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ABSTRACT

The crystallizable fragment (Fc) of immunoglobulin G (IgG) activates key immunological responses by
interacting with Fc gamma receptors (FcyR). FcyRIllb 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 toward FcyRlllb (Kp ~ 10 uM) is a technical challenge for interaction studies.
Additionally, the interaction is strongly dependent on IgG glycosylation, a major contributor to proteo-
form heterogeneity. We developed an affinity chromatography-mass spectrometry (AC-MS) assay for
analyzing IgG-FcyRlllb 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 FcyRIllb 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-FcyRlllb interaction. Hence, this assay may substantially
improve the efficiency of assessing critical quality attributes of therapeutic mAbs with respect to an
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important aspect of neutrophil activation.

Introduction

Immunoglobulin (Ig) G mediates key immunological responses
by interacting with Fc gamma receptors (FcyR).! FcyRIII is
found mainly on macrophages, natural killer cells and neutro-
phils, where it initiates various immune responses upon binding
to opsonized IgG. The IgG-FcyRIII interaction is strongly gly-
cosylation-dependent.” This is attributed to unique glycan-gly-
can and glycan-protein interactions between the receptor and
the crystallizable fragment (Fc) of IgGs.” Fcs with an afucosy-
lated N-glycan show drastically increased FcyRIII affinity.™*
Increased affinity to activating FcyRs, such as FcyRIII, results
in increased cytotoxicity.” Knowledge about the FcyR-IgG inter-
action enabled the rational design of anti-cancer monoclonal
antibodies (mAb), glycoengineered for increased cytotoxicity.®
FcyRIIIb is a particularly interesting receptor because it is
uniquely expressed in humans. Neutrophils, the most abundant
phagocytes in the circulation, show high levels of FcyRIIIb
expression; in fact, the highest of any FcyR on any cell type.”
Neutrophils exert antibody-dependent cellular cytotoxicity
(ADCC), as well as antibody-dependent cellular phagocytosis

(ADCP).® The neutrophil activation via FcyRIIIb is considered
an important mechanism of action of mAbs and is affected by
the glycosylation, a critical quality attribute, of therapeutic
mAbs.* "' The extracellular domain of FcyRIIIb is highly homo-
logous to FcyRIlla (>97% sequence homologylz). However,
FcyRIIIb is the only FcyR lacking a transmembrane and cyto-
solic signaling domain and is, instead, anchored by glycosylpho-
sphatidylinositol. Further, the IgG1 affinity of FcyRIIIb (Kp ~
10 uM) is up to ten-fold lower than for FcyRIlla (Kp ~ 1 pM),
which was attributed to a single amino acid difference.”'* Of
note, the Kp values are highly dependent on the mAb glycoform.
IgG subclass specificity of FcyRIIIb interactions has been
reported, with a higher affinity for IgG3 than IgGl and no
binding for IgG2 and IgG4.>"* Three polymorphic variants of
FcyRIIIb, namely NA1, NA2 and SH, are known.” The two most
common variants, NA1 and NA2, differ in four amino acids,
leading to four (Asn38, Asn74, Asnl62, Asnl69) or six (Asn38,
Asn45, Asn64 Asn74, Asnl62, Asnl69) glycosylation sites for
NA1l and NA2, respectively. For IgGl binding, only minor
differences were observed for NAI and NA2."
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In vitro measurements of monovalent affinity have been
acknowledged as important metrics in mAb optimization.”
Of note, FcyRIIIb affinity differences are difficult to mea-
sure with common techniques due to the low affinity and
a high assay wvariability for FcyRIIIb affinity
assessments.'>'® Various studies have assessed the effect
of mAb glycosylation on FcyRIIIb affinity.>*'*'>!” Besides
fucosylation, galactosylation or bisecting
N-acetylglucosamine (bisection) were found to modulate
the interaction as well, but to a smaller extent. The natu-
rally occurring heterogeneity of mAb glycosylation (ie.,
glycan features and glycan pairing) is a major challenge
for linking affinity differences to specific glyco- or proteo-
forms in most assays.

