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HIGHLIGHTS GRAPHICAL ABSTRACT

o Development of a nano RP HPLC-MS
approach for intact Fc/2 of polyclonal
IgG.

e Glycoform profiling in a fully subclass-
and allotype-specific manner.

e Accessibility of Fc proteoforms beyond
bottom-up analysis.
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o Semi-automated data analysis workflow
for intact Fc/2 subunits.

e Robustness, sensitivity, and throughput
suitable for clinical cohorts.
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ARTICLE INFO ABSTRACT

Handling Editor: Dr. L. Liang The conserved region (Fc) of IgG antibodies dictates the interactions with designated receptors thus defining the
immunological effector functions of IgG. Amino acid sequence variations in the Fc, recognized as subclasses and
Keywords: allotypes, as well as post-translational modifications (PTMs) modulate these interactions. Yet, the high similarity

Polyclonal immunoglobulin G of Fc sequences hinders allotype-specific PTM analysis by state-of-the-art bottom-up methods and current subunit

g\n];lt;()dles approaches lack sensitivity and face co-elution of near-isobaric allotypes.
Glllyccoz:fl;eaiion To circumvent these shortcomings, we present a nanoscale reversed-phase (RP) HPLC-MS workflow of intact

Fc subunits for comprehensive characterization of Fc proteoforms in an allotype- and subclass-specific manner.
Polyclonal IgGs were purified from individuals followed by enzymatic digestion releasing single chain Fc sub-
units (Fc/2) that were directly subjected to analysis. Chromatographic conditions were optimized to separate Fc/
2 subunits of near-isobaric allotypes and subclasses allowing allotype and proteoform identification and
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quantification across all four IgG subclasses. The workflow was complemented by a semi-automated data analysis
pipeline based on the open-source software Skyline followed by post-processing in R. The approach revealed
pronounced differences in Fc glycosylation between donors, besides inter-subclass and inter-allotype variability
within donors. Notably, partial occupancy of the N-glycosylation site in the C43 domain of IgG3 was observed
that is generally neglected by established approaches. The described method was benchmarked across several
hundred runs and showed good precision and robustness.

This methodology represents a first mature Fc subunit profiling approach allowing truly subclass- and
allotype-specific Fc proteoform characterization beyond established approaches. The comprehensive information
obtained paired with the high sensitivity provided by the miniaturization of the approach guarantees applica-
bility to a broad range of research questions including clinically relevant (auto)antibody characterization or
pharmacokinetics assessment of therapeutic IgGs.

1. Introduction

Immunoglobulin G (IgG) antibodies are key effector proteins of the
immune system responsible for the clearance of exogenous and endog-
enous agents. While the variable fragment antigen-binding (Fab) part is
responsible for antigen recognition, the conserved fragment crystalliz-
able (Fc) region translates effector signals by binding to downstream
receptors, e.g., Fc gamma receptors [1]. The specific amino acid
sequence of the Fc region determines the subclass of IgG, i.e., IgG1-4, as
well as its allotype [2] and is a major determinant of the IgG’s ability to
activate biological signaling pathways, e.g., antibody-dependent
cellular cytotoxicity (ADCC) [3] or complement-dependent cytotox-
icity (CDC) [2]. In addition to manifold sequence variations,
post-translational modifications (PTMs) such as glycosylation or oxida-
tion, significantly alter binding to these receptors [4-6]. Alterations in
the PTM profiles of endogenous IgG have been reported in a number of
diseases, including autoimmunity [7], are linked to disease severity, and
have been proposed as clinical biomarkers [8]. In addition, Fc glyco-
sylation is linked to the physiological state of an organism and changes
for instance during pregnancy or with age [8].

Given the biological importance of IgG and its molecular charac-
teristics, dedicated analytical methods have been developed. Among
these, approaches for the analysis of the Fc glycans are by far the most
widespread and rely mainly on released glycan or glycopeptide analyses
[9]. However, these (bottom-up) methods are generally targeted at
specific subclasses or PTMs rendering them blind for many IgG sequence
variations or co-occurring modifications. In addition, common IgG2 and
IgG3 allotypes yield identical tryptic glycopeptides thus requiring
dedicated sample preparation strategies [10]. Similarly, IgG3 and IgG4
may share isomeric tryptic glycopeptides depending on the specific al-
lotypes [11]. Yet, subclass-specific glycosylation analysis is of high
relevance as glycosylation patterns differ significantly between sub-
classes [12].

