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Affinity capillary electrophoresis
– mass spectrometry permits
direct binding assessment of
IgG and FcgRIIa in a glycoform-
resolved manner

Christoph Gstöttner1, Alexander Knaupp2, Gestur Vidarsson3,
Dietmar Reusch4, Tilman Schlothauer2, Manfred Wuhrer1

and Elena Domı́nguez-Vega1*

1Leiden University Medical Center, Center for Proteomics and Metabolomics, Leiden, Netherlands,
2Pharma Research and Early Development, Roche Innovation Center Munich, Munich, Germany,
3Department of Experimental Immunohematology, Sanquin Research and Landsteiner
Laboratory, Amsterdam UMC, University of Amsterdam, Amsterdam, Netherlands, 4Pharma
Technical Development Penzberg, Roche Diagnostics GmbH, Penzberg, Germany
The impact of antibody glycoforms on FcgRIIa activation and immune

responses is poorly understood. Yet, glycoform binding assessment remains

one of the major analytical challenges requiring long enrichment or

glycoengineering steps. Here, we developed and applied an affinity capillary

electrophoresis-mass spectrometry approach to selectively assess the binding

of different antibody glycoforms to the FcgIIa receptor without the need of

glycoengineering. The approach required only low microgram amounts of

antibody and receptor and enables assessing the binding of high and low-

abundance glycoforms. The approach indicated clear differences in binging

between doubly-, hemi-glycosylated and non-glycosylated antibodies as well

as for mutated (Leu234Ala, Leu235Ala – Pro329-Gly (LALA-PG)) IgG1

antibodies silenced for Fcg binding. The LALA-PG mutated antibody showed

no binding to the FcgIIa receptor (excluding potential non-specific binding

effects) while the non-glycosylated IgG1 showed a strongly reduced, but still

minor binding. The highest binding affinity was for the antibody carrying two

complex-type glycans. Man5 glycans resulted in decreased binding compared

to complex-type glycans, with the lowest binding for the IgG containing two

Man5. For complex-type glycans, galactosylation showed a subtle increase in

binding to the FcgIIa receptor, and sialylation showed an increase in binding for

lower sialylated species. Fucosylation did not influence binding to the FcgIIa
receptor. Finally, the assay was evaluated for the two variants of the FcgRIIa
receptor (allotypes H131 and R131) showing highly comparable glycoform

selectivity. Overall, the proposed approach allows the direct comparison of
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binding affinities of different antibody species in mixtures promising a fast

establishment of their structure-function relationships.
KEYWORDS

affinity capillary electrophoresis (ACE), mass spectrometry, FcgRIIa receptor,
monoclonal antibody, glycosylation, interaction
Introduction

Receptors for human IgG (FcgR) are transmembrane

glycoproteins consisting of three families designated I to III.

Each family consists of several genes, each encoding for a

separate protein with most of them inducing an activating

response via IgG immune complexes. Of these receptors,

FcgRIIa has the widest expression, as it is present on all

myeloid cell types, such as neutrophils, basophils, mast cells,

eosinophils, monocytes, macrophages, dendritic cells but also

platelets (1–3). Antibody binding and signaling via FcgRIIa
receptor can induce immunological responses such as

maturation of dendritic cells, cytokine and chemokine release

leading further to T cell activation or platelet aggregation (2, 4).

FcgRIIa contributes to the removal of immune complexes by

macrophages via antibody-dependent cel l-mediated

phagocytosis (ADCP) (4). These aspects are also very

important for monoclonal antibody therapies (5). In the

population two different allotypes of the FcgRIIa gene can be

observed, namely FcgRIIa H131 and FcgRIIa R131 (6, 7) with

allotype expression influencing the clinical outcome of

immunotherapy (8). The extracellular domain of FcgRIIa
binds IgGs in their Fc region at the second domain of the

heavy chain (CH2). Next to this binding site in the CH2 domain,

the CH3 domain has been reported to be additionally involved in

FcgRIIa binding (9), whereas another study on IgG1 indicated

that the solely the CH2 domain interacted with FcgRIIa (10). In
particular two amino acids in the lower hinge region in position

L234, L235 (11, 12) and P329 in the upper hinge region appear

to be critical for the interaction, and their mutation leads to a

nearly complete loss of affinity (13, 14). This is especially of

interest for some antibody therapeutic applications where no

activation of the immune system via Fc receptor functions is

wanted (14).