We recently developed an affinity chromatography -
mass spectrometry (AC-MS) platform for a glycoform-
resolved FcyRIIla binding assessment of mAbs.'®'” In con-
trast to AC-UV,” 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 estab-
lished physicochemical techniques such as surface plasmon
resonance (SPR). In addition, retention time shifts in AC
were previously linked to differences in ADCC activities.”’
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 reso-
lution. However, they do not fully reflect the in vivo com-
plexity 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.”> Therefore, these approaches are highly
complementary and usually go hand in hand in drug dis-
covery efforts.

This study reports, for the first time, the use of an FcyRIIIb
affinity column for the binding assessment of mAbs. We devel-
oped 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 selec-
tivity of the FcyRIIIb AC-MS toward different IgG subclasses.

Materials and methods
Chemicals

All chemicals were at least analytical grade and were purchased
from Sigma-Aldrich (Steinheim, Germany), if not stated other-
wise. A Purelab Ultra system (Veolia Water Technologies
Netherlands B.V., Ede, Netherlands) system was used for deio-
nized 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).

Antibodies

Nine different monoclonal antibodies (mAbs) were used in this
study. mAbl, mAb3 and mADb4, as well as a Pro329Gly,
Leu234Ala and Leu235Ala mutant (PGLALA) of mAbl, were
provided by Roche (Penzberg, Germany and Zurich,
Switzerland). mAb2 (anti-RhD, reported as +B)? and anti-
TNP subclasses (reported as IgG1*03, IgG2*01, IgG3*01,
1gG4*03)'® were provided by Sanquin (Amsterdam, The
Netherlands).

Bottom-up liquid chromatography-MS/MS analysis

FcyRIIIb was subjected to in-gel digestion using GluC and
chymotrypsin as reported previously.”> Digested FcyRIIIb
was subjected to bottom-up analysis by reversed-phase liquid
chromatography (LC)-MS/MS. The separation of (glyco)pep-
tides was performed on an Easy nLC 1200 system (Thermo
Fisher Scientific) using a precolumn (15 mm X 100 pm;
Reprosil-Pur C18-AQ 3 um, Dr. Maisch, Ammerbuch,
Germany) and an analytical nanoLC column (150 mm x
75 um; Reprosil-Pur C18-AQ 3 um). Mobile phase A was
0.1% formic acid in MQ. A gradient from 10% to 40% mobile
phase B (0.1% formic acid/80% acetonitrile) was used for elu-
tion 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 (FcyRIIIb). Data-dependent higher-energy
C-trap dissociation (HCD) was used for MS/MS fragmenta-
tion. An isolation window of 1.2 Th and a resolution of 30,000
was applied. The charge states 2-7 (FcyRIIIb) were included
for fragmentation. For FcyRIIIb analysis, HCD with normal-
ized collision energy (NCE) of 30% was performed. In addi-
tion, 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.

FcyRIlIb 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 (MS! information) by
GlycopeptideGraphMS.** 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 > .85) in Skyline.>* Relative
abundances were calculated based on the total area normal-
ization for each glycosylation site.

FcyRIlIb column preparation

The FcyRIIIb affinity column was prepared as reported for
FcyRIlla AC.'"*?! In short, human FcyRIIIb_NA1 was pro-
duced 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.”® The material was



then biotinylated and 3 mg receptor was 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.

FcyRIlIb affinity liquid chromatography-mass
spectrometry

FcyRIIIb 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) were 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) were used. All samples were buffer-
exchanged to mobile phase A (30 kDa molecular weight
cutoff filter, Merck, Darmstadt, Germany). 50 ug 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 addi-
tional 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 pL/min to the
mass spectrometer. Online native MS detection was per-
formed using a 15 T solariX Fourier transform ion cyclo-
tron resonance (FT-ICR) mass spectrometer (Bruker
Daltonics, Bremen, Germany). MS settings were as
described previously.'® Acquired spectra were manually

7 Recombinant
1 (HEK) Feyrub

Relative intensity (%)
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inspected and visualized using DataAnalysis 5.0 (Bruker
Daltonics). Deconvolution of mass spectra was performed
using the Maximum Entropy tool with an instrument resol-
ving 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 chromato-
grams were generated for charge states 22+ to 29+ in
a window of +0.4 Th.