Driven by methodological and technical advancements, intact pro-
tein analysis is gaining interest as holistic analytical approach for the
characterization of antibody biopharmaceuticals [13-16]. Since the
great variability of the Fab domain hinders the analysis of intact poly-
clonal IgG, the conserved Fc region has to be released from intact IgG.
This is, at present, achieved by either limited proteolysis, e.g., LysC [17],
or specific enzymatic digestion, e.g., IdeS or SpeB [18-20], yielding
single chain Fc subunits (Fc/2) - approaches recognized as
middle-up/down. To our knowledge, characterization of polyclonal IgG
from human individuals based on the intact Fc/2 subunit was so far
pursued only by two studies. Goetze et al. [21] characterized Fc/2
subunits from several donors revealing IgGl and IgG2 allotypes and
their glycosylation profiles additionally leading to the identification of a
previously undescribed IgG1 allotype. Although this study demonstrated
the feasibility and capabilities of such an approach, it lacked both sep-
aration capabilities as well as sensitivity due to analytical scale column
dimensions. Therefore, only IgG1 and IgG2 allotypes were amenable to
this approach. Recently, Senard et al. further pursued this idea and
applied capillary scale hydrophilic interaction liquid chromatography
(HILIC) and capillary electrophoresis (CE) both coupled to mass

spectrometry (MS) to separate and characterize Fc/2 subunits [22].
While this study could decrease limits of detection demonstrating the
feasibility of assessing also lower abundant IgG3 and IgG4 allotypes,
some prevalent allotypes were insufficiently separated by both
HILIC-MS and CE-MS thereby limiting the applicability of these
analytical approaches. In addition, the capillary scale of the HILIC
approach as well as restricted injection volumes in CE, still provided
limited sensitivity, which would be required for the analysis of, e.g.,
antigen-specific IgGs.

Here, we established a robust and sensitive nanoscale RP HPLC-MS
approach dedicated to a comprehensive characterization of the intact
Fc region of human polyclonal IgG. By achieving chromatographic res-
olution of critical IgG allotype pairs, we present an unbiased and
comprehensive view on allotype proteoforms. The method shows high
sensitivity making it applicable to minute sample amounts and low IgG
concentrations. Together with its throughput and robustness, the anal-
ysis of patient cohorts consisting of hundreds of samples becomes
feasible.

2. Materials and methods
2.1. Sample preparation

Fc/2 subunits of IgG allotypes were prepared based on a protocol
previously described by Senard et al. [22] with a few minor amend-
ments. Briefly, human plasma samples obtained from individual donors
were diluted 1:8 in phosphate-buffered saline (PBS; 0.035 mmol L™}
phosphate, 150 mmol-L "} NaCl, pH 7.6) to an approximate concentra-
tion of 1.25 pg-uL.~! IgG calculated based on literature values of approx.
10 pg-pL~! IgG in adults [23]. 6.4 pL of diluted plasma were further
diluted to 100 pL in PBS and purified on 10 pL of Fc-specific agarose
beads (CaptureSelect™ FcXL Affinity Matrix; Thermo Fisher Scientific,
Waltham, MA) self-packed into 96-well filter plates (10 pm pore, Oro-
chem Technologies, Naperville, IL). After an incubation step of 2.0 h at
room temperature while shaking, all wells were washed four times with
200 pL PBS. In all cases, the supernatant was removed from the beads
employing a centrifugation step at 500xg for 1 min. Subsequently, IgG
was digested below the hinge region by applying the protease IdeS
(Genovis, Lund, Sweden) at a ratio of 2 Uug ™! IgG in 20 pL PBS. After
incubation at 37 °C for 3.0 h in a moisture box, Fab subunits and IdeS
were removed by centrifugation followed by another washing step
(thrice with 200 pL of PBS and once with 200 pL of water). Finally, Fc
subunits were eluted by incubation with 20 pl of 100 mmol-L ™! formic
acid (FA; VWR Chemicals, Radnor, PA). The elution step was repeated
once and the pooled eluates were directly subjected to HPLC-MS anal-
ysis. Fc/2 subunits of donors 2-4 were characterized by three inde-
pendent purification procedures and measured in duplicates. Fc/2
subunits of donor 1 were purified once and measured in duplicates.
System performance was monitored by an Fc/2 standard that was
generated by digesting a commercial preparation of Trastuzumab
(Herceptin; Roche Diagnostics GmbH, Penzberg, Germany) with IdeS (1
U-pg~! IgG) in 150 mmol'L ™! ammonium acetate (Sigma-Aldrich) fol-
lowed by a dilution in 150 mmolL™' ammonium acetate to a
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concentration of 50 ng-pL’l.
2.2. RP HPLC

