. M6/G0F). However, these ambiguities were
minor compared to the intact mass analysis of cetuximab. Relative abundancies were in
line with literature on Fc/2 glycoforms [61, 205]. The Fc glycan pairing of cetuximab
was so far only briefly mentioned in a recent study, using IdeS digestion and direct
infusion with native MS conditions [205]. We observed G0F/G0F as the main
fucosylated glycoform. Additional galactosylation variants were observed as for mAb1.
M5/G0F was determined as main (partially) afucosylated glycoform. Further high
mannose glycoforms (M5/M5, M5/G1F, M5/G2F) were detected. Low amounts of
G0/G0F, G0/G1F were also found. Relative FcγRIIIa affinity was comparable to mAb1
(Figure 6.3) and/or consistent with literature [198]. For example, a strong decrease and
a mild increase in FcγRIIIa binding was observed for fucosylation and galactosylation,
respectively [34, 181]. High mannose glycoforms exhibited a higher affinity than the
fucosylated glycoforms but their affinity is decreased compared to the afucosylated
complex-type glycoforms [192]. Interestingly, different pairings of high mannose
glycoforms with fucosylated complex-type glycans (M5/G1F, M5/G2F) could be studied
and were found with slightly higher FcγRIIIa affinity compared to M5/M5. M5/G1F and
M5/G2F showed a slightly increased affinity over M5/G0F. This confirms and extends
our previous findings, which were limited to the comparison of low abundant M5/M5
and M5/G0F [198]. Though it is difficult to compare affinity of the intact and the Fc, the
latter seems to show a higher affinity (Figure 6.4). This is comparable to the negative
influence of the Fab on FcRn binding reported for cetuximab [44].

Furthermore, C-terminal lysine variants (+K, Figure 6.1) could be studied in the
middle-up analysis with respect to FcγRIIIa affinity. Investigations of incomplete lysine
clipping with respect to different Fc glycoforms and FcγRIIIa affinity have not been
described yet [221]. The C-terminal lysine appeared not to influence the Fc glycoform
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retention strongly (Supplementary Table 4) which is not surprising as the receptor
binds far away from the C-terminus (Figure 6.1). In contrast, C-terminal lysine may
interfere with complement activation. However physiological relevance may anyhow be
small as the lysine is enzymatically removed upon administration [222].

Moreover, middle-up FcγRIIIa AC-MS allowed a simultaneous determination of Fab
glycosylation by evaluating the injection peak (Figure 6.5 and Supplementary Table 5).
Fab glycosylation might be relevant for antigen binding and pharmacokinetic behavior
[223, 224]. In total, 11 Fab glycoforms were assigned. Our results are qualitatively and
quantitatively in line with reported Fab glycosylation of SP2/0 produced cetuximab
[61, 205]. H7N4F1 was determined to be the most abundant glycoform followed by
H6N4F1S1, in line with a previous report [61] and in contrast to a recent study
(H7N4F2) [205]. The two differently reported Fab glycoforms vary only by 1 Da.
However, based on in-depth structural studies on cetuximab glycosylation reporting a
high amount of S and only minor abundancies of antenna fucosylation, Fab glycoforms
are more likely to contain H6N4F1S1 than additional H7N4F2 [225].

By applying middle-up FcγRIIIa AC-MS to cetuximab, 10 Fc glycoforms could be
assigned, of which 5 Fc glycoforms were also found with the C-terminal lysine
(amounting to 21 possible isomers, Supplementary Table 4). The combination of the
21 assigned Fc glycoform pairings (Supplementary Table 4) with the 11 assigned Fab
glycoforms (Supplementary Table 5), belonging to 66 Fab glycoform pairings in theory,
would result in 1,386 proteoforms for the intact cetuximab. This underlines the
limitations of intact FcγRIIIa AC-MS for Fab glycosylated IgGs and highlights the degree
of simplification obtained by the middle-up workflow.

6.4. CONCLUSION

IgG Fc, generated by three established IgG middle-up proteases (IdeS, SpeB, Kgp),
demonstrated differences in retention behavior in FcγRIIIa AC-MS. Kgp derived Fc
showed a remarkably similar retention profile and glycoform ranking as the intact mAb.
Advantages of the Kgp middle-up FcγRIIIa AC-MS workflow were demonstrated in the
application to the Fab glycosylated therapeutic mAb, cetuximab. The middle-up
workflow provided significantly reduced MS complexity compared to the intact level.
Consequently, it revealed important information about cetuximab Fc glycoforms by
enabling their confident assignment and quantitation while retaining the Fc pairing
and FcγRIIIa AC retention. Simultaneously, Fab glycosylation could be determined.

In the future, middle-up AC-MS might also be a tool to investigate the interplay of the
Fab and the Fc in structure-function studies of IgG-Fc receptor interactions. Since the
presented workflow with Kgp is limited to human IgG1, further development of
hinge-specific antibody proteases with broader subclass coverage would be highly
desired. AC-MS workflows may thus be further expanded toward clinical applications
and polyclonal therapeutic samples (e.g., intravenous IgGs). Moreover, the complexity
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of antibody-derived therapeutics is growing. Hence, the interest in middle-up
approaches might further evolve in order to characterize new generations of
therapeutic proteins.
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The crystallizable fragment (Fc) of immunoglobulin G (IgG) activates key immunological
responses by interacting with Fc gamma receptors (FcγR). FcγRIIIb contributes to
neutrophil activation and is involved in antibody-dependent cellular cytotoxicity
(ADCC) and antibody-dependent cellular phagocytosis (ADCP). These processes present
important mechanisms-of-actions of therapeutic antibodies. The very low affinity of IgG
towards FcγRIIIb (KD ≈ 10 µM) is a technical challenge for interaction studies.
Additionally, the interaction is strongly dependent on IgG glycosylation, a major
contributor to proteoform heterogeneity. We developed an affinity chromatography –
mass spectrometry (AC-MS) assay for analyzing IgG-FcγRIIIb interactions in a
proteoform-resolved manner. This proved to be well suited to study low-affinity
interactions. The applicability and selectivity of the method were demonstrated on a
panel of nine different IgG monoclonal antibodies (mAbs), including no-affinity,
low-affinity and high-affinity Fc-engineered or glycoengineered mAbs. Thereby, we could
reproduce reported affinity rankings of different IgG glycosylation features and IgG
subclasses. Additional post-translational modifications (IgG1 Met252 oxidation, IgG3
hinge-region O-glycosylation) showed no effect on FcγRIIIb binding. Interestingly, we
observed indications of an effect of the variable domain sequence on the Fc-binding that
deserves further attention. Our new AC-MS method is a powerful tool for expanding
knowledge on structure-function relationships of the IgG-FcγRIIIb interaction. Hence,
this assay may substantially improve the efficiency of assessing critical quality attributes
of therapeutic mAbs with respect to an important aspect of neutrophil activation.
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7.1. INTRODUCTION

I MMUNOGLOBULIN (Ig) G mediates key immunological responses by interacting with
Fc gamma receptors (FcγR) [32]. FcγRIII is found mainly on macrophages, natural

killer cells and neutrophils where it initiates various immune responses upon binding
to opsonized IgG. The IgG-FcγRIII interaction is strongly glycosylation-dependent [35].
This is attributed to unique glycan-glycan and glycan-protein interactions between the
receptor and the crystallizable fragment (Fc) of IgGs [31]. Fcs with an afucosylated
N-glycan show drastically increased FcγRIII affinity [31, 226]. Increased affinity to
activating FcγRs, such as FcγRIII, results in increased cytotoxicity [227]. Knowledge
about the FcγR-IgG interaction enabled the rational design of anti-cancer monoclonal
antibodies (mAb), glycoengineered for increased cytotoxicity [29].

FcγRIIIb is a particularly interesting receptor because it is uniquely expressed in
humans. Neutrophils, the most abundant phagocytes in the circulation, show high
levels of FcγRIIIb expression; in fact, the highest of any FcγR on any cell type [228].
Neutrophils exert antibody-dependent cellular cytotoxicity (ADCC), as well as
antibody-dependent cellular phagocytosis (ADCP) [36]. The neutrophil activation via
FcγRIIIb is considered an important mechanism of action of mAbs and is affected by
the glycosylation, a critical quality attribute, of therapeutic mAbs [12, 36, 48, 229]. The
extracellular domain of FcγRIIIb is highly homologous to FcγRIIIa (> 97% sequence
homology [230]). However, FcγRIIIb is the only FcγR lacking a transmembrane and
cytosolic signaling domain and is, instead, anchored by glycosylphosphatidylinositol.
Further, the IgG1 affinity of FcγRIIIb (KD ≈ 10 µM) is up to ten-fold lower than for
FcγRIIIa (KD ≈ 1 µM), which was attributed to a single amino acid difference [229, 230].
Of note, the KD values are highly dependent on the mAb glycoform. IgG subclass
specificity of FcγRIIIb interactions has been reported, with a higher affinity for IgG3
than IgG1 and no binding for IgG2 and IgG4 [227, 231]. Three polymorphic variants of
FcγRIIIb, namely NA1, NA2 and SH, are known [227]. The two most common variants,
NA1 and NA2, differ in four amino acids, leading to four (Asn38, Asn74, Asn162, Asn169)
or six (Asn38, Asn45, Asn64 Asn74, Asn162, Asn169) glycosylation sites for NA1 and
NA2, respectively. For IgG1 binding, only minor differences were observed for NA1 and
NA2 [232].