Results
Recombinant Fc gamma receptor glycosylation

A human embryonic kidney (HEK) cell-produced FcyRIIIb
(NA1) was used in this study. The NA1 variant of FcyRIIIb
has four glycosylation sites (Asn38, Asn74, Asnlé62,
Asnl69). 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 (Asnl62) and 25 (Asnl69) compo-
sitions at the individual sites, amounting to 95 different
glycan compositions in total (Figure S5, Table S1). Asnl62
glycosylation is visualized in more detail due to its func-
tional importance (Figure 1). The relative abundance of
aglycosylated Asnl62 glycopeptide was negligible (0.1%).
Furthermore, glycan compositions and structures of highly

40 ~ Human neutrophil- \ < 13
] derived FcyRlllb \\ <
<,)é1, r);<'\/ ’\(?'\ &(\r b%'\r &('1/ é('\r :\(/')N ’\/é\/ é('\/ ’{?'\ <;<\, oﬁ(\ <,§<’1’ '\(7\ '\(?'1/ ’{?\ 0)(_)
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@ N-Acetylneuraminicacid

Figure 1. Asn162 glycosylation profiles of FcyRIllb, comparing recombinant (HEK) and human neutrophil-derived receptor (the latter extracted from Wojcik et al.”®). The
data was normalized to the sum of all quantified compositions. For recombinant (HEK) FcyRllIb, 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 FcyRIll glycosylation.>%” Asterisks (*) indicate that

a glycopeptide was not detected.
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Figure 2. Optimized FcyRlllb AC-MS gradient. 30 mM ammonium acetate pH 6.8
(solvent A) and 50 mM acetic acid pH 3.0 (solvent 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.

abundant glycopeptides from recombinant (HEK) and pre-
viously reported human neutrophil-derived FcyRIIIb were
compared (Figure 1.2

Fc gamma receptor llIb affinity chromatography-mass
spectrometry

As mAbs have significantly lower affinity for FcyRIIIb than
for FcyRlIlla, the separation was optimized starting from
the previously reported conditions.'®*® Two mAbs were
used for gradient optimization, representing either low afu-
cosylation/low-affinity glycoforms (mAbl) or glycoengi-
neered high afucosylation/high-affinity glycoforms (mAb3),
respectively. A glycoengineered mAb with high levels of
afucosylation showed up to seven-fold increased FcyRIIIb
affinity compared to a mAb with a classical CHO-cell
glycosylation profile, considering the average of all
glycoforms.® Therefore, the glycoengineered mAb used for
method development (mAb3) was expected to show higher
affinity glycoforms compared to mAbl. The fucosylated
species showed no retention using reported FcyRIIla AC-
MS and AC-UV conditions (Figure S6). Sufficient binding
of fucosylated species was achieved by lowering the ammo-
nium 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 acid concentration of 50 mM in
mobile phase B, which resulted in a final pH above 4
(Figure 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 + 22 H]*** to [M + 29 H]***) 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 mAbl was used as a negative control
to check for nonspecific interactions. This mAbl version

contained the Pro329Gly, Leu234Ala and Leu235Ala muta-
tions, which abolish Fc receptor binding.28 None of the
glycoforms showed any retention (Figure S8).