Antibodies contain a conserved N-glycosylation site in the

Fc domain, close to the FcgRIIa binding interface. The influence
of the Fc glycan on binding has been widely discussed. Complete

deglycosylation of IgG1 monoclonal antibodies (mAbs) has been

demonstrated to lead to severe decrease of affinity due to a

decrease in antibody conformational stability (15–17). To study

the effect of different IgG1 glycoforms, glycoengineered IgG

variants (i.e. with higher populations of certain glycan
02
moieties) have been explored, yet with controversial results. In

a recent publication employing hypergalactosylated variants no

difference in FcgRIIa binding compared to the reference material

was observed (18), while Subedi et al. using more enriched

glycoforms reported an approximately 1.5 times higher affinity

for antibodies containing high amounts of galactosylation (19).

A similar effect of an increased binding of galactosylated variants

was found by Thomann et al. (20). Notably, results on the effect

of sialylation were again divergent: Whereas Subedi et al. hardly

observed any increase on affinity for sialylated glycans (19), the

study of Thomann et al. found that increased sialylation resulted

in increased binding to the FcgRIIa (20). Functionally, enhanced
galactosylated IgG also seem to elevate platelet activation upon

encounter of anti-SARS-CoV-2 IgG1 complexed with S proteins

(21). These differences between studies most probably arise by

the fact that glycoengineering still provides a mixture of

glycoforms and that different glycoengineering strategies can

lead to different glycoform mixtures (22). Up to now techniques

to study the interaction between FcgRIIa (e.g. ELISA or SPR

assays) cannot distinguish between co-existing glycoforms

making the assessment of glycoform-specific binding

challenging (18, 23). A recent alternative approach used an in-

house produced FcgRIIa column combined with UV detection

but still required samples enriched in specific glycoforms (20).

Therefore, a glycoform-resolved, multiplexed approach would

be of tremendous benefit to answer these questions.

Furthermore, the influence of other common glycoforms in

IgG1 therapeutics, such as high mannose structures has

hitherto not been addressed and would benefit from such

strategy facilitating direct analysis without the need of

specific glycoforms.

We have recently developed a novel approach based on

affinity capillary electrophoresis – mass spectrometry (CE-MS)

that allows monitoring the specific binding of antibody

proteoform mixtures (including glycosylated variants) to the

FcRn receptor (24). Mobility shift affinity capillary

electrophoresis is an approach able to determine binding

affinities of specific proteoforms by monitoring the change of

their electrophoretic mobility after addition of the interacting

partner to the background electrolyte (25). The complex formed

between the antibody and receptor presents a different

electrophoretic mobility than the free species indicating
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binding. The schematic shown in Figure 1 describes the behavior

of species with different affinities to the Fc receptor. Whereas a

species without affinity shows no change on the mobility shift, a

species with high affinity to the Fc receptor shows a large

mobility shift. Another species with a slightly lower affinity

will also have a slightly lower mobility shift compared to the high

affinity species. This way affinity CE allows to define the affinity

of different species in a mixture due to their change in

electrophoretic mobility. Coupling to mass spectrometric

detection permits the multiplexed, parallel analysis and

structural assessment of the specific species responsible of the

binding. This approach opens new possibilities as multiple

species (e.g glycoforms) can be monitored simultaneously. A

mayor benefit of this platform is the ability to determine also

medium and low affinity interactions as often observed for Fc

receptors and antibodies (high nM-µM range) which can be

challenging for SPR approaches.

Here, we explore the approach to study the binding affinity

between FcgRIIa and different IgG1 glycoforms. Mass

spectrometric detection allowed the parallel, integrated analysis

of different glycoforms without the need of tedious

glycoengineering for separately producing different glycoforms

or the IgG molecules. IgGs with both complex-type and high

mannose-type glycosylation were explored. Furthermore, we
Frontiers in Immunology 03
studied the impact of different glycan core structure units in

respect to their affinity to the FcgRIIa, which allowed us to see an

increase in the affinity with increasing size of the N-glycan

core structure.
Materials and methods

Samples and chemicals

mAb A, C and E were provided by the Sanquin Research and

Landsteiner Laboratory (Amsterdam, The Netherlands). mAb B

and D as well as the FcgRIIa construct were kindly provided by

Roche Diagnostics (Penzberg, Germany). To enrich in specific

glycoforms, mAb C was incubated with of b(1–4)-
galactosyltransferase and a2,3-sialyltransferase to obtain high