Fc/2 subunits were analyzed on an U3000 nanoRSLC system
(Thermo Fisher Scientific) equipped with a 5.0 pL sample loop. 0.75 pL
and 1.00 pL of sample and Fc/2 standard, respectively, both corre-
sponding to approx. 50 ng of Fc/2 subunits were injected in microliter
pick-up mode onto a C4 trap column (5.0 x 0.3 mm i.d., Acclaim™
PepMap™, 300 A pore size; Thermo Fisher Scientific) employing a flow
rate of 15 pL-min ! provided by the designated loading pump. Trapping
of samples was conducted under isocratic conditions, i.e., H,O + 0.1%
trifluoroacetic acid (TFA; Merck, Darmstadt), at a temperature of 60 °C
for 5 min. A forward-flow installation employing a 6-port switching
valve was used for elution from the trap column onto the separation
column. Separation of Fc/2 subunits was conducted on a diphenyl
reversed phase column (150.0 x 0.1 mm i.d, Halo® Bioclass, 1000 A
pore size; Advanced Material Technology, Wilmington, DE) at a flow
rate of 1.0 pL-min~'. The separation column was located in an additional
column oven (Butterfly heater; Phoenix S&T, Chadds Ford, PA) set to
80 °C. A shallow multi-step gradient employing solvent A (H2O (ELGA
Labwater, Ede, the Netherlands) + 0.1% TFA) and solvent B (acetonitrile
(Actu-All Chemicals, Oss, the Netherlands) + 0.1% TFA) was pro-
grammed as follows: 20.0% B for 5 min, 20.0%-33.5% in 1.0 min,
33.5-35.0% B in 12 min, 35.0-60.0% B in 2 min, 90.0% B for 5 min, and
20% B for 5 min.

2.3. Mass spectrometry

The HPLC system was coupled to a qTOF mass spectrometer (Maxis
HD) via a nano-ESI source (CaptiveSpray; both from Bruker, Bremen,
Germany). Acetonitrile-enriched nitrogen gas was employed at a pres-
sure of 0.40 bar (nanoBooster system; Bruker). Additionally, drying gas
flow was set to 3.0 L/min at a temperature of 220 °C. The system was
operated in positive mode with a spray voltage of 1000 V. Collision cell
RF was set to 2000 Vpp, the quadrupole ion and collisions cell energies
were 5.0 and 7.0 eV, respectively, the pre-pulse storage was put to 20.0
ps, and the transfer time to 150.0 ps. Funnel 1 and funnel 2 RF were
300.0 and 600.0 Vpp, respectively. An in-source CID of 65 eV provided
sufficient de-clustering potential without fragmentation of our analytes.
The mass range was set from m/z 600-4000 including a rolling average
of three scans resulting in an acquisition rate of 1.0 Hz.