In vitro measurements of monovalent affinity have been acknowledged as important
metrics in mAb optimization [229]. Of note, FcγRIIIb affinity differences are difficult to
measure with common techniques due to the low affinity and a high assay variability
for FcγRIIIb affinity assessments [25, 233]. Various studies have assessed the effect of
mAb glycosylation on FcγRIIIb affinity [35, 229, 232–234]. Besides fucosylation,
galactosylation or bisecting N-acetylglucosamine (bisection) were found to modulate
the interaction as well, but to a smaller extent. The naturally occurring heterogeneity of
mAb glycosylation (i.e., glycan features and glycan pairing) is a major challenge for
linking affinity differences to specific glyco- or proteoforms in most assays.
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We recently developed an affinity chromatography – mass spectrometry (AC-MS)
platform for a glycoform-resolved FcγRIIIa binding assessment of mAbs [198, 235]. In
contrast to AC-UV [181], individual glycoforms within a complex mixture could be
analyzed in a single run by AC-MS, omitting the need for glycoengineering.
Furthermore, AC-MS enabled unpreceded insights into typically low-abundant
glycoform pairings, which have not been addressed by previous studies. The molecular
resolution obtained by AC-MS is an outstanding advantage over established
physicochemical techniques such as surface plasmon resonance (SPR). In addition,
retention time shifts in AC were previously linked to differences in ADCC activities [34].
This suggests that relevant approximations of the in vivo situation can be made by AC.
Of note, physicochemical affinity assessment methods have high robustness and
resolution. However, they do not fully reflect the in vivo complexity of biological
interactions. Cell-based assays allow a better representation of the intricacies
associated with immune complexes, at the expense of speed, robustness and resolution
[179]. Therefore, these approaches are highly complementary and usually go hand in
hand in drug discovery efforts.

This study reports, for the first time, the use of an FcγRIIIb affinity column for the
binding assessment of mAbs. We developed the AC conditions for compatibility with
MS and showed the glycoform-resolved affinity profiles of several classical and
glycoengineered mAbs with high amounts of bisected and hybrid-type glycans.
Furthermore, we demonstrated the selectivity of the FcγRIIIb AC-MS towards different
IgG subclasses.

7.2. RESULTS

7.2.1. RECOMBINANT FC GAMMA RECEPTOR GLYCOSYLATION

A human embryonic kidney (HEK) cell-produced FcγRIIIb (NA1) was used in this study.
The NA1 variant of FcγRIIIb has four glycosylation sites (Asn38, Asn74, Asn162,
Asn169). At least one peptide moiety for each glycosylation site was verified by MS/MS
analysis (Figure S1 – S4). A comprehensive site-specific analysis revealed 43 (Asn38), 56
(Asn74), 81 (Asn162) and 25 (Asn169) compositions at the individual sites, amounting
to 95 different glycan compositions in total (Figure S5, Table S1). Asn162 glycosylation
is visualized in more detail due to its functional importance (Figure 7.1). The relative
abundance of aglycosylated Asn162 glycopeptide was negligible (0.1%). Furthermore,
glycan compositions and structures of highly abundant glycopeptides from
recombinant (HEK) and previously reported human neutrophil-derived FcγRIIIb were
compared (Figure 7.1) [236].
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Figure 7.1: Asn162 glycosylation profiles of FcγRIIIb, comparing recombinant (HEK)
and human neutrophil-derived receptor (extracted from Wojcik et al. [236]). The
data was normalized to the sum of all quantified compositions.For recombinant (HEK)
FcγRIIIb, these are listed in Table S1. Glycan structures of selected compositions are
suggested based on MS/MS experiments and previous findings on HEK cell-derived or
human-derived neutrophil FcγRIII glycosylation [189, 236]. Asteriks (*) indicate that a
glycopeptide was not detected.

7.2.2. FC GAMMA RECEPTOR IIIB AFFINITY CHROMATOGRAPHY – MASS

SPECTROMETRY

As mAbs have significantly lower affinity for FcγRIIIb than for FcγRIIIa, the separation
was optimized starting from the previously reported conditions [181, 198]. Two mAbs
were used for gradient optimization, representing either low afucosylation/low-affinity
glycoforms (mAb1) or glycoengineered high afucosylation/high-affinity glycoforms
(mAb3), respectively. A glycoengineered mAb with high levels of afucosylation showed
up to seven-fold increased FcγRIIIb affinity compared to a mAb with a classical
CHO-cell glycosylation profile, considering the average of all glycoforms [36].
Therefore, the glycoengineered mAb used for method development (mAb3) was
expected to show higher affinity glycoforms compared to mAb1. The fucosylated
species showed no retention using reported FcγRIIIa AC-MS and AC-UV conditions
(Figure S6). Sufficient binding of fucosylated species was achieved by lowering the
ammonium acetate concentration to 30 mM (mobile phase A). Further, the pH was
increased to 6.8 and the column temperature decreased to 20°C, facilitating retention of
fucosylated species. A complete elution within the gradient was obtained by an acetic
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acid concentration of 50 mM in mobile phase B, which resulted in a final pH above 4
(Figure 7.2). For both mAbs, doubly fucosylated species could be chromatographically
separated from singly and doubly afucosylated species. The charge state distribution of
native MS spectra ([M + 22H]22+ to [M + 29H]29+) did not change within the gradient.
This indicates that the mAbs do not undergo large conformational changes under the
applied separation conditions (Figure S7). An Fc-engineered version of mAb1 was used
as a negative control to check for non-specific interactions. This mAb1 version
contained the Pro329Gly, Leu234Ala and Leu235Ala mutations, which abolish Fc
receptor binding [209]. None of the glycoforms showed any retention (Figure S8).

Figure 7.2: Optimized FcγRIIIb AC-MS gradient. 30 mM ammonium acetate pH 6.8
(mobile phase A) and 50 mM acetic acid pH 3.0 (mobile phase B) were used as mobile
phases. Base peak chromatograms (BPCs) of mAb1 (red) and mAb3 (blue) are displayed.
The gradient (green) and the pH (gray) are displayed as well.

7.2.3. GLYCOFORM-RESOLVED FCγRIIIB AC-MS OF IGG1 MABS

Four different IgG1 mAbs, produced in Chinese hamster ovary (CHO) cells, were
analyzed in a glycoform-resolved manner by FcγRIIIb AC-MS (Table S2, S3, Figure
7.3A-D). Of note, the constant part of the heavy chains of mAb1, mAb3 and mAb4 is
based on the G1m17 allotype (mAb1 = G1m17, mAb3/4 = G1m17,1), whereas mAb2 is
based on the G1m3 allotype. The constant part of the light chains of all four mAbs is
based on the Km3 allotype.

Doubly fucosylated (GxF/GxF), singly afucosylated (GxF/Gx) and doubly afucosylated
(M5/M5, Gx/Gx) species were resolved by FcγRIIIb AC-MS. The assigned glycoforms of
mAb1, affinity ranking and inter-day retention time variability showed high similarity to
previously reported FcγRIIIa AC-MS results (Table S3, Figure S9, Figure S10) [198].
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Figure 7.3: FcγRIIIb AC-MS analysis of four IgG1 mAbs. A – D represent mAb1 to mAb4.
Extracted ion chromatograms of glycoforms are displayed (Figure S9, S11 – 13, Table S3).
Zoom in A visualizes low-abundant afucosylated glycoforms of mAb1. Some assigned
minor glycoforms (< 5% relative to the main peak) of mAb2 – mAb4 are not displayed for
visibility reasons.
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Next, the applicability of FcγRIIIb AC-MS to different glycoengineered mAbs (mAb2 –
mAb4) was tested. Glycoforms of mAb2 were assigned mainly to fucosylated structures
with varying levels of galactosylation and bisection (Figure S11, Table S3). Both
galactosylation and bisection of mAb2 slightly increased retention in FcγRIIIb AC-MS.
When comparing different IgG1 mAbs (Figure 7.3), the amino acid sequence apparently
contributes to the retention. For example, the doubly fucosylated glycoforms (G0F/G0F,
G1F/G0F, G1F/G1F) of mAb2 had increased retention compared to mAb1. In addition,
the bisected fucosylated glycoforms of mAb2 (GxFN/GxFN) had increased retention
compared to mAb3. Of note, the assigned glycoforms showed a preferential pairing of
bisected glycoforms (GxFN/GxFN) or non-bisected glycoforms (GxF/GxF), whereas
hemi-bisected glycoforms (GxFN/GxF) were not assigned. A minor amount of M5/M5
was detected and showed the highest retention time in mAb2 (Figure S11, Table S3).

mAbs glycoengineered via GlycoMab technology [237] (mAb3 and mAb4) showed
predominantly bisected, afucosylated glycoforms (Figure S12, S13, Table S3). mAb3
showed bisected glycoforms with different fucosylation levels (2x, 1x, 0x). For mAb4, no
doubly fucosylated glycoforms and overall higher afucosylation were observed. In
addition, glycoforms consisting only of the conserved pentasaccharide core and a
bisecting N-acetylglucosamine (G0N-N) were assigned, based on glycan data of the
GlycoMab technology [237]. The influence of galactosylation was more pronounced for
mAb4 (e.g., ∆G0N/G0N vs. G1N/G0N) compared to mAb3. Low abundant high
mannose (M5/M5) species showed the lowest retention of afucosylated glycoforms for
both mAbs.