level of sialyation. mAb E (low fucose) was expressed in the

presence of 2-deoxy-2-fluoro-l-fucose (2FF), wherease mAb-E

(high galactose) was expressed together with B4GALT1

encoding b-1,4-galactosyltransferase 1 (B4GALT1) and 5 mM

d-galactose to obtain high levels of galactose. For mAb-E (high

galactose + low fucose) both previous approaches were

combined. The FcgRIIa consisted of the extracellular domain,

linked to an AviTag and an IgG1 Fc domain, containing a
A

B

FIGURE 1

Schematical representation of an mobility shift affinity CE experiment analyzing species with high, low and no affinity to the receptor. (A) Affinity
CE analysis without any FcgRIIa in the background electrolyte (BGE) and (B) analysis with FcgRIIa in the BGE.
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LALA-PG mutation. Lysozyme from chicken egg, glacial acetic

acid, 7.5 M ammonium acetate (AmAc) solution, and hydrogen

chloride were purchased from Sigma-Aldrich (Steinheim,

Germany). Water (ULC/MS-CC/SFC grade) was obtained

from Biosolve Chimie SARL (Dieuze, France). 10 kDa

Vivaspin MWCO filters for buffer exchange were purchased

from Satorius (Göttingen, Germany). All mAb samples were

buffer exchanged to 50 mM AmAc pH 6.8 and adjusted to a final

concentration of 1 mg/mL. The FcgRIIa was also exchanged to 50

mM AmAc pH 6.8 and added to the BGE (background

electrolyte) in a concentration of 2.7 mM. Lysozyme was buffer

exchanged to 50 mM AmAc pH 6.8 and adjusted to a final

concentration of 2 mg/mL.
Mobility shift affinity CE-MS

Measurements were performed on a CESI 8000 instrument

(Sciex, Framingham, MA) using OptiMS neutrally coated

capillaries (Sciex) containing a porous tip. A neutrally coated

capillary was employed to avoid protein adsorption to the

capillary wall at the used conditions. The length of the

capillaries was 91 cm (30 mm i.d.; 150 mm o.d). Before the first

usage the capillary was flushed for 5 min (100 psi, forward) with

0.1 M HCl, followed by 10 min (100 psi, forward) with 50 mM

ammonium acetate pH 3.0 and 30 min (100 psi, forward) with

water. Afterwards the capillary was allowed to rehydrate for 16

to 18 h by flushing with 10 psi (forward) with water. Before each

analysis the capillary was flushed for 2 min with 0.1 HCl

(100 psi, forward pressure), 2 min with water (100 psi,

forward), 2 min 50 mM AmAc (100 psi, forward) and 2 min

(100 psi, reverse). As a background electrolyte 50 mM AmAc

(pH 6.8) was used.For the ACE experiments the capillary was

subsequently filled for 2 min (100 psi, forward) with the FcgRIIa
receptor at the specified concentration. After that a plug of

lysozyme was injected (1.5 psi, 15 s), which functions as a

marker protein. Hereafter, the sample was injected (2.5 psi, 15

s) followed by a plug of BGE with or without FcgRIIa (1 psi

forward, 25 s). For the separation, a voltage of 20 kV (normal

polarity) with 2 psi forward pressure and 25°C was applied. The

2 psi forward pressure was applied to obtain an stable

electrospray with the neutrally coated capillaries. After

completion of the separation the voltage was ramped down in

5 min to 1 kV. A RSD value of 0.9% for the migration time was

assessed during four consecutive injections of mAb-D.
Mass spectrometric detection

The porous tip of the CE capillary was connected to a solariX

15 T FT-ICR-MS equipped with a ParaCell (Bruker Daltonics,

Bremen, Germany) via a nano-electrospray ionization source.