2.4. Data evaluation

Initial identification of allotypes was based on protein average
masses acquired by deconvolution of raw mass spectra. Deconvolution
was achieved by the maximum entropy algorithm implemented in the
Compass DataAnalysis software (Bruker). To achieve optimal deconvo-
lution, the resolution was set to 5000 and the data spacing to 1.0, fol-
lowed by mass picking based on the Sum Peak algorithm also embedded
in the Compass DataAnalysis software package. Subsequently, identifi-
cation and relative quantification of allotypes and their proteoforms was
conducted in Skyline (version 22.2.0.351) relying on extracted ion
current chromatograms (EICCs) [24]. Prior to data import, raw mass
spectra were converted into the open source mzml format only including
time points 600-1320 s and m/z 1000 to 1600 to limit processing and
evaluation time as well as saving space for data storage employing
msConvert [25]. mzml files were further processed within the OpenMS
software environment initially applying Gaussian smoothing of indi-
vidual mass spectra (default settings, peak width of m/z 1.0) followed by
a baseline subtraction in these processed mass spectra with the Tophat
algorithm (default settings, width m/z 1.0) [26]. Finally, files were
imported into the Skyline software for proteoform identification and
quantification. Assignment and subsequent relative quantification were
based on matching m/z as well as expected retention times. The most
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abundant charge state (19+) and the two adjacent charge states (18+
and 20+) were used for generating EICCs using the most abundant
isotope, which was automatically calculated by Skyline for each charge
state. The extraction width was also automatically determined given a
TOF resolution setting that was put to 15,000. EICCs were automatically
integrated by Skyline and curated manually. The exported report was
further processed within the R programming environment [27]. Of note,
IgG3 allotypes that show occupancy of both N-glycosylation sites were
quantified after deconvolution. Data visualization and statistical
assessment was partly conducted in GraphPad Prism 9.3.1.

2.5. Allotype- and Glycan-nomenclature

Allotypes were labeled based on the nomenclature proposed by
Lefranc and Lefranc referred to as IMGT accession numbers in this study
[28]. In principle, allotypes are denoted, e.g., as IGHG1*01, where the
first number identifies the subclass and the second number the specific
allotype number. Sequences were retrieved from the associated website
imgt.org. Throughout this manuscript, annotation of allotypes was
conducted by showing only the first matching allotype number given the
fact that several IMGT amino acid sequences are identical or isobaric. An
overview of considered sequences is available in Supplementary
Table S1. Based on an established nomenclature, glycans were named by
adding galactose (G), fucose (F), bisecting N-acetylglucosamine
(GlcNAc; N), and N-acetylneuraminic acids (S) to the core glycan
structure of the complex type, e.g., G2F for a doubly galactosylated and
core fucosylated glycan.

2.6. Informed consent

All donors included in the study gave written informed consent for
sample acquisition. The study was approved by the medical ethical re-
view board of the Leiden University Medical Center under code P17.151.

2.7. Data availability

The raw mass spectrometry data is available under: https://doi.
org/10.5281/zenodo.7852039.

3. Results
3.1. Separation and identification of Fc/2 subunits

Polyclonal IgG from individual donors were purified from plasma
using Fc-specific beads followed by on-bead below-hinge-region diges-
tion by IdeS as described previously (Fig. 1a) [22]. While Fab portions
could be washed from the beads at a neutral pH, desired Fc/2 subunits
were eluted from the beads under acidic conditions (0.1 mol-L ! formic
acid) and directly injected for nano RP HPLC-MS analysis without any
additional sample treatment. To achieve robustness as well as sensi-
tivity, a forward-flow trap set-up was chosen: while a short trap column
operated at high flow rates (15 pL-min_l) provided tolerance for less
pure samples, e.g., salts, the separation was conducted on a nano column
to maximize sensitivity. As sensitivity is directly associated with flow
rate, a small column diameter (100 pm i.d.) was selected permitting to
reduce the flow rate to 1 pL-min~! providing higher sensitivity than
current Fc/2 HPLC-MS approaches [21,22]. MS conditions were opti-
mized using an Fc/2 standard (IGHG1*03) obtained from digestion of a
commercial preparation of trastuzumab. Adding acetonitrile as dopant
solvent to the nitrogen gas aided electrospray ionization and led to a
significant hyper-charging effect moving the most abundant charge state
from 15+ to 19+ (Supplementary Fig. S1). Adduct formation was found
unaltered upon enrichment of the nitrogen gas with acetonitrile within
the same charge state. Still, the hyper-charging effect was indirectly
beneficial for the analysis, as charge states <14+ showed pronounced
formation of TFA adducts compared to higher charge states. In addition,
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Fig. 1. Analysis of Fc/2 subunits released from polyclonal IgG by RP HPLC-MS. (a) Schematic of an IgG1 antibody that is digested by IdeS below its hinge region
releasing Fc/2 subunits. The heavy chain is indicated in blue and the light chain in green, whereas conserved and variable regions are colored in darker and lighter
shades, respectively. The color code for IgG subclasses (blue-IgG1, red-IgG2, orange-IgG3, and purple-IgG4), which is used throughout this manuscript, is indicated.
(b) Combined EICCs reveal allotype profiles of two individual donors. Donor 1 (left panel) is homozygous for IgG1, IgG2, and IgG3 allotype sequences. However, two
IgG4 sequences are observed. Donor 2 (right panel) is heterozygous for all four subclasses, thus displaying eight allotype sequences. In addition, oxidized and
hydrolyzed IGHG1 peaks are annotated that were co-extracted during EICC generation. The 19+ charge state of the G1F glycoform is shown in all cases. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