In addition, a singly oxidized (Met252) variant of mAb4 was subjected to FcγRIIIb
AC-MS (Figure S14). Enrichment was achieved by neonatal Fc receptor (FcRn)
chromatography as described previously [45]. The glycoform masses of the oxidized
version were in agreement with one additional oxidation. No notable influence of the
oxidation on retention in FcγRIIIb AC-MS was observed (Figure S14).

7.2.4. IGG SUBCLASS SPECIFICITY OF FCγRIIIB VISUALIZED BY AC-MS

We demonstrated that the reported IgG subclass specificity (IgG3 > IgG1, no retention
of IgG2 and IgG4) of FcγRIIIb binding was reflected in the AC-MS approach. For this, a
representative allotype of each of the four subclasses was analyzed. The different
subclasses are referred to as IgG1 (G1m3; Km3), IgG2 (G2m(..); Km3), IgG3 (G3m(b*);
Km3) and IgG4 (G4m(a); Km3). Similar glycosylation profiles and the same
antigen-binding fragment (Fab) sequence (anti-trinitrophenol (TNP)) allowed direct
comparison of glycoforms (Figure 7.4A-D). Mainly, fucosylated complex-type glycans
with varying levels of galactosylation (GxF/GxF) were observed. As expected, IgG2 and
IgG4 did not show retention on FcγRIIIb AC (Figure 7.4B,D).

The doubly fucosylated glycoforms of IgG1 (G1m3; Km3) showed comparable retention
to the same glycoforms in mAb1 (G1m17; Km3). In addition to this main peak (16 – 25
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Figure 7.4: Anti-TNP IgG subclass comparison by FcγRIIIb AC-MS. Extracted ion
chromatograms of the major glycoforms are displayed for IgG1-4 (in panels A-D,
respectively).
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min; peak 2), a partially separated peak with reduced retention (7 – 16 min; peak 1) was
observed (Figure 7.4A). The two peaks did not show a difference in the intact mass
profiles (Figure S15). Both peaks were fractionated in triplicates, analyzed by tryptic
bottom-up analysis and checked for deamidation levels in the Fc (data not shown).
However, the bottom-up data were inconclusive to link the partial separation to a
potential Fc deamidation site.

IgG3 showed a slightly higher affinity compared to IgG1, but a less pronounced increase
in retention time for galactosylation (Figure 7.4A, C). In addition to the main IgG3
glycoforms (GxF/GxF), glycoforms with O-glycosylation (+1x H1N1S2 or +2x H1N1S2)
were assigned (Figure S16). However, no noticeable influence on the FcγRIIIb affinity
was observed for the IgG3 hinge O-glycosylation (Figure S17).

7.3. DISCUSSION

7.3.1. RECEPTOR GLYCOSYLATION

FcγRIIIb glycosylation changes at Asn162 were reported to impact the interaction of
FcγRIIIb with an IgG1 Fc fragment [234]. Therefore, it is imperative to report both the
antibody and the receptor glycosylation, in order to facilitate the comparison of results
between different interaction studies [227, 238]. The recombinant FcγRIIIb glycan
profile of Asn162 showed differences compared to recently reported natural FcγRIIIb
glycosylation (Figure 7.1). Recombinant vs. natural FcγRIIIb showed higher levels of
oligomannose forms (9.9% vs. 1.7%), lower levels of sialylation (average number of
sialic acids per glycan 0.2 vs. 0.9) and LacDiNAc structures were exclusively present on
recombinant FcγRIIIb [238]. Furthermore, the amount of LacNAc units was less
abundant in recombinant FcγRIIIb (Figure 7.1). FcγRIIIb from both sources showed
antennary fucosylation (Figure 7.1, average number of fucoses per glycan 1.0 vs. 1.3).
Interpreting the complex interplay between FcγRIIIb and antibody glycosylation
remains challenging due to the scarcity of receptor glycosylation studies. Though we
found glycosylation differences between recombinant and primary human FcγRs, there
is as yet no indication that this would affect the affinity ranking of different antibody
glycoforms. Nonetheless, the observed differences in oligomannose forms may well
affect the absolute affinity of the antibodies [234, 239]. In conclusion, as we only report
affinity rankings of IgG glycoforms, the recombinant FcγRIIIb is expected to provide
state-of-the-art information. If, in the future, the use of recombinant FcγR with more
human-like glycosylation profiles would be attainable and desirable, our method offers
the possibility to quickly adapt to the potential changes in affinity.
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7.3.2. SPECIFIC ADVANTAGES OF AFFINITY CHROMATOGRAPHY FOR

LOW-AFFINITY INTERACTIONS

FcγRIIIb shows a very low affinity towards IgG1 (KD ≈ 10 µM) even when compared to
other low-affinity FcγRs (FcγRIIIa, FcγRIIa) [25, 232]. For IgG1, a 10-fold lower affinity
towards FcγRIIIb compared to FcγRIIIa was reported [23, 231]. The low affinity of the
receptor-antibody interaction was reported to lead to assay-to-assay variation for
FcγRIIIb binding [233]. A recent study applying SPR could not even determine binding
affinities for different mAbs because the FcγRIIIb affinity was too weak [25]. In our
study, AC conditions reported for FcγRIIIa showed insufficient retention for some
glycoforms of the tested mAbs in FcγRIIIb AC. However, a generic FcγRIIIb AC gradient
was developed with which both low and high-affinity mAb glycoforms could be
analyzed. A pH gradient alone was not sufficient to achieve this broad coverage.
Because we had observed a stronger susceptibility of the FcγRIIIb interaction to the
buffer concentration, compared to FcγRIIIa, we successfully supplemented the pH
gradient with a minor increase in buffer concentration. Of note, the pH gradient itself
leads to a decrease in ionic strength. This likely counteracts the elution of antibodies,
which is mitigated by increasing the buffer concentration with the gradient. This
demonstrates one advantage of an AC-based assay for receptor antibody interaction
studies. The chromatographic conditions offer much design space, while at the same
time being tightly controlled. For example, different gradient parameters (ionic
strength, pH) can be easily varied and the temperature is more easily controlled in a
flow than in a batch setup. Consequently, AC-MS assays can be both highly adaptable
and robust. A significant presence of non-specific binding, for example, through ionic
interactions with the column material, was excluded using negative controls (mAb1
PGLALA variant, anti-TNP IgG2, anti-TNP IgG4). For different IgG1 mAbs and IgG
subclasses, we could demonstrate that FcγRIIIb AC is a powerful and generic assay for
assessing weak antibody-receptor interactions. It should be noted that the weak
binding towards FcγRIIIb is expected to be less critical when studying multivalent
interactions (avidity), i.e., of immune complexes, as opposed to monomeric mAb
interactions (affinity). The affinity ranking of individual proteoforms is more insightful
than solely KD determination of proteoform mixtures by classical binding assays, such
as SPR.

7.3.3. ADVANTAGES OF AC-MS FOR GLYCOFORM RESOLUTION

The online hyphenation of FcγRIIIb AC to native MS allows comprehensive proteoform
assessment of heterogeneous mAbs and can resolve subtle affinity differences. We
demonstrated recently the advantages of FcγRIIIa AC-MS [198]. In this and the previous
study, mAb1 was comprehensively analyzed in a glycoform-resolved manner. The
FcγRIIIb AC-MS glycoform affinity ranking and interday retention time stability of
mAb1 showed high similarity compared to FcγRIIIa AC-MS (Figure S10). Of note, the
data are not directly comparable, due to the need to adapt the chromatographic
conditions to the lower FcγRIIIb affinity. The level of fucosylation had the biggest effect
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on the FcγRIIIb affinity, which is attributed to a unique glycan-glycan interaction
between antibody and receptor [31]. This is in line with other reports on FcγRIIIb-IgG
interactions [35, 36, 229, 230, 233].

We observed differences in the effect of galactosylation in the studied mAbs. Of note,
galactosylation has recently been found to affect the hexamerization potential of IgG1,
which may possibly increase avidity contributions to FcγR interactions [240, 241]. We
found no indication that other multivalent interactions, such as aggregate formation
exist in our analytical setup. Interestingly, the effect of galactosylation in
glycoengineered mAbs was more pronounced for mAb4 than for mAb3 (G0N/G0N vs
G1N/G0N). This may be related to different linkages of galactosylation (presence of
terminal galactose on the 1,3-arm or the 1,6-arm), which show a positive (1,6) or no
effect (1,3) on FcγRIIIa binding [218, 235].

mAb2 showed the highest affinity of all doubly fucosylated and afucosylated (M5/M5)
glycoforms (Table S3). A positive impact of the allotype can be excluded when
comparing G0F/G0F of mAb2 with IgG1 (both G1m3; Km3). mAb2 was previously
analyzed by FcγRIIIa AC-MS and the glycoforms showed increased RT as well when
comparing to mAb1 [198]. However, the difference in FcγRIIIa affinity was not
emphasized in the previous work. As similar FcγRIIIa binding profiles were reported,
independent of the IgG1 allotype [25], the data hints to an influence of the variable
domains on FcγRIII binding. This is in line with a recently demonstrated influence of
the Fab on IgG1-FcγRIII receptor interaction [242, 243]. Although the Fab interaction
sites were mainly attributed to the CH1 domain, amino acids within the variable
domain were also found to contribute to the interaction [242]. However, further studies
using orthogonal techniques are needed to validate the observed inter-mAb FcγRIIIb
differences. If a strong impact of the variable Fab domain on FcγRIII would be
confirmed, this may have very important implications for modulating mAb effector
functions.