The FT-ICR-MS was operated in positive mode and a m/z range
Frontiers in Immunology 04
between 398.5 and 20000 was monitored. The dry gas flowrate

was set to 1.3 L/min with a temperature of 150°C. The InSource

collision energy was set to 40 V, the skimmer 1 to 180 V,

skimmer 2 to 5 V and funnel 1 and 2 to 190 V and 6 V,

respectively. The trapping potential was set to 2.8 V and the

ParaCell DC biases ranged between 1.9 and 2.1 V. The time of

flight to the detector was set to 3 ms and the ion accumulation

time to 0.3 s. Each mass spectrum of the serial mode acquisition

was a result of summation of 20 spectra. Data analysis was

performed by using the DataAnalysis software from Bruker

Daltonics (Bremen, Germany). To obtain deconvoluted

average masses the maximum entropy algorithm was applied,

followed by one cycle of gaussian smoothing.
Results

Mobility shift affinity CE-MS for
monitoring the influence of antibody
glycosylation on FcgRIIa binding

FcgRIIa and IgG exhibit a medium-low affinity interaction

with reported KD values between 400 and 1300 nM (18, 19),

which makes it perfectly suitable to be assessed by affinity CE.

The interaction of five antibodies (mAb-A to mAb-E) was

studied by using a BGE of 50 mM ammonium acetate pH 6.8.

To assure maximum affinity shift we evaluated various receptor

concentrations above the KD, with 2.7 µM providing the best

result with only a minor reduction of signal intensity (2-3 times)

(Figure S1). Glycosylation has been shown to influence the

interaction with the FcgRIIa (18). As first experiment we

studied the binding of an antibody sample with different levels

of glycosylation to the FcgRIIa R131 variant. The used sample

(mAb-A) varied in N-glycosylation site occupancy (two, one or

no Fc N-glycans). Analyzing mAb-A with and without FcgRIIa
in the BGE allowed to determine the mobility shift of each mAb-

A variant and thereby their relative binding to FcgRIIa
(Figures 2A, B). To correct for any alteration in the separation

media (e.g. ionic strength, viscosity) a non-interacting protein

(lysozyme) was employed as electrophoretic marker (Figure S2).

The antibody with two complex type glycans showed the largest

mobility shift suggesting full binding towards FcgRIIa (i.e.

expected binding for an IgG1 molecule). mAb-A with only

one complex type N-glycan showed a lower, but still

significant shift in the electrophoretic mobility indicating

lower affinity to the FcgRIIa (approximately half compared to

the completely glycosylated IgG molecule). For the non-

glycosylated mAb-A only a very minor shift in the

electrophoretic mobility was observed suggesting only very

weak binding to the FcgRIIa (Figures 2B and S3).

Furthermore, the sample also contained antibodies with only

the initial building blocks of the N-glycan core structure. The

antibody with only two N-acetylglucosamines (GlcNAc) shows
frontiersin.org
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already a higher affinity to the FcgRIIa compared to the

aglycosylated antibody. An addition of one mannose further

increases the binding affinity. Similar binding was observed for

the antibody with two GlcNAcs on each heavy chain. Yet these

structures have a significantly lower affinity compared to the

antibody with one complete complex-type glycan (Figure S3). To

corroborate that the observed electrophoretic mobility shifts are

related to the specific binding of specific glycoforms we also

analyzed mAb-B containing three amino acid exchanges, two

lysines by an alanine and one proline by a glycine (LALA-PG).

In contrast to the non-glycosylated mAb, which showed very

minor binding to the FcgRIIa the LALA-PG modification

showed close to zero affinity of the antibody for the FcgRIIa
with no mobility shift upon addition of FcgRIIa (Figures 2C, D),
demonstrating that the results in Figures 2A, B are

representatives of binding interactions.
Influence of glycan structure on FcgRIIa-
binding affinity

Due to the high resolution provided by the MS detection, our

approach permitted distinction between different glycoforms on

binding. Therefore, next to the different N-glycosylation
Frontiers in Immunology 05
occupancy, we also investigated various IgG1 antibodies

containing a range of various complex-type and mannose-

type glycoforms.

To investigate the influence of galactosylation we analyzed a

standard IgG1 antibody (mAb-C) containing a range of various

complex-type glycoforms with different number of terminal

galactoses (Figure 3). Analysis of the antibody in absence of

receptor in the BGE resulted in co-migration of various

glycoforms due to their equal electrophoretic mobility

(Figure 3A). After addition of 2.7 µM FcgRIIa a clear shift of

the electrophoretic mobility compared to the analysis without

FcgRIIa was observed for all the glycoforms (Figures 3B and S3).

Between glycan structures with different levels of galactose a

slightly different mobility shift and hence affinity was observed.