acetonitrile led to a significant reduction of noise levels in the region <
m/z 1000. Overall, this resulted in a significant gain in sensitivity
compared to existing methods [21,22] allowing routine analysis from
approx. 150 ng of IgG per injection, which makes low abundant, yet
highly relevant subpools of IgG accessible, e.g., autoantibodies [29] or
therapeutic antibodies during pharmacokinetics studies [30]. Compared
to the previously published HILIC-MS method [22] (1,660 ng polyclonal
IgG per run) and a RP HPLC-MS approach for murine IgG [19] (3,000 ng
polyclonal IgG per run) sensitivity could be increased roughly 10- and
20-fold, respectively.

The chromatographic method was carefully optimized to separate
critical near-isobaric allotype pairs (Supplementary Fig. S2). Of note,
these pairs are co-extracted during EICC generation due to a large
overlap of their isotopic distributions rendering the chromatographic
separation essential for identification and quantification. Eventually, the
desired chromatographic separation was achieved by a high separation
temperature (80 °C) paired with a phenyl-selectivity of the stationary
phase and a very shallow gradient. Importantly, for the first time, the
highly prevalent allotype pair IGHG1*03 and IGHG2*01 was clearly
separated, which could not be achieved by previous studies: both Goetze
et al. [21] and Senard et al. [22] could only obtain a partial separation
by analytical RP HPLC and CE, respectively, making quantification
difficult and error-prone. Besides the near-isobaric allotype-pair
IGHG1*01-IGHG4*02, also IGHG2*02-IGHG3*01 and
IGHG3*11-IGHG3*16, which show significant co-extraction at EICC
level, could be separated (Supplementary Fig. S2). These four pairs
constitute the most problematic allotypes in terms of isobaricity and are
highly prevalent in Caucasoid and Mongoloid populations [2,31].
Notably, we could only obtain partial separation of
IGHG2*01/IGHG2*02 and IGHG3*11/IGHG4*01 allotypes, respec-
tively, which partially overlap in the isotopic distribution of
non-bisected and bisected glycans. The obtained partial separation
allowed identifying these allotypes and subsequently adapting their
EICC windows. These adjustments of EICC windows of affected glyco-
forms towards a selective extraction resolved the co-extraction issue and
allowed their independent relative quantification in both cases (Sup-
plementary Fig. S3). For relative quantification, peak area compensation
factors were included in the data analysis workflow, which are based on
the ratio of peak areas (original EICC window vs. adapted EICC window)
of the unbiased GOF glycoform as explained in detail in Supplementary
Table S2.

After separation of these allotypes was achieved, four individual
donors were investigated for their allotype constitution (donors 1-4;

Supplementary Table S3). The combined EICCs of the G1F glycoform for
the identified allotypes is depicted for donor 1 and donor 2, respectively
(Fig. 1b). While donor 1 was homozygous for all IgG subclasses except
IgG4, donor 2 revealed heterozygosity for all IgG subclasses. Generally,
IgG1 allotypes eluted first, followed by IgG2 allotypes. IgG3 and I1gG4
allotypes eluted later, whereas their order was dependent on the specific
allotype. Since allotypes are generally inherited in a fixed combination
referred to as haplotypes, confident identification of one allotype can be
harnessed to identify genetically connected allotypes [2,31]. This is
especially helpful if information about the ethnicity of the donors is
available. A table depicting prevalent haplotypes in the respective
populations and the linked allotypes including IMGT accession numbers
was compiled (Supplementary Table S4). Haplotypes were assessed for
all donors and found to be mainly of Caucasian descent (Supplementary
Table S3). Yet, every donor showed a distinct haplotype profile illus-
trating the genetic diversity in the population. For instance, haplotypes
of donors depicted in Fig. 1b were found to be G3m5*; G1m3; G2m23
(donor 1, homozygous) and G3m5*; G1m3; G2m23/G3m5*; G1m17,1;
G2m.. (donor 2, heterozygous). Yet, it should be noted that one allotype
may be represented by different IMGT accession numbers. Experimental
masses for all identified allotypes as well as corresponding mass errors
are provided in Supplementary Table S5.