The glycoengineered mAbs featured several unstudied pairings, for example the
combination of highly abundant G0N with oligomannose (G0N/M5) or bisected
mono-antennary (G0N/G0N-N) glycoforms. Their investigation would require
laborious glycoengineering, reducing, but not even fully eliminating, the heterogeneity
of the mAb glycoform profiles. This highlights the advantage of FcγRIIIb AC-MS for
affinity ranking of individual proteoforms. Here, we described the analysis of
(therapeutic) mAbs produced in CHO or HEK cells, which are widely-used production
systems [78]. Potential glycosylation differences to human IgG antibodies are
extensively discussed in the literature [12]. The developed method is expected to apply
to the majority of therapeutic mAbs. However, it should be noted that the proteoform
resolution may be highly impaired for mAbs with additional complexity besides Fc
glycosylation, e.g., Fab glycosylation. These may require additional method
development as shown for the analysis of cetuximab by FcγRIIIa AC-MS [235]. Finally, it
should be stressed that the developed assay targets qualitative differences between
glycoforms. More precise insights may be obtained by comparing retention time
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differences in AC-MS to quantitative data of highly homogeneous glycoengineered
mAbs or fractions obtained by AC-MS.

7.3.4. AFFINITY IMPACT OF ADDITIONAL POST-TRANSLATIONAL

MODIFICATIONS

Moreover, the glycoform-resolution obtained by FcγRIIIb AC-MS allowed study of the
affinity impact of post-translational modifications (PTMs), other than Fc
N-glycosylation. We concluded that oxidation at Met252 is not critical for FcγRIIIb
binding (mAb4, Figure S14). In contrast, FcRn and FcγRIIa binding have been reported
to be decreased in presence of Met252 oxidation [44, 45]. These differences with respect
to Fc receptor binding are in line with the proximity to the different binding sites. In
conclusion, we could demonstrate that AC-MS allowed the analysis of specifically
enriched oxidized mAb variants for FcγRIIIb binding differences. Of note, PTMs cannot
be located by intact mass analysis alone and the co-occurrence of multiple PTMs may
hamper the data interpretation.

The partial separation of IgG1 glycoforms (Figure 7.4A) was hypothesized to be related
to Asn deamidation in the Fc. Increased Asn325 deamidation levels were previously
reported to reduce FcγRIIIa binding [43, 244]. However, additional experiments were
inconclusive in supporting this interpretation. Partially reduced or scrambled disulfide
bonds are another potential PTM, which is not resolved by intact mass analysis. This
modification was also shown to affect FcγRIIIa binding [245]. Additional experiments
would be needed to pinpoint the modification responsible for the additional separation
of IgG1 proteoforms.

In contrast to the other IgG subclasses, some IgG3 allotypes additionally contain
O-glycans. We could demonstrate the feasibility of measuring intact IgG3 with FcγRIIIb
AC-MS. For the first time, we showed that the hinge O-glycosylation of IgG3 does not
significantly influence the FcγRIIIb affinity. Moreover, the affinity of IgG3 was found to
be slightly higher compared to IgG1, which is in line with recent findings [25].
IgG3-based biopharmaceuticals are not yet on the market, but the first clinical trials
were recently started [23]. Despite its disadvantages, IgG3 has several benefits and may
be reconsidered for biopharmaceuticals applications in the future. This makes a
proteoform-resolved method for Fc receptor affinity assessments highly desirable [23].

The combination of FcγRIIIb AC and MS is very powerful to unravel complex
glycosylated antibodies. It allows unpreceded molecular insights into the relative
affinity ranking of unstudied glycoform pairings. We demonstrated the applicability to
different (glycoengineered) mAbs. In addition, our data show the potential of
AC-MS-based affinity assessments to simultaneously study the impact of different
forms of post-translational modifications. All of this makes the method attractive for
supporting the assessment of critical quality attributes.
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7.3.5. IMPORTANCE OF UNDERSTANDING FCγRIIIB-MEDIATED EFFECTOR

FUNCTIONS

The role of FcγRIIIb binding is less studied and understood compared to FcγRIIIa.
Whereas the FcγRIIIa affinity of mAbs positively correlates with natural killer
cell-mediated ADCC, recent studies demonstrated that glycoengineered/high-affinity
mAbs increased ADCP, whereas ADCC was impaired [36, 246, 247]. In this context it is
debated whether FcγRIIIb supports or hinders the FcγRIIa mediated activation of
neutrophils [228, 246]. There is also evidence that FcγRIIIb by itself can lead to
neutrophil activation [248]. Therefore, it is important to be aware of the relative
expression levels and affinity of mAb proteoforms towards FcγRIIIb and FcγRIIa [249].
This could be crucial in understanding which neutrophil effector functions are
activated by a therapeutic mAb. In addition, the use of high FcγRIII-affinity mAbs has
been linked to safety concerns due to first infusion reactions, mediated by neutrophil
FcγRIIIb [250]. Since FcγRIIIb is uniquely present in humans, these effects cannot be
assessed by animal-based preclinical studies. In conclusion, an analytical platform for
differentiating FcγRIIIb affinities of mAb proteoforms, as presented in this study, is of
high relevance to better understand and predict the safety and efficacy of therapeutic
mAbs.

7.4. MATERIALS AND METHODS

7.4.1. CHEMICALS

All chemicals were at least analytical grade and were purchased from Sigma-Aldrich
(Steinheim, Germany), if not stated otherwise. A Purelab Ultra system (Veolia Water
Technologies Netherlands B.V., Ede, Netherlands) system was used for deionized water.
Mobile phases were prepared using an ammonium acetate solution (7.5 M) and glacial
acetic acid (Fluka-Honeywell). First, a 1 M stock solution was prepared and further
diluted to the target concentration. Proteases (GluC and chymotrypsin) were obtained
from Worthington Biochemical Corp. ( Lakewood, USA).

7.4.2. ANTIBODIES

Nine different monoclonal antibodies (mAbs) were used in this study. mAb1, mAb3 and
mAb4, as well as a Pro329Gly, Leu234Ala and Leu235Ala mutant (PGLALA) of mAb1,
were provided by Roche (Penzberg, Germany and Zurich, Switzerland). mAb2
(anti-RhD, reported as +B [35]) and anti-TNP subclasses (reported as IgG1*03, IgG2*01,
IgG3*01, IgG4*03 [25]) were provided by Sanquin (Amsterdam, The Netherlands).
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7.4.3. BOTTOM-UP LIQUID CHROMATOGRAPHY-MS/MS ANALYSIS

FcγRIIIb was subjected to in-gel digestion using GluC and chymotrypsin as reported
previously [236]. Digested FcγRIIIb was subjected to bottom-up analysis by
reversed-phase liquid chromatography (LC)-MS/MS. The separation of (glyco)peptides
was performed on an Easy nLC 1200 system (Thermo Fisher Scientific) using a
precolumn (15 mm × 100 µm; Reprosil-Pur C18-AQ 3 µm, Dr. Maisch, Ammerbuch,
Germany) and an analytical nanoLC column (150 mm × 75 µm; Reprosil-Pur C18-AQ 3
µm). Mobile phase A was 0.1% formic acid in MQ. A gradient from 10% – 40% mobile
phase B (0.1% formic acid/ 80% acetonitrile) was used for elution of (glyco-)peptides.
The LC was hyphenated to an Orbitrap Exploris 480 mass spectrometer. MS1 scans
were acquired in an m/z range of 400 – 3,500. The MS1 resolution was set to 120,000
(FcγRIIIb). Data-dependent higher-energy C-trap dissociation (HCD) was used for
MS/MS fragmentation. An isolation window of 1.2 Th and a resolution of 30,000 was
applied. The charge states 2 – 7 (FcγRIIIb) were included for fragmentation. For
FcγRIIIb analysis, HCD with normalized collision energy (NCE) of 30% was performed.
In addition, triggered MS/MS (HexNAc loss (204.087)) was used applying stepped NCE
of 20%, 30% and 50% combined to one spectrum in an m/z range 110 – 3,500.

7.4.4. FCγRIIIB GLYCOPROTEOMIC DATA ANALYSIS

The obtained (glyco-)peptide cleavage products were verified by automated MS/MS
identification using Byonic (v. 3.7.13 Protein Metrics). Next, glycopeptide compositions
for each glycosylation site were analyzed based on mass accuracies and retention time
differences (MS1 information) by GlycopeptideGraphMS [89]. A glycan list covering all
glycans from the different glycosylation sites was generated, then applied to each
glycopeptide portion, integrated and manually checked based on retention time, mass
accuracy (< 10 ppm) and isotopic pattern quality (idotp > 0.85) in Skyline [123]. Relative
abundances were calculated based on total area normalization for each glycosylation
site.