The (G0F/G0F) glycoform showed the lowest affinity, with a

gradual increase in affinity with increasing number of terminal

galactoses. The glycoform containing on both sides a complex-

type glycan with two terminal galactoses (G2F/G2F) showed the

highest affinity. Same results were observed after replication of

the analysis (Figure S4). Analyzing mAb-B, which contains the

LALA-PG mutation, with and without FcgRIIa did not show any

shift or any difference between glycoforms containing different

levels of galactosylation (Figure S5) indicating that the observed

shift in mAb-C is not a methodological artefact.
A

B D

C

FIGURE 2

Influence of Fc N-glycan occupancy on binding towards FcgRIIa. Affinity CE-MS analysis of mAb-A (A) without FcgRIIa or (B) with 2.7 µM FcgRIIa
R131 variant in the background electrolyte. In different colors are the extracted ion electropherograms (EIEs) of the illustrated antibody
molecules with different degree of glycosylation. Analysis of mAb-B containing a LALA-PG mutation with (C) 0 µM FcgRIIa or (D) with 2.7 µM
FcgRIIa R131 variant.
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To determine the influence of IgG1 Fc sialylation on affinity

to FcgRIIa a glycoengineered version of mAb-D, which

contained mainly sialylated antibodies (compare Table S1),

was analyzed in combination with mAb-D (wildtype). As

shown in Figure 3C, a separation between sialylated and non-

sialylated glycoforms was observed without FcgRIIa due to their

difference charge, with the neutral G1F/G2F migrating in first

place followed by the antibody containing one, two or three sialic

acids. After filling the capillary with 2.7 µM FcgRIIa, all

glycoforms undergo a shift in their mobility indicating again

binding to the FcgRIIa (Figures 3D and S6). Compared to the

G1F/G2F glycoform a slightly higher mobility shift was observed

for G2F/G2FS (1.5 x 10-9 m2V-1s-1 for G1F/G2F and 1.8 x 10-9

m2V-1s-1 for G2F/G2FS) suggesting some degree of influence of

the sialic acid on binding. Controversially, the shift observed for

G2FS/G2FS (1.6 x 10-9 m2V-1s-1) and G2FS/G2FS2 (1.4 x 10-9

m2V-1s-1) was slightly lower compared to G2F/G2FS suggesting

that the addition of a second or third sialic acid may lower the

binding compared to the addition of a single sialic acid.

Core fucosylation of IgG antibodies is known to have a very

strong influence on the affinity to the FcgRIII, with complex type

glycans without core fucosylation having the highest affinity. To

assess if this holds true for the FcgRIIa receptor we analyzed various
antibodies with and without core fucosylation on different glycan
Frontiers in Immunology 06
structures. For mAb-D (wildtype) which contained G0F/G0F and

G0/G0F structures no influence on the affinity to FcgRIIa R131 after
addition of FcgRIIa was observed (Figures 4 and S6). Because two

different variants of the FcgRIIa (H131 and R131) exist in the

human population we also studied the affinity of the different

glycoforms to the H131 receptor. Same results were observed for

the FcgRIIa H131 variant. Additionally, we analyzed a

glycoengineered antibody mAb-E (low fucose) which was

produced with 2-FF to obtain antibodies containing mainly

complex type glycans without core fucosylation (compare Table

S1). Mixing that antibody with its wildtype version also showed no

difference in binding of the G0/G0 glycoform compared to the G0F/

G0F glycoform to the FcgRIIa H131 (Figures S7A, B), neither when
compared G0/G1 and G1/G1 with G0F/G1F and G1F/G1F (Figures

S8A, B). To also evaluate fucosylation in the context of high

amounts of galactose a glycoengineered mAb with high amounts

of galactose (mAb-E high galactose) and another with high

galactose but absence of core fucose (mAb-E high galactose + low

fucose) (compare Table S1) were mixed and analyzed in the

presence and absence of FcgRIIa H131. Both samples showed

binding to the FcgRIIa H131 however no difference between

different levels of fucosylation on binding (Figures S7B, C).