Interestingly, oxidized and hydrolyzed forms of IgG1 allotypes were
found at the start of the gradient (Fig. 1b, Supplementary Fig. S4).
Oxidation of Fc/2 is likely present on two well-studied methionines, e.g.,
M256 and M432 for IgG1, which may be oxidized in vivo and/or during
prolonged sample storage [32]. Multiple peaks of oxidized Fc/2 likely
result from oxidation of either one of the two methionine residues,
which can be separated by RP chromatography as demonstrated for the
Fc domain of biopharmaceuticals [33]. Hydrolyzed forms are likely an
analytical artefact caused by hydrolysis between aspartic acid and pro-
line under the acidic conditions and high temperature employed during
separation [34]. The presence of such hydrolyzed forms during analysis
of Fc/2 by RP HPLC was reported earlier [21] and highlights the benefit
of analyzing non-reduced Fc/2 as the disulfide bonds keep the cleaved
polypeptide chains connected. In addition, early eluting species
included a truncated version of Fc/2 of low abundance (<1%), likely
due to hydrolysis after an aspartic acid in the N-terminal region (Sup-
plementary Fig. S5). As this site is in close vicinity to the first cleavage
site of IdeS and the aspartic acid - threonine bond is less prone to hy-
drolysis, potentially an additional minor cleavage site of IdeS would be
imaginable.
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3.2. Assessing Fc Glyco- and proteoforms

The developed HPLC-MS method allowed assessment of Fc glyco-
forms in a truly subclass- and allotype-specific manner. This overcomes
the issue of identical IgG2 and IgG3 glycopeptides as well as isobaric
IgG3 and IgG4 glycopeptides encountered in bottom-up approaches [10,
11]. Notably, the prevalence of these problematic peptides is depending
on the allotype constitution of an individual and is associated with the
population investigated (Supplementary Tables S1 and 54).

Generally, the retention time of Fc/2 is mainly governed by the
amino acid sequence resulting in co-elution of glycoforms of the same
allotype in the applied RP HPLC approach (Fig. 2a). This renders
assignment of glycoforms to the respective allotype straight-forward
compared to other approaches such as HILIC, where both amino acid
sequence as well as the glycan portion have an influence on the retention
time [22]. Also, CE-based separation was shown to be generally driven
by the Fc/2 amino acid sequence although resolution was generally
lower than currently achieved with the RP HPLC method [22]. Besides,
negatively charged glycans have significant influence on the electro-
phoretic mobility, adding complexity to the profiles. While the glycan
composition of singly-glycosylated Fc/2 had negligible influence on the
retention time, non-glycosylated Fc/2 was more hydrophobic resulting
in a pronounced retention time shift as exemplarily visualized for an
IgG3 allotype in Fig. 2b. Intriguingly, we also observed partial occu-
pancy of the second N-glycosylation site in the Cy3 domain of IgG3 at
Asn392 (Fig. 2b). The presence of two N-glycans led to a shift in
retention time towards earlier elution. To better visualize the elution
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patterns of these species, the lower abundant GOFN glycoform was
selected for the singly glycosylated Fc/2, which allows comparison with
the abundance of the doubly and non-glycosylated Fc/2 (Fig. 2b). A
similar comparison using the most abundant glycoform (GOF) of the
singly glycosylated Fc/2 is depicted in Supplementary Fig. S6. The
deconvoluted mass spectra of IgG3 peaks showing these differences in
glycan site occupancy are presented in Fig. 2¢. Cy3 domain glycans were
strikingly different from those of the conserved Cy2 domain. In contrast
to lowly sialylated core fucosylated complex type glycans in the Cy2,
Cy3-associated glycans were dominated by afucosylated and highly
bisected complex type glycans. In addition, an abundant oligomannose
type glycan was identified. Considering the Cy2 glycan distribution was
unaffected by Cy3 glycans, Cy3 glycans clearly matched those identified
earlier by Stavenhagen et al. using a dedicated RP-porous graphitized
carbon HPLC-MS approach [35]. Glycoforms showing both N-glycosy-
lated Cy2 and Cy3 domains were quantified as well as the fractions of
none, singly, and doubly glycosylated Fc/2 (Supplementary Fig. S7).
Corresponding data is listed in Supplementary Table S6 for all donors
investigated. Cy3 domain glycosylation of IgG3 is generally neglected in
established bottom-up approaches and requires tailored analytical
workflows [35]. The developed approach provides information on the
co-occurrence of Cy2-Cy3 glycoforms beyond a stochastic combination
as provided by bottom-up approaches. Compared to these approaches,
our analytical strategy enables analysis of differentially occupied Fc/2
subunits that share the identical and relatively big protein backbone
rendering MS response factors potentially less biased by glycosylation.
Additionally, within glycoforms, negatively charged sialic acid residues
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Fig. 2. Characterization of Fc-associated glycoforms. (a) Combined EICCs of the main glycoforms present on IGHG1*03. EICCs were generated using the 19+
charge state for every glycoform. Non-bisected fucosylated neutral glycans are labeled in shades of blue, bisected neutral glycans in shades of pink, afucosylated
neutral glycans in red, and acidic glycans in yellow/orange. Asterisks (*) denote co-extracted glycoforms of IGHG2*02. (b) Separation of Fc/2 subunits of the
IGHG3*11 allotype bearing either none, one, or two N-glycans. (c) Deconvoluted mass spectra of the non-glycosylated (left panel), singly glycosylated (middle panel),
and doubly glycosylated Fc/2 (right panel) of IGHG3*11. Glycoforms of the doubly glycosylated Fc/2 are annotated starting from four non-galactosylated glyco-
forms. Additions of hexoses (yellow arrow, +162 Da) and N-acetylneuraminic acid (Neu5Ac; purple arrow, +291 Da) to these annotated glycoforms are indicated.
Asterisks (*) denote co-eluting glycoforms of IGHG4*01. Presented data was acquired from donor 1. (For interpretation of the references to color in this figure legend,