7.4.5. FCγRIIIB COLUMN PREPARATION

The FcγRIIIb affinity column was prepared as reported for FcγRIIIa AC [34, 198]. In
short, human FcγRIIIb_NA1 was produced in HEK cells as a construct with C-terminal
AviTag, IgA protease cleavage site (no cleavage was performed) and IgG Fc part
(PGLALA mutant) as reported [251]. The material was then biotinylated and 3 mg
receptor were immobilized on streptavidin sepharose beads and packed in a Tricorn
column housing (5 mm x 50 mm, GE Healthcare). The column volume was 1 mL.
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7.4.6. FCγRIIIB AFFINITY LIQUID CHROMATOGRAPHY – MASS

SPECTROMETRY

FcγRIIIb affinity chromatography was performed using a biocompatible Thermo
Ultimate3000 instrument (Thermo Fisher Scientific). For method development, UV
detection at 280 nm and online pH monitoring (PCM-3000) was used. The system was
operated at 20°C and with a flow rate of 0.5 mL/min. Mobile phase A (30 mM
ammonium acetate, pH 6.8) and mobile phase B (50 mM acetic acid, pH 3.0) was used.
All samples were buffer exchanged to mobile phase A (30 kDa molecular weight cut-off
filter, Merck, Darmstadt, Germany). 50 µg of the sample were injected for each run.
Prior to injection, the column was conditioned for 30 min with mobile phase A. Upon
injection, a washing step of 10 min mobile phase A was applied. Then a linear gradient
of 30 min to 80% mobile phase B was used for elution. Next, an additional washing step
with 80% mobile phase B for 10 min was used before returning to the starting
conditions. The flow was split, diverting approximately 30 µL/min to the mass
spectrometer. Online native MS detection was performed using a 15T solariX FT-ICR
mass spectrometer (Bruker Daltonics, Bremen, Germany). MS settings were as
described previously [198]. Acquired spectra were manually inspected and visualized
using DataAnalysis 5.0 (Bruker Daltonics). Deconvolution of mass spectra was
performed using the Maximum Entropy tool with an instrument resolving power of
3,000. The deconvolution mass range was set from 145,000 to 155,000 Da. Proteoform
assignment was performed manually on deconvoluted mass spectra using a mass
tolerance of 50 ppm. The web-based Protein Tool (https://protpi.ch) was used for
calculation of average masses considering the mAb sequence, C-terminal lysine
clipping, glycosylation, disulfide bonds and N-terminal pyro-glutamine (if applicable).
Extracted ion chromatograms were generated for charge states 22+ to 29+ in a window
of ± 0.4 Th.

SUPPORTING INFORMATION
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T HE safety and efficacy of therapeutic proteins are affected by glycosylation.
Hence, the analysis and control of glycosylation have high relevance at all stages of

biopharmaceutical drug development. However, glycosylation is highly heterogeneous
and the main contributor to proteoform heterogeneity. A therapeutic protein may be
glycosylated at multiple sites and exhibit a high variety of (isomeric) glycan structures.
The inherent complexity is a major challenge for the in-depth and routine
characterization of glycoproteins. Glycoform profiling methods are limited by the data
analysis efficiency at the bottom-up level and a high degree of proteoform assignment
ambiguities at the intact level. Thus, the integration of multilevel mass spectrometry
(MS)-based strategies is pivotal for comprehensive glycosylation analysis. Linking
specific glycoforms to functional differences cannot be achieved by commonly applied
binding assays due to the proteoform complexity. Affinity separation in combination
with MS may offer a way to form such links, relying on its sensitivity and capability to
resolve individual proteoforms.

8.1. TOWARDS EFFICIENT GLYCOFORM PROFILING OF

THERAPEUTIC PROTEINS

8.1.1. BOTTOM-UP GLYCOPEPTIDE ANALYSIS

The major bottleneck in bottom-up approaches for the analysis of isolated
glycoproteins is data analysis [85, 252, 253]. Efficient identification and quantification
of glycopeptides are challenged primarily by the degree and dynamic range of
glycosylation microheterogeneity. Furthermore, unspecific cleavage products,
isomeric/isobaric glycopeptides, and the co-occurrence of other PTMs hamper data
analysis [85, 89]. Manual identification, aiming for comprehensive and accurate
assessment of glycopeptide data, is tedious, error-prone, and time-consuming. Recent
developments in bioinformatic tools enormously facilitate the automated analysis of
glycopeptides [86, 87, 254, 255]. Besides a vast amount of MS/MS-centered tools,
characteristic elution patterns of glycopeptides in reversed-phase liquid
chromatography (RP-LC) have been exploited for developing more simplified and
extensive MS1-centered data analysis [89, 90, 256]. The suitability of RP-LC MS for the
integration of glycopeptide and peptide analysis makes it highly useful for
multiple-attribute monitoring methods in biopharmaceutical applications as
demonstrated in Chapter 3 for the parallel assessment of glycosylation, Asn
deamidation, and Met oxidation [122, 257].

The integration of software tools is key for efficient glycoproteomic data analysis.
Platforms, such as OpenMS, offer already highly versatile and advanced data analysis
pipelines for proteomics approaches [108]. However, the integration of
glycopeptide-centered software tools is still emerging, even though many glycopeptide
tools exist [252, 253, 255]. In Chapter 2, the integration of automated MS1-based
glycopeptide identification (GlycopeptideGraphMS [89]) and data curation (LaCyTools
[90]) was aided by a python script. This approach exemplifies a successful integration of
independent glycopeptide-dedicated software tools towards more automated and
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reliable data analysis. Glycosylation-centered databases, such as GlyConnect, are of
high relevance to support glycoprotein characterization workflows [94]. For example,
the existing knowledge on specific glycosylation of proteins or possible biosynthetic
pathways can be easily integrated to interpret glycopeptide compositions [258].
Glycopeptide software tools ideally provide user interfaces, which facilitate the
integration of other tools or databases. Moreover, visual interfaces, such as present in
GlycopeptideGraphMS or GlyConnect, should be more widely used to simplify grasping
the complexity of glycopeptide data. In a biopharmaceutical setting, it is most
important that programs are well-maintained, easy to use, and centralized. The
accurate assessment of PTMs such as glycosylation in an efficient manner is critical to
accelerate the analytical characterization of therapeutic proteins. Commercial software
tools (e.g. ProteinMetrics) for biopharmaceutical applications have largely emerged in
recent years due to the demand for more comprehensive characterization and
increasing complexity of biopharmaceuticals [85, 205, 259, 260]. In the future, the
extension of commercial software packages by tools for simplified glycopeptide analysis
workflows as discussed above is of high interest.

Although trypsin is the gold standard protease for (glyco)proteomic approaches, it may
lead to glycopeptides covering multiple glycosylation sites owing to lacking cleavage
sites [115]. This hampers the site-specific glycosylation analysis and is commonly
addressed by the use of alternative proteases with different cleavage specificities.
However, other proteases are usually less specific compared to trypsin [68]. Cysteine
aminoethylation is an analytical approach to introduce additional tryptic cleavage sites
by converting cysteines into pseudo-lysines and a new biopharmaceutical application
was demonstrated in Chapter 3 [119]. This approach has been described for other
glycoproteomic and biopharmaceutical applications [118, 120, 121]. However,
aminoethylation is not very often reported compared to more established alkylation
strategies such as carbamidomethylation, despite its equal simplicity and cost. Cysteine
aminoethylation should be more explored for the structural characterization of
glycoproteins and biopharmaceuticals. For example, it should be further explored,
whether aminoethylated and oxidized cysteines may be efficiently cleaved by Lys-N
(N-terminal cleavage), which may prevent ambiguous glycopeptide assignments, which
impaired IgA glycopeptide analysis in Chapter 2. For monoclonal antibodies (mAbs),
cysteine-specific cleavage might be highly interesting for obtaining specific information
at a level between bottom-up and middle-up analysis. Cysteine-specific cleavage has
been demonstrated upon blocking of lysines, cysteine aminoethylation, and
subsequent Lys-C digestion for several proteins [261]. This approach potentially
increases the sequence coverage because it reduces the number of small, hydrophilic
peptides that are often missing in bottom-up approaches. Additionally, the
site-specificity of PTM localization compared to middle-up analysis is expected to be
increased. The cysteine-specific cleavage of a standard IgG1 mAb (e.g. trastuzumab)
would result in ten peptides of the heavy chain and five peptides of the light chain
ranging from 2 kDa to 8 kDa. This mass range makes the peptide sequences highly
accessible for fragmentation techniques and the number of only 15 peptides allows for
straightforward data interpretation.
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8.1.2. INTACT GLYCOPROTEIN ANALYSIS

Intact mass analysis of isolated therapeutic glycoproteins is a powerful approach for
fast profiling purposes and for assessing glycoprotein similarities. In addition, intact
mass analysis of glycoproteins is better suited for the analysis of highly sialylated
glycoproteins compared to bottom-up methods as shown in Chapter 4 [59, 262, 263]. It
should be noted that the proteoform assignment is highly impaired for complex
glycoproteins, such as erythropoietin (EPO). This is due to the overlapping and
unresolved glycoforms as elaborated in Chapter 4. Hence, the integration of bottom-up
and intact MS analysis data is emerging for the characterization of biopharmaceuticals
due to the complementarity [59, 79, 263]. Even the charge profile of an intact mAb was
recently reconstructed based on bottom-up data [260]. This demonstrates how valuable
the integration of multilevel MS analyses is for a more comprehensive structural
characterization of therapeutic proteins.