Mannose-type glycoforms are often encountered in

pharmaceutical antibodies but their influence on binding to
A

B D

C

FIGURE 3

Affinity CE-MS analysis of mAb-C with (A) 0 µM FcgRIIa or (B) with 2.7 µM FcgRIIa and mAb-D (glycoengineered) mixed with mAb-D (wildtype)
with (C) 0 µM FcgRIIa or (D) with 2.7 µM FcgRIIa. For clarity only G1F/G2F of the mAb-D (wildtype) is shown as an extracted ion
electropherogram. For a complete overview of all glycan species in the sample please compare Figure 5.
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FcgRIIa has not been yet evaluated. To determine the impact of

this type of glycosylation on the FcgRIIa we analyzed mAb-D

(wildtype) which contained a mixture of complex-type and

mannose-type glycoforms (Man5). The Man5 glycoforms are

neutral and therefore have the same electrophoretic mobility

than the complex-type in absence of FcgRIIa (Figure 5A). After
analysis with 2.7 µM FcgRIIa in the BGE the antibody with only

one complex type glycan showed the lowest affinity as also

shown in Figures 2 and S3. Here, the effect of galactosylation of

complex-type glycans on binding becomes more evident with

the G0F species having the lower binding.

For mannosylated species clear differences in binding were

observed. The antibody with Man5/Man5 glycans on both sides

shows a lower mobility shift and thereby a lower affinity than the

antibody with complex type glycosylation, such as G0F/G0F

(Figures 5B and S6). Interestingly, the signal of the G0F/Man5 is

detected in between the signal of the G0F/G0F and the Man5/

Man5 glycoform, meaning that indeed both sides of the antibody

are important to obtain a strong affinity. A representative mass

spectrum of the detected glycoforms of mAb-D is shown in

Figure S9. Because mAb-D (wildtype) contained only a total of

3.1% Man5 (Table S1) we spiked the sample with

glycoengineered mAb-D (high mannose) which contained

mainly Man5/Man5 in a ratio of 1:3 (mAb-D (high mannose):

mAb-D (wildtype)) to confirm that the observed effect is not

influenced by the relative abundance of the species. As shown in

Figure S10, similar decrease on the electrophoretic mobility was

observed for the Man5/Man5 species in the enriched sample in
Frontiers in Immunology 07
comparison to the mAb-D (wildtype) containing only low

amounts. Similarly, in the case of the FcgRIIa H131 variant

mAb-D mannose-type species showed a clear decrease on

binding affinity compared to complex-type glycoforms

(Figures 5C and S6). This result is especially of importance for

therapeutic antibodies, which can have significant amounts

of Man5.
Discussion

Binding assessment of specific protein variants or

proteoforms remains a big technical challenge. In the antibody

field, developments in glycoengineering strategies have

permitted to study the influence of glycosylation in binding

with various FcRs in more in detail (18, 20, 23). Yet,

glycoengineered antibodies are not pure glycoforms, as also

shown in Table S1 and often bring ambiguities due to the

presence of other glycoforms and PTMs that can potentially

influence the binding. Monitoring relative binding of individual

proteoforms or glycoforms from a complex mixture provides

unique opportunities to discern their differences. Affinity CE-MS

strategy allows to assign the relative affinities not only of specific

glycoforms, but also of truncated glycoforms, hemi-glycosylated

and aglycosylated antibodies without the need of tedious

production via glycoengineering or fractionation of different

species. Individual glycoforms are resolved by MS at the

composition level, allowing to assess dozens – and potentially

even more – proteoforms and glycosylation variants in a single

experiment independently of their relative abundance (26, 27).

While structural information is obtained in the gas phase,

biomolecular interactions are probed in-solution allowing

affinity assessment. Furthermore, due to the high selectivity of

the approach small differences in affinity (often unresolved by

standard binding techniques) can be monitored. Another benefit

of the approach is that minimal amounts of antibody and

receptor (only few µg) are necessary to determine the affinity

allowing to study the interaction of IgGs with receptors where

only limited amounts of receptor are available.

In line with earlier results, we observed only very minor

binding of aglycosylated IgG for FcgRIIa (14, 28), whereas the

LALA-PG showed no binding to the FcgRIIa receptor (14).