Glycoform-resolved FcyRIlIb AC-MS of IgG1 mAbs

Four different IgG1 mAbs, produced in Chinese hamster ovary
(CHO) cells, were analyzed in a glycoform-resolved manner by
FcyRIIIb AC-MS (Table S2, S3, Figure 3a-d). Of note, the
constant part of the heavy chains of mAbl, mAb3 and mAb4
is based on the Glm17 allotype (mAbl = Glm17, 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 FcyRIIIb AC-MS. The assigned glycoforms of
mADbl, affinity ranking and inter-day retention time variability
showed high similarity to previously reported FcyRIIla AC-MS
results (Table S3, Figure S9, Figure S10).'®

Next, the applicability of FcyRIIIb AC-MS to different gly-
coengineered mAbs (mAb2 - mAb4) was tested. Glycoforms of
mADb2 were assigned mainly to fucosylated structures with vary-
ing levels of galactosylation and bisection (Figure S11, Table S3).
Both galactosylation and bisection of mAb2 slightly increased
retention in FcyRIIIb AC-MS. When comparing different IgG1
mAbs (Figure 2), the amino acid sequence apparently contri-
butes to the retention. For example, the doubly fucosylated
glycoforms (GOF/GOF, G1F/GOF, G1F/G1F) of mAb2 had
increased retention compared to mAbl. 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 reten-
tion time in mAb2 (Figure S11, Table S3).

mAbs glycoengineered via GlycoMab technology®® (mAb3
and mAb4) showed predominantly bisected, afucosylated gly-
coforms (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 consist-
ing only of the conserved pentasaccharide core and a bisecting
N-acetylglucosamine (GON-N) were assigned, based on glycan
data of the GlycoMab technology.” The influence of galacto-
sylation was more pronounced for mAb4 (e.g., AGON/GON vs.
GIN/GON) compared to mAb3. Low abundant high mannose
(M5/MS5) species showed the lowest retention of afucosylated
glycoforms for both mAbs.

In addition, a singly oxidized (Met252) variant of mAb4 was
subjected to FcyRIIIb AC-MS (Figure S14). Enrichment was
achieved by neonatal Fc receptor (FcRn) chromatography as
described previously.”® The glycoform masses of the oxidized
version were in agreement with one additional oxidation. No
notable influence of the oxidation on retention in FcyRIIIb
AC-MS was observed (Figure S14).
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Figure 3. FcyRlllb 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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1gG subclass specificity of FcyRIlIb visualized by AC-MS

We demonstrated that the reported IgG subclass specificity
(IgG3 > IgGl, no retention of IgG2 and IgG4) of FcyRIIIb
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 IgGl
(G1lm3; Km3), I1gG2 (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 glyco-
forms (Figure 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 FcyRIIIb AC (Figure 4b, d).

The doubly fucosylated glycoforms of IgGl (Glm3; Km3)
showed comparable retention to the same glycoforms in mAb1
(G1lm17; Km3). In addition to this main peak (16-25 min;
peak 2), a partially separated peak with reduced retention (7-
16 min; peak 1) was observed (Figure 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 incon-
clusive to link the partial separation to a potential Fc deamida-
tion site.

IgG3 showed a slightly higher affinity compared to IgGl,
but a less pronounced increase in retention time for galactosy-
lation (Figure 4a, ¢). In addition to the main IgG3 glycoforms
(GxF/GxF), glycoforms with O-glycosylation (+1x HIN1S2 or
+2x HIN1S2) were assigned (Figure S16). However, no notice-
able influence on the FcyRIIIb affinity was observed for the
IgG3 hinge O-glycosylation (Figure S17).

Discussion
Receptor glycosylation

FcyRIIIb glycosylation changes at Asnl62 were reported to
impact the interaction of FcyRIIIb with an IgGl Fc
fragment.'” 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.>" The recombinant FcyRIIIb glycan profile of
Asnl62 showed differences compared to recently reported
natural FcyRIIIb glycosylation (Figure 1). Recombinant vs.
natural FcyRIIIb 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 FcyRIIIb.*!
Furthermore, the amount of LacNAc units was less abundant
in recombinant FcyRIIIb (Figure 1). FcyRIIIb from both
sources showed antennary fucosylation (Figure 1, average
number of fucoses per glycan 1.0 vs. 1.3). Interpreting the
complex interplay between FcyRIIIb and antibody glycosyla-
tion remains challenging due to the scarcity of receptor gly-
cosylation studies. Though we found glycosylation differences
between recombinant and primary human FcyRs, there is as
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Figure 4. Anti-TNP IgG subclass comparison by FcyRlllb AC-MS. Extracted ion
chromatograms of the major glycoforms are displayed for IgG1-4 (in panels A-D,
respectively).