Matrix assisted laser desorption ionization (MALDI) in combination with time-of-flight
(TOF) or Fourier-transform ion-cyclotron-resonance (FT-ICR) MS is being used for the
analysis of intact proteins [168, 172]. However, the proteoform-resolution of more
commonly used TOF-MS instruments is very low compared to MALDI FT-ICR MS
instruments for complex glycoproteins such as EPO as exemplified in Chapter 4. The
use of MALDI for intact mass analysis has several advantages for application in the
biopharmaceutical industry. MALDI is highly automatable, fast, and, compared to
electrospray ionization (ESI), less susceptible to sample carry-over. More importantly,
the mass spectra processing is simplified since predominantly one charge state is
present at high m/z (around m/z 15,000 for EPO, Chapter 4). In contrast, the more
routinely used ESI results in multiple, potentially overlapping charge states at lower m/z
ranges, even for native ESI [264]. Because of this, ESI-MS spectra are usually
deconvoluted, which may introduce artefacts [205, 265]. One disadvantage of the
presented MALDI FT-ICR MS method, compared to ESI-MS and MALDI TOF MS, is the
limited mass range. Although CsI-cluster ion transmission up to m/z 35,000 was
achieved, a significant decrease in sensitivity was observed over m/z 20,000. This limits
the current method to proteins up to 40 kDa considering doubly charged ions are
sufficiently present as observed for EPO in Chapter 4. It would be interesting to
systematically test MALDI conditions, e.g. different matrices and additives, that lead to
higher charge states or to investigate how the protein backbone or structure influences
the observed charge state. It was recently demonstrated that higher charge states of up
to 6+ could be observed for intact IgG by adjusting the MALDI sample preparation
conditions[266]. This is still a drastically lower charge state compared to native ESI-MS
(lowest charge state for native ESI-MS of mAbs is around 20+ [267]). Hence, MALDI
methods may offer increased spatial m/z resolution for monitoring important
proteoform information in a single charge state, making it an attractive tool for the
analysis of complex glycoproteins.
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The use of a MALDI FT-ICR MS instrument with intermediate source pressure allowed
for increased sialic acid stability and enhanced ion declustering. Instrumental
adjustments, such as ion source pressure and declustering capabilities, of more
commonly available MALDI TOF MS instruments, should enable to improve the intact
analysis of complex proteins, such as EPO. This would make the technology more
widely accessible for biopharmaceutical laboratories. Furthermore, the advantages of
MALDI MS for tolerating impurities (salts and detergents) should be assessed in
comparison to direct-infusion ESI-MS for biopharmaceutical applications. It is
expected that the increased tolerance makes MALDI a superior choice for analyzing
samples from complex matrices such as cell-culture supernatant or formulation buffer
[268, 269]. This makes the method more versatile for applications in the
biopharmaceutical industry.

Higher proteoform assignment confidence is achieved by a separation dimension prior
to MS, enabling more extensive proteoform profiling [270]. Several separation
strategies, such as capillary electrophoresis or liquid chromatography hyphenated to
MS, have been developed in recent years for biopharmaceuticals [270, 271]. Ion
exchange LC-MS methods have been established for antibodies and are great to resolve
proteoforms [70, 272]. Another recently developed AEX-MS method could highly
decrease the proteoform assignment ambiguities for EPO, which are discussed in
Chapter 4 [71]. The developed FcγRIII AC-MS methods (Chapter 5 – 7) are sensitive to
glycosylation features, particularly fucosylation, and greatly decrease proteoform
assignment ambiguities for mAb glycoforms. For example, the overlap of
galactosylation and fucosylation differences (∆16 Da) is a common drawback of direct
analysis approaches and impairs the distinction of G0F/G0F and G0F/G1 or G1F/G0.
FcγRIII AC-MS resolves these proteoforms, which increases the confidence and
number of assigned glycoforms. Hence, it represents a highly valuable tool for
comprehensive mAb glycoform profiling at the intact level.
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8.2. FUNCTIONAL AFFINITY CHROMATOGRAPHY – MASS

SPECTROMETRY

8.2.1. THE POTENTIAL FOR SUPPORTING CRITICAL QUALITY ATTRIBUTE

ASSESSMENT

The understanding of structure-function relationships is highly important for defining
critical quality attributes (CQAs) of therapeutic proteins. This is an important step of
biopharmaceutical drug development [48]. However, it is not trivial to link a single
proteoform to functional changes, due to the inherent complexity of modifications
such as glycosylation [179]. Glycoengineering is commonly applied to enable studying
glycosylation features more specifically. This is highly laborious, time-consuming, and
still results in heterogeneous glycoform mixtures [8, 34, 35]. AC-MS, yet neglected as a
technology for biopharmaceutical purposes, has the potential to greatly support the
identification of CQAs. Fc gamma receptor - antibody interactions, which mediate key
immunological responses, were not previously studied by AC-MS. The developed
AC-MS methods in this thesis (Chapter 5 – 7) tremendously enhance the understanding
of individual proteoform structure-function relationships.

Fc receptor AC is considered a functional separation due to the role of mAb-receptor
interactions in biological processes. Increased retention in FcγRIIIa AC has been linked
to enhanced ADCC activation [34, 251]. The ranking of glycoforms, studied by AC-MS in
this work, was very well in line with reported affinity differences [28]. However, the
relative AC-MS retention time differences of glycoforms cannot be easily translated to
their impact on binding affinities or function. For this purpose, enriched proteoforms
obtained by preparative AC should be subjected to functional cellular assays. This
might allow correlating the retention in AC to biological differences and would be
extremely helpful for interpreting the data and concluding on the biological impact of
specific proteoforms.

Native separation techniques such as IEX have already been proven to effectively link
charge variants of mAbs to differences in binding affinities and/or cellular responses
[43, 270, 273]. This is commonly achieved by fractionation of separated proteoforms
and subjection to functional assays. Subsequently, bottom-up methods are used to
identify and locate functionally critical modifications of enriched proteoforms. In
contrast to physico-chemical separation techniques such as IEX, the retention of
proteoforms in AC-MS is already linked to functional differences for specific receptor
interactions [34, 251]. This increases greatly the functional proteoform selectivity of
AC-MS and simplifies the identification of critical modifications. To better understand
the suitability of AC-MS for studying common PTMs beyond glycosylation, stressed
samples should be analyzed in the future. For evaluating potential degradation
products, samples can be stored under specific stress conditions (e.g. 37°C at pH 8.5 for
facilitating deamidation) to induce a variety of modified proteoforms [42]. For example,
recent studies showed a decreased FcγRIIIa binding and ADCC activity of deamidated
mAbs [43, 244]. It would be very interesting to see whether these deamidated
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proteoforms are separated and what effect the fucosylation level has on the receptor
interaction of deamidated proteoforms.

PTMs resulting in minor or no shifts in mass, such as deamidation or isomerization, are
not resolved by intact mass spectrometry of mAbs. In addition, chromatographic
separation of intact mAbs may also not be sufficient. Hence, bottom-up approaches are
needed to confidently identify and localize PTMs. Fractionation and offline bottom-up
workflows are time-consuming and often hampered as degradation products, e.g.
deamidation, are artificially introduced during long sample preparation times [274].
Hence, it would be very advantageous to use AC in combination with an automated
multidimensional LC approach to identify and localize unresolved modifications at the
bottom-up level. A recent report demonstrated the feasibility of Protein A-AC (first
dimension) in combination with online reduction (second dimension), tryptic
digestion (third dimension), and RP LC-MS (fourth dimension) for mAb analysis [275].
The use of FcγRIII AC as the first dimension in this analytical setup has the potential to
resolve more modifications and subtle changes. Additionally, this may also be useful to
expand the applicability of AC to more complex formats, which may suffer from high
proteoform assignment ambiguities in intact mass analysis. Subsequently, critical
modifications can be selected for tailoring bottom-up-centered multiple-attribute
monitoring methods for high-throughput or routine applications.

Besides the separation set-up, advanced MS acquisition strategies would be attractive
to provide structural information in AC-MS top-down experiments [276]. Several
MS/MS fragmentation techniques (e.g. ultraviolet photodissociation or
electron-transfer dissociation) have been applied for mAb analysis achieving
comprehensive sequence coverage and the localization of labile PTMs. The broad peaks
of AC-MS allow for sufficient time to apply (multiple) fragmentation techniques. In
particular, the analysis of Fc moieties (Chapter 6) is expected to result in high sequence
coverage of hinge or CH2 modification sites, which are potentially critical for FcγRIIIa
interactions.

For expanding the functional understanding of proteoform impact on relevant receptor
interactions, the development of more AC columns is highly desirable. For example,
mannose receptor or asialoglycoprotein interactions may assist the understanding of
pharmacokinetics [277]. Moreover, it would be highly interesting to study Fab-related
modifications using immobilized antigens for AC-MS. This is important for a functional
understanding of proteoforms because critical modifications in the Fab (affecting
antigen binding) are not separated in Fc receptor AC. For example, proteoforms with
high Fc receptor binding, but low antigen-binding, may exhibit overall low efficacy. In
the future, the analysis of mAbs using a repertoire of relevant AC columns could allow a
more sound understanding of the functional implications of mAb proteoforms for CQA
assessment.
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8.2.2. TECHNICAL ADVANTAGES AND LIMITATIONS

Analytical AC columns with immobilized Fc receptors, such as FcRn, are
commercialized and readily available. The specifications for these columns indicate
high robustness, repeatability, and stability (> 100 injections). Even the readiness for
clone selection in a high-throughput screening was recently demonstrated for an
FcγRIIIa column [251]. Furthermore, analytical columns can be used for preparative
purposes, i.e. enrichment of specific proteoforms for complementary functional or
binding assays. This makes AC highly suitable for the functional assessment of mAbs in
the biopharmaceutical industry. The reported AC methods are predominantly used in
combination with UV detection [8, 34, 44, 181, 251]. This simplifies the analytical setup,
but also drastically decreases the proteoform resolution.