Interestingly, for the antibody containing only GlcNAc either

on one or on both sides a reduction in binding to the FcgRIIa
could be observed however stronger than compared to the non-

glycosylated antibody binding. Such an effect has previously

been reported for FcgRIIIa (29), however was never studied for

the FcgRIIa receptor. A more recent study on IgG confirmed this

finding and showed that the binding affinity for only one

GlcNAc to the FcgRIIIa receptor is lower compared to an

entire complex type glycan, however not completely abolished

(30). They also demonstrated the importance of the GlcNAc

residue to stabilize the C’E loop of the IgG molecule, which is
A

B

C

FIGURE 4

Affinity CE-MS analysis of mAb-D with (A) 0 µM FcgRIIa or (B)
with 2.7 µM of the R131 variant and (C) 2.7 µM of the H131
variant of the FcgRIIa receptor. The figure shows extracted ion
electropherograms of G0F/G0F and G0/G0F.
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critical for the FcgR interaction (31). Also, a report by Krapp

et al. shows that partial removal of sugar moieties lead to a more

and more closing of the antibody structure, which will also affect

FcgR binding (32). We also found an increased affinity with only

two GlcNAc per IgG molecule compared to the completely

deglycosylated IgG molecule. This is the first time, that this

was observed for the interaction with the FcgRIIa and

furthermore we could observe an increase in affinity for 4

GlcNAc or an additional mannose, which might be due to an

additional stabilization of the C’E loop and therefore enhanced

accessibility for the FcgRIIa.
Similarly, we found that the hemi-glycosylated antibodies

have a lower binding affinity to the FcgRIIa compared to the

fully glycosylated antibody. Even though the binding of the

FcgRIIa and the antibody is either in a 1:1 (33, 34) or an

asymmetric 2:1 (one FcgR dimer binds one mAb) (35) ratio

both glycans are necessary to obtain a high affinity. This was

also shown in a report of Ha et al. where they isolated hemi-
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glycosylated antibodies using cation exchange chromatography

and found in SPR measurements that the affinity to both

FcgRIIa allotypes is decreased by half (KD approximately 2

times higher) (36). Most likely this decreased binding affinity is

connected to the decrease in thermal stability of hemi-

glycosylated antibodies, which also might impact the

structure of the CH2 domain.

Next to glycan occupancy, we could study the influence of

specific glycans on binding. Certain glycan features, such as

afucosylation are known to have a strong influence on the

binding to the FcgRIII receptor. However, we observed no

binding difference between afucosylated variants for neither

FcgRIIa allotype, which is in agreement with other studies (15).

Also, in the context of higher galactosylation no influence of

afucosylation on the binding to the FcgRIIa could be found.

Galactosylation of complex type glycans was reported to show

a slight increase in binding to the FcgRIIa with the highest

affinity for the antibody with two G2F glycans (20, 23, 37). In
A

B

C

FIGURE 5

Affinity CE-MS analysis of mAb-D (wildtype) with (A) 0 µM FcgRIIa or (B) with 2.7 µM of the R131 variant and (C) 2.7 µM of the H131 variant of the
FcgRIIa receptor. Shown are extracted ion electropherograms of the glycoforms observed in the antibody sample.
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our analysis we confirmed that increase of galactosylation

enhances the affinity to the FcgRIIa. For sialylation the

literature is less conclusive, which might be due to the fact

that sialic acids can be linked differently to the terminal

galactose (2,3 vs 2,6 linkage depending of expression system)

and thereby show a different binding. Whereas some reports

suggest an increase in binding to the FcgRIIa (23) or a slight

increase (20) other reports see either an increase or a decrease

depending on the presence of core fucose and bisection (18).

This example shows already the urge to look at each glycoform

specifically, as glycoengineering still result in a mixture of

different glycoforms. For sialylation we also observed an

increase in affinity to the FcgRIIa. Interestingly, based on our

data it seems that the IgG with only one sialic acid has a slightly

stronger shift suggesting a higher affinity than compared to the

IgGs with two or three sialic acids. A similar effect was also

observed by SPR and FcgRIIa using glycoengineered IgG

variants (20, 23). Contrary, using a range of 1-72%

sialylation in differently engineered antibodies with regard to

bisection, fucosylation and galactosylation, Dekkers et al.

found no effect of sialic acid content of IgG1 on FcgRIIa
binding, while a slight decrease of FcgRIIIa/b binding was

found for the afucosylated and bisected variants. A minor

effect with this regards was also found comparing binding of

FcgRIIa-H131 to fucosylated, non-bisected and sialylated IgG1

with afucosylated, bisected and non-sialylated IgG1 (18).

However the differences observed in these reports, including

our study, are very minor and might be due to experimental

errors. Furthermore different sialic acid linkages (2,3 versus

2,6) might have a different binding behavior. While