yet no indication that this would affect the affinity ranking of
different antibody glycoforms. Nonetheless, the observed dif-
ferences in oligomannose forms may well affect the absolute
affinity of the antibodies.'”** In conclusion, as we only report
affinity rankings of IgG glycoforms, the recombinant
FcyRIIIb is expected to provide state-of-the-art information.
If, in the future, the use of recombinant FcyR 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.

Specific advantages of affinity chromatography for
low-affinity interactions

FcyRIIIb shows a very low affinity toward IgG1 (Kp ~ 10 pM)
even when compared to other low-affinity FcyRs (FcyRIIIa,
FcyRITa).'*'® For IgGl, a 10-fold lower affinity toward
FcyRIIIb compared to FcyRIIla was reported.'>*® The low
affinity of the receptor-antibody interaction was reported to
lead to assay-to-assay variation for FcyRIIIb binding."
A recent study applying SPR could not even determine bind-
ing affinities for different mAbs because the FcyRIIIb affinity
was too weak.'® In our study, AC conditions reported for
FcyRIITa showed insufficient retention for some glycoforms
of the tested mAbs in FcyRIIIb AC. However, a generic
FcyRIIIb 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 cover-
age. Because we had observed a stronger susceptibility of the
FcyRIIIb interaction to the buffer concentration, compared to
FcyRIIIa, 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 recep-
tor antibody interaction studies. The chromatographic con-
ditions 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 nonspecific binding, for
example, through ionic interactions with the column mate-
rial, was excluded using negative controls (mAbl PGLALA
variant, anti-TNP IgG2, anti-TNP IgG4). For different IgG1
mAbs and IgG subclasses, we could demonstrate that
FcyRIIIb AC is a powerful and generic assay for assessing
weak antibody-receptor interactions. It should be noted that
the weak binding toward FcyRIIIb is expected to be less
critical when studying multivalent interactions (avidity), i.e.,
of immune complexes, as opposed to monomeric mAb inter-
actions (affinity). The affinity ranking of individual proteo-
forms is more insightful than solely Kp determination of
proteoform mixtures by classical binding assays, such as SPR.



Advantages of AC-MS for glycoform resolution

The online hyphenation of FcyRIIIb AC to native MS allows
comprehensive proteoform assessment of heterogeneous mAbs
and can resolve subtle affinity differences. We demonstrated
recently the advantages of FcyRIITa AC-MS.'® In this and the
previous study, mAbl was comprehensively analyzed in
a glycoform-resolved manner. The FcyRIIIb AC-MS glycoform
affinity ranking and interday retention time stability of mAbl
showed high similarity compared to FcyRIlla AC-MS
(Figure S10).

Of note, the data are not directly comparable, due to the
need to adapt the chromatographic conditions to the lower
FcyRIIIb affinity. The level of fucosylation had the biggest
effect on the FcyRIIIb affinity, which is attributed to a unique
glycan—glycan interaction between antibody and receptor.’
This is in line with other reports on FcyRIIIb-IgG
interactions.>®*'>">

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 IgGl, which
may possibly increase avidity contributions to FcyR
interactions.”**> We found no indication that other multiva-
lent 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 (GON/GON vs GIN/GON). 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 FcyRIIla binding.lg’36

mADb2 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 GOF/
GOF of mAb2 with IgGl (both G1m3; Km3). mAb2 was pre-
viously analyzed by FcyRIIla AC-MS and the glycoforms
showed increased RT as well when comparing to mAbl.'®
However, the difference in FcyRIIIa affinity was not emphasized
in the previous work. As similar FcyRIIIa binding profiles were
reported, independent of the IgG1 allotype,'® the data hints to an
influence of the variable domains on FcyRIII binding. This is in
line with a recently demonstrated influence of the Fab on IgG1-
FcyRIII receptor interaction.””® 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.”” However, further studies using orthogonal techni-
ques are needed to validate the observed inter-mAb FcyRIIIb
differences. If a strong impact of the variable Fab domain on
FcyRIII would be confirmed, this may have very important
implications for modulating mAb effector functions.