The use of MS is needed for obtaining proteoform information. Detailed insights into
individual proteoforms can be achieved by mass spectrometers optimized for native
MS (high ion transmission and declustering). The Orbitrap with extended mass range
(EMR) has been established in recent years within industrial laboratories and is
expected to give a comparable data quality as obtained by the 15T FT-ICR MS
instrument used in this work [278]. Moreover, MS methods are emerging in quality
control laboratories, which demonstrates the readiness for MS-based methods beyond
research and development [257, 279]. Intact mass analysis methods are currently
expanding and are expected to become more established for routine applications.

The developed AC-MS methods focus on monomeric mAb-receptor interactions and
high proteoform resolution. The technical robustness, sensitivity and precision of
cell-free assays, such as AC-MS, comes at the cost of reducing the relevance to the in
vivo situation [179]. In contrast, cellular assays are more representative of the in vivo
situation but suffer from low robustness. Compared to AC-MS, they also lack
proteoform resolution. In general, a positive correlation exists between the assay
complexity and the physiological relevance. However, the analysis of underlying
monomeric mAb - receptor interactions is of high relevance for understanding the
molecular details of biological responses.

One of the most established cell-free binding assays for biopharmaceuticals is surface
plasmon resonance spectroscopy (SPR) [179, 280, 281]. SPR methods are used for
determining binding kinetics and are suitable for high-throughput applications
[282, 283]. However, SPR by itself cannot study individual proteoforms. The integration
AC-MS and SPR analyses could add highly relevant information for biomolecular
interactions. For example, SPR may be used online with LC for determining binding
kinetics in parallel to proteoform identification by MS as described recently [284]. An
AC-SPR/MS approach could add very proteoform-specificbinding kinetics for
understanding the impact of retention time differences in AC-MS. This approach may
allow a more quantitative output of AC-MS methods for determining affinity
differences. Moreover, the glycoforms resolved by FcγRIII AC may allow for probing of
individual glycoforms with different receptors in the SPR dimension. This integrated
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approach is expected to further enhance structure-function studies of mAb glycoforms
for relevant receptor interactions.

Another very recently developed approach for studying mAb-receptor interactions in a
proteoform-resolved manner is affinity capillary electrophoresis-MS (ACE-MS)
(Gstöttner et al. manuscript in preparation). This method assesses affinity differences
by shifts in electrophoretic mobility. ACE-MS allows for determining mAb binding
kinetics by analyzing a variety of receptor concentrations. Moreover, this technique is
very versatile and accessible as the receptor does not need to be immobilized and
packed in a column. In addition, the required amount of sample material is much lower
(only a few ng per analysis) compared to AC-MS. However, the migration time in CE is,
compared to retention time in LC, less robust. In addition, proteoforms (e.g. charge
variants) may show already differential migration in the absence of a receptor, which
complicates the data analysis. ACE-MS requires higher technical expertise to operate
the setup. In addition, CE-MS applications are generally less user-friendly [271, 285]. In
contrast, the operation of an LC column can be easily performed routinely, which
makes AC-MS more suitable for methods transfers. For use in biopharmaceutical
research, ACE-MS could guide the selection of AC columns to study and monitor critical
receptor interactions. Overall, AC(-MS) approaches are expected to have broader
applicability and transferability within all stages of biopharmaceutical drug
development.
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SUMMARY

Therapeutic proteins have been successfully developed for advancing medical
treatments. They are usually large molecules produced by host cells and have a high
degree of complexity compared to synthetic small molecule-based therapeutics. The
complexity is mainly attributed to the heterogenic nature of post-translational
modifications (PTMs). Glycosylation is one of the main drivers of protein heterogeneity.
Since each modification may potentially impact the safety and efficacy, analytical
methods for the structural and functional characterization of protein-based
therapeutics are highly demanded.

Chapter 1 introduces an overview of therapeutic proteins. Common PTMs of
therapeutic proteins are described with a focus on glycosylation. The functional
relevance of glycosylation is exemplified for Immunoglobulins (Igs), a major class of
therapeutic proteins. Further, common approaches and challenges for the analytical
characterization are introduced. Mass spectrometry (MS) is a key technique for the
analysis of therapeutic proteins. Thus, the fundamental ionization techniques for the
analysis of biomolecules, electrospray ionization (ESI) and matrix-assisted laser
desorption ionization (MALDI) are described. Finally, the scope of the thesis is outlined.

The (glyco)peptide-centered analysis of therapeutic proteins is important for the
site-specific characterization of PTMs. Bottom-up approaches are generally very
data-rich, particularly for glycoproteins, due to the high structural diversity of
glycosylation. Chapter 2 presents a data analysis pipeline for streamlined processing of
glycopeptide information from reversed-phase liquid chromatography MS/MS. A
tryptic digest of IgG and IgA, enriched from human plasma, was analyzed in this study.
Several recent bioinformatics tools, namely Byonic, GlycopeptideGraphMS and
LaCyTools, are integrated. In addition, drawbacks and limitations of current
glycoproteomics approaches are described. This chapter provides a guide for the
efficient analysis of glycoproteomics data with a focus on maximizing glycopeptide
identification and increasing the reliability of relative quantification.

The sample preparation strategy is highly relevant for a successful and efficient analysis
of glycoproteins by bottom-up approaches. One of the main challenges is to obtain
peptides bearing only a single glycosylation site. The addition of artificial protease
cleavage sites via cysteine aminoethylation is exploited for the glycoproteomic analysis
of recombinant erythropoietin (EPO) in Chapter 3. This approach adds additional
tryptic cleavage sites between two glycosylation sites which could previously only be
assessed by less specific proteases. It is demonstrated that the developed strategy,
relying on trypsin as a sole protease, significantly reduced the data complexity and
allowed for a shorter analysis time. Moreover, the advantage of the new method for
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multiple attribute monitoring is presented.

Glycoproteomic approaches are important for an in-depth site-specific
characterization of glycoproteins with multiple glycosylation sites. However, the
information on the combination of glycoforms is lost. Valuable information on the
actual proteoform heterogeneity is commonly obtained by intact mass profiling. ESI
MS-based methods are usually the first choice for intact mass analysis due to higher
proteoform resolution and increased stability of glycosylation features (i.e. sialic acids)
compared to MALDI MS. Chapter 4 demonstrates the feasibility of MALDI Fourier
transform cyclotron resonance (FT-ICR) MS for the intact analysis of the complex and
highly sialylated glycoprotein EPO. It is shown that the instrumental superiority and an
appropriate choice of the MALDI matrix allow characterizing intact proteoforms by
MALDI FT-ICR MS with comparable performance to ESI MS-based methods. The
developed method is fast and offers a straightforward data analysis of doubly charged
ions omitting the need for any charge deconvolution. This makes the approach highly
relevant for developing high-throughput applications for the intact mass analysis of
glycoproteins.

Monoclonal antibodies (mAbs) show a diversity of glycoforms (i.e., pairings of
conserved Fc glycans) which may differentially impact the safety and efficacy. The
structure-function characterization of mAb glycoforms is commonly addressed by
glycoengineering of specific features and subsequent analysis by binding assays to
relevant immune receptors. This approach is time-consuming and limited by the purity
and variety of glycoforms that can be achieved. Fc gamma receptor IIIA is an important
receptor for assessing antibody-dependent cellular cytotoxicity. Chapter 5 describes a
novel method based on Fc gamma RIIIa affinity chromatography (AC) hyphenated to
MS, which allows unpreceded insights into the structure-function relationship of mAb
glycoforms. Individual glycoforms can be easily ranked by their affinity without the
need for glycoengineering.

The high mAb glycoform resolution achieved by Fc gamma RIIIA AC-MS may be
hampered for mAbs with additional heterogeneity (e.g. Fab glycosylation). Therefore,
the analysis of Fc moieties by a middle-up approach is desirable to decrease the
proteoform complexity for a more confident glycoform assessment. In Chapter 6, the
Fc gamma RIIIA method is further developed by evaluating different hinge-cleavage
proteases for middle-up Fc gamma RIIIA AC-MS. Kgp is found to be a suitable protease
for retaining Fc gamma RIIIA affinity of Fc moieties. The advantages for reducing the
ambiguities in glycoform assignments are demonstrated for the analysis of Fab
glycosylated cetuximab.

Chapter 7 shows the development of a novel Fc gamma RIIIB AC-MS method. Fc
gamma RIIIB plays a major role in neutrophil activation, which is an important
mechanism of action of therapeutic mAbs. The use of an Fc gamma RIIIb AC column is
reported for the first time. The applicability of the method to a panel of different
classical and glycoengineered mAbs is demonstrated. Furthermore, this chapter
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compares the glycosylation profiles of human and recombinant Fc gamma RIIIB. In
addition, the IgG subclass specificity of Fc gamma RIIIb AC-MS is shown.