the reader is referred to the Web version of this article.)
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have less influence on the ionization of proteins compared to
peptide-based bottom-up approaches [36,37].

In addition to glycosylation, oxidation, and hydrolysis, we observed
glycation of the Fc/2. Although glycation is isobaric to mass shifts that
are caused by the addition of galactose residues to complex type glycans,
we focused on a comparison between the fully galactosylated G2F and
the glycated G2F proteoform (Supplementary Fig. S8). Accurate deter-
mination of glycation levels could be further achieved by prior degly-
cosylation by, e.g., PNGase F or EndoS [21]. Glycation of endogenous
IgG in healthy individuals has been reported to be ranging from 1 to 5
glucose molecules [38] or around 7% for intact IgG [39]. Our method-
ology mainly revealed singly glycated Fc/2 of varying abundance. Given
the fact that glycation is predominantly found on the Fab regions [38,
39] and considering that only Fc/2 subunits were examined by our
approach, this amount of glycation seems reasonable.

Next, we quantified the identified Fc/2 variants encountered in the
investigated donors and benchmarked the performance of the developed
method. Generally, up to 13 glycoforms were observed per allotype
resulting in 50-100 proteoforms per donor of greatly varying abundance
to be quantified (Fig. 3). To streamline the EICC-based quantification of
these manifold proteoforms, we established a semi-automated data
analysis pipeline relying on the open-source software Skyline and post-
processing within the R programming environment. This data evalua-
tion strategy provided insightful visualization of the acquired data
paired with reproducible integration of allotype proteoforms and quality
control thereof, i.e., retention time, peak area, and mass error.
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Fig. 3. Relative quantification of IGHG1*03 Fc-glycoforms across three
donors. Thirteen (glyco)forms were detected and quantified. Glycoforms are
listed by ascending molecular mass. The insert shows a zoom (0.0%-0.6%
fractional abundance) into the last four analytes that were low in abundance.
Individual donors are indicated in different shades of blue. Fractional abun-
dances are depicted as mean values based on three independent technical
replicates of which each replicate was averaged from duplicate HPLC-MS
measurements. Standard deviations are indicated. The overall relative stan-
dard deviation was 2.05% across these three donors (donors 2-4). (For inter-
pretation of the references to color in this figure legend, the reader is referred to
the Web version of this article.)
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Initially, allotype (subclass) abundances and glycoforms of donor 2
presented in Fig. 1b were quantified (Supplementary Figs. S9 and S10).
As anticipated, we observe a higher abundance of the IGHG2*02 allo-
type compared to IGHG2*01 [21,40]. Interestingly, we also see a minor
difference in the prevalence of IGHG1*01 compared to IGHG1*03.
Regarding glycosylation, as reported earlier, subclass-specific differ-
ences in Fc glycans were observed, e.g., higher levels of fucosylation of
IgG2 compared to IgG1 [12]. In addition, we detected allotype-specific
differences, e.g., significantly higher levels of bisection of IGHG1*03
compared to IGHG1*01 (Supplementary Fig. S11). Afucosylation and
galactosylation of IGHG3*01 was also higher compared to IGHG3*11
(Supplementary Fig. S10). Evidence for allotype-specific glycan profiles
has been suggested especially for IgG3 allotypes [3]. Yet, these results