The glycoengineered mAbs featured several unstudied pair-
ings, for example, the combination of highly abundant GON with
oligomannose (GON/MS5) or bisected mono-antennary (GON/
GON-N) glycoforms. Their investigation would require labor-
ious glycoengineering, reducing, but not even fully eliminating,
the heterogeneity of the mAb glycoform profiles. This highlights
the advantage of FcyRIIIb AC-MS for affinity ranking of indivi-
dual proteoforms. Here, we described the analysis of (therapeu-
tic) mAbs produced in CHO or HEK cells, which are widely used
production systems.”® Potential glycosylation differences in
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human IgG antibodies are extensively discussed in the
literature.'® 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 develop-
ment as shown for the analysis of cetuximab by FcyRIIla AC-
MS." Finally, it should be stressed that the developed assay
targets qualitative differences between glycoforms. More precise
insights may be obtained by comparing retention time differ-
ences in AC-MS to quantitative data of highly homogeneous
glycoengineered mAbs or fractions obtained by AC-MS.

Affinity impact of additional post-translational
modifications

Moreover, the glycoform-resolution obtained by FcyRIIIb 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
FcyRIIIb binding (mAb4, Figure S14). In contrast, FcRn and
FcyRIIa binding have been reported to be decreased in the pre-
sence of Met252 oxidation.”>*" 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 FcyRIIIb 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 IgGl glycoforms (Figure 4a) was
hypothesized to be related to Asn deamidation in the Fc.
Increased Asn325 deamidation levels were previously reported to
reduce FcyRIlla binding.*"** 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 modifica-
tion was also shown to affect FcyRIIla binding.* 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 FcyRIIIb AC-MS.
For the first time, we showed that the hinge O-glycosylation
of 1gG3 does not significantly influence the FcyRIIIb affinity.
Moreover, the affinity of IgG3 was found to be slightly higher
compared to IgGl, which is in line with recent findings.'®
IgG3-based biopharmaceuticals are not yet on the market,
but the first clinical trials were recently started.’® Despite its
disadvantages, IgG3 has several benefits and may be reconsid-
ered for biopharmaceutical applications in the future. This
makes a proteoform-resolved method for Fc receptor affinity
assessments highly desirable.”

The combination of FcyRIIIb AC and MS is very powerful
to unravel complex glycosylated antibodies. It allows unpre-
ceded molecular insights into the relative affinity ranking of
unstudied glycoform pairings. We demonstrated the applic-
ability 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-
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translational modifications. All of this makes the method
attractive for supporting the assessment of critical quality
attributes.

Importance of understanding FcyRIlIb-mediated effector
functions

The role of FcyRIIIb binding is less studied and understood
compared to FcyRIITa. Whereas the FcyRIIIa 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.***** In
this context, it is debated whether FcyRIIIb supports or hinders
the FcyRIIa mediated activation of neutrophils.”** There is also
evidence that FcyRIIIb by itself can lead to neutrophil
activation.*® Therefore, it is important to be aware of the relative
expression levels and affinity of mAb proteoforms toward
FcyRITIb and FeyRITa.*”* This could be crucial in understanding
which neutrophil effector functions are activated by a therapeutic
mAb. In addition, the use of high FcyRIII-affinity mAbs has been
linked to safety concerns due to first infusion reactions, mediated
by neutrophil FcyRITIb.*® Since FeyRIIIb is uniquely present in
humans, these effects cannot be assessed by animal-based pre-
clinical studies. In conclusion, an analytical platform for differ-
entiating FcyRIIIb aflinities of mADb proteoforms, as presented in
this study, is of high relevance to better understand and predict
the safety and efficacy of therapeutic mAbs.

Abbreviations
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