Finally, the analytical challenges for the characterization of therapeutic glycoproteins
are discussed in Chapter 8. The first part describes perspectives towards higher data
analysis efficiency and reliability of bottom-up and intact mass analysis. In addition,
potential biopharmaceutical applications for cysteine aminoethylation and intact mass
analysis by MALDI MS are discussed. In the second part, the role of AC-MS for
supporting critical quality attribute assessment of mAbs is highlighted. Technological
perspectives are described for enhancing the functional understanding of mAb
proteoforms. Finally, technical aspects of AC-MS are discussed and compared to other
binding assays for applications in the biopharmaceutical industry.
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SAMENVATTING

Therapeutische eiwitten zijn met succes ontwikkeld voor de bevordering van medische
behandelingen. Het zijn meestal grote moleculen die door gastheercellen worden
geproduceerd en een hoge mate van complexiteit hebben in vergelijking met
synthetische, kleine-moleculaire geneesmiddelen. De complexiteit wordt voornamelijk
toegeschreven aan de heterogene aard van post-translationele modificaties (PTMs).
Glycosylering is een van de voornaamste oorzaak van de heterogeniteit van eiwitten.
Aangezien elke modificatie mogelijk de veiligheid en werkzaamheid van therapeutische
eiwitten kan beïnvloeden is er een grote behoefte aan analytische methoden voor de
structurele en functionele karakterisering van eiwit-gebaseerde therapeutica.

Hoofdstuk 1 introduceert een overzicht van therapeutische eiwitten. Veel
voorkomende PTMs van therapeutische eiwitten worden beschreven met een focus op
glycosylering. Verder wordt de functionele relevantie van glycosylering beschreven voor
een belangrijke klasse van therapeutische eiwitten, namelijk Immunoglobulinen (Ig).
Daarnaast beschrijft dit hoofdstuk veelgebruikte technieken en uitdagingen voor de
analytische karakterisering van Ig. Massaspectrometrie (MS) speelt een sleutelrol in de
analyse van therapeutische eiwitten. Daarom geeft dit hoofdstuk uitleg over de
fundamentele ionisatietechnieken voor de analyse van biomoleculen, namelijk
electrospray ionization (ESI) en matrix-assisted laser desorption ionization (MALDI).
Tenslotte wordt in dit hoofdstuk de reikwijdte van het proefschrift geschetst.

De analyse van therapeutische eiwitten op glycopeptide niveau is essentieel voor de
locatie-specifieke karakterisering van PTMs. Bottom-up benaderingen zijn over het
algemeen zeer datarijk voor glycoproteïnen, vanwege de hoge structurele diversiteit van
glycosylering. Hoofdstuk 2 presenteert een data-analyse pijplijn voor de
gestroomlijnde verwerking van glycopeptide data verkregen door reversed-phase
vloeistofchromatografie gekoppeld aan tandem MS (RPLC-MS/MS). Dit hoofdstuk
beschrijft de analyse van een tryptische digest van IgG en IgA, verrijkt uit menselijk
plasma. Verschillende recente bioinformatica tools, zoals Byonic,
GlycopeptideGraphMS en LaCyTools, zijn geïntegreerd. Daarnaast beschrijft dit
hoofdstuk de nadelen en beperkingen van de huidige glycoproteomics benaderingen.
Dit hoofdstuk dient als leidraad voor de efficiënte analyse van glycoproteomics data.
Tevens is dit hoofdstuk gefocust op het maximaliseren van het aantal geïdentificeerde
glycopeptiden en het verhogen van de betrouwbaarheid van relatieve kwantificering.

De monstervoorbewerking is een zeer essentiële stap voor een succesvolle en efficiënte
analyse van glycoproteïnen door bottom-up benaderingen. Een van de belangrijkste
uitdagingen is het verkrijgen van peptiden met slechts één enkele glycosyleringslocatie.
In hoofdstuk 3 wordt een monstervoorbewerkingsstrategie ontwikkeld waarbij
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kunstmatige protease splitingslocaties worden toegevoegd via cysteïne
aminoethylering voor de glycoproteomische analyse van recombinant erytropoëtine
(EPO). Deze strategie resulteert in extra tryptische splitsingslocaties tussen twee
glycosyleringslocaties die voorheen alleen door minder specifieke proteasen werden
verkregen. In dit hoofdstuk wordt aangetoond dat de ontwikkelde
monstervoorbewerking, gebaseerd op trypsine als enige protease, de complexiteit van
de data aanzienlijk vermindert en resulteert in een kortere analysetijd. Tot slot
beschrijft dit hoofdstuk het voordeel van de nieuwe monstervoorbewerking voor
multiple attribute monitoring.

Glycoproteomische benaderingen zijn belangrijk voor de locatie-specifieke
karakterisering van glycoproteïnen met meerdere glycosyleringslocaties. Echter gaat
hierdoor de informatie over de combinatie van glycoformen verloren. Daarom wordt
waardevolle informatie over de werkelijke heterogeniteit van de proteoform meestal
verkregen door intacte massa profilering. ESI-MS-gebaseerde methoden zijn doorgaans
de eerste keuze voor intacte massa analyse. Dit is vanwege de hogere proteoform
resolutie en grotere stabiliteit van glycosylatie kenmerken (bijv. siaalzuren) in
vergelijking met MALDI MS. In hoofdstuk 4 wordt de haalbaarheid van MALDI Fourier
transform cyclotron resonance (FT-ICR) MS voor de intacte analyse van de complexe en
sterk gesialyseerde glycoproteine EPO aangetoond. De instrumentele superioriteit en
geschikte MALDI matrix resulteert in de karakterisering van intacte proteoformen met
MALDI FT-ICR MS met vergelijkbare prestaties als ESI-MS-gebaseerde methoden. De
ontwikkelde methode is snel en biedt een eenvoudige data-analyse van dubbel geladen
ionen, zonder de noodzaak elke lading te deconvoleren. Dit maakt deze methode zeer
relevant voor het ontwikkelen van high-throughput toepassingen voor de intacte massa
analyse van glycoproteïnen.

Monoklonale antilichamen (mAbs) vertonen een diversiteit aan glycoformen (d.w.z.,
paren van geconserveerde Fc glycanen) die een verschillende invloed kunnen hebben
op de veiligheid en werkzaamheid van het geneesmiddel. De structuur-functie relatie
van mAb glycoformen worden meestal bepaald door glycoengineering van specifieke
kenmerken, gevolgd door binding assays aan relevante immuunreceptoren. Deze
aanpak is tijdrovend, en beperkt de zuiverheid en de verscheidenheid van glycoformen
die kunnen worden behaald. Fc gamma receptor IIIA is een belangrijke receptor voor
de bepaling van antibody-dependent cellular cytotoxicity. Hoofdstuk 5 beschrijft een
nieuwe methode op basis van Fc gamma RIIIa affiniteitchromatografie (AC) gekoppeld
aan MS, die ongekende inzichten geeft in de structuur-functie relatie van mAb
glycoformen. Aan de hand van deze methode kunnen individuele glycoformen
gemakkelijk worden gerangschikt op basis van hun affiniteit zonder de noodzaak voor
glycoengineering.

De resolutie van een mAb glycoform in Fc gamma RIIIA AC-MS kan worden belemmerd
voor mAbs met extra heterogeniteit (bijv. Fab glycosylatie). Daarom is de analyse van Fc
samenstellingen door een middle-up benadering wenselijk, aangezien dit de
proteoform complexiteit vermindert en leidt tot een meer betrouwbare glycoform
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beoordeling. In hoofdstuk 6 wordt de Fc gamma RIIIA methode verder ontwikkeld door
het evalueren van verschillende hinge-cleavage proteasen voor middle-up Fc gamma
RIIIA AC-MS. Kgp blijkt een geschikt protease te zijn voor het behouden van de Fc
gamma RIIIA affiniteit van Fc moieties. Verder worden de voordelen voor het
verminderen van ambiguïteiten in de glycoform bepaling gedemonstreerd voor de
analyse van Fab geglycosyleerd cetuximab.

In hoofdstuk 7 wordt de methode ontwikkeling van een nieuwe Fc gamma RIIIB AC-MS
methode beschreven. Fc gamma RIIIB speelt een belangrijke rol in neutrofiele activatie,
wat een belangrijk werkingsmechanisme is van therapeutische mAbs. Voor de
allereerste keer wordt het gebruik van een Fc gamma RIIIb AC kolom gerapporteerd. In
dit hoofdstuk wordt de toepasbaarheid van de methode aangetoond door het
analyseren van verschillende klassieke en glycoengineerd mAbs. Verder vergelijkt dit
hoofdstuk de glycosylatieprofielen van humaan en recombinant Fc gamma RIIIB. Tot
slot wordt in dit hoofdstuk de IgG subklasse specificiteit van Fc gamma RIIIb AC-MS
aangetoond.

Tenslotte volgt er een algemene discussie over de analytische uitdagingen voor de
karakterisering van therapeutische glycoproteïnen in hoofdstuk 8. Het eerste deel van
dit hoofdstuk beschrijft de perspectieven voor een hogere efficiëntie en
betrouwbaarheid van de data-analyse voor bottom-up en intacte massa analyses.
Daarnaast worden potentiële biofarmaceutische toepassingen voor cysteïne
aminoethylering en intacte massa analyse door MALDI MS besproken. In het tweede
deel van dit hoofdstuk wordt de rol van AC-MS voor de ondersteuning van de kritische
kwaliteitsbeoordeling van mAbs toegelicht. Tevens worden de technologische
perspectieven voor het verbeteren van het functionele begrip van mAb proteoformen
besproken. Als laatste worden de technische aspecten van AC-MS besproken en
vergeleken met andere bindingsassays voor toepassingen in de biofarmaceutische
industrie.
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