are based on monoclonal antibodies produced in HEK 293F cells.
Analysis of single-donor polyclonal samples eliminates cell
culture-related glycosylation variability and provides improved com-
parison on changes associated to allotype variations. Furthermore,
pronounced inter-donor variability was detected within the same allo-
type. Glycan patterns of donors 2-4 were quantified exemplarily for
IGHG1*03 (Fig. 3) and further visualized as derived glycan traits
(Supplementary Fig. S11): non-galactosylated glycans spanned from
26.56% to 38.38%, non-fucosylated glycans from 0.44% to 1.92%, and
sialylated glycans from 6.08% to 10.33%. Qualitative and quantitative
data on glycoforms of all allotypes from donors 2-4 as well as (relative)
standard deviations are shown in Supplementary Tables S7-S9.

To assess the performance of the whole workflow, we assessed pre-
cision in a set of three donors focusing on the IGHG1*03 allotype
(Fig. 3). Throughout the three donors, we quantified 12 glycoforms as
well as the non-glycosylated Fc/2 from only about 50 ng of Fc/2
(combined for all allotypes). Based on reported subclass distributions
[23] this translates to about 14 ng of IGHG1*03 Fc/2. Low abundant
glycoforms (<0.6% fractional abundance corresponding to 0.08 ng)
could still be quantified with reasonable standard deviations (Fig. 3).
Standard deviations within donors were generally reasonable with an
average relative standard deviation (RSD) of 2.05%. Moreover, perfor-
mance of the nanoscale HPLC-MS system was assessed by repetitive
measurement of the described Fc/2 standard. In essence, the developed
method was employed to measure Fc/2 obtained from donors continu-
ously for more than 7 days (367 runs). Throughout this series of mea-
surements, critical parameters, i.e., relative abundance, retention time,
and peak width of the GOF variant as well as GO abundance, were
monitored by Shewart control charts (Supplementary Fig. S12). All
monitored values stayed within the warning intervals demonstrating the
robustness of the method.

4. Conclusions

We sought to advance IgG antibody analysis by achieving full sub-
class- and allotype-resolution for comprehensive Fc glyco- and proteo-
form profiling. The approach overcomes the issue of identical and
isobaric glycopeptides that usually limits informative value of bottom-
up methods. In addition, the method makes Fc modifications acces-
sible that are currently neglected or not accessible in a subclass-specific
manner by established approaches as demonstrated for Cy3 glycosyla-
tion and glycation. The main shortcomings of comparable methods,
namely sensitivity, co-elution of near-isobaric allotypes, and the
bottleneck of data evaluation could be largely overcome. The wealth of
data that can be retrieved within a single HPLC-MS run was demon-
strated for a panel of four donors. Employing quality control samples, we
benchmarked the approach across several hundred runs, demonstrating
its robustness, precision, and applicability for high-throughput analysis.
Given its miniaturization, the approach lends itself to the analysis of
minute samples or subpools of IgG ensuring applicability to a broad
spectrum of clinical questions. We envision profiling of disease-
associated IgG proteoforms for instance in autoimmunity, character-
ized by pro-inflammatory Fc modifications, or metabolic diseases, where



C. Blochl et al.

novel Fc modifications are introduced — both are scenarios where a
holistic approach is key to understand the immunological implications
of IgG proteoforms translated by its very Fc region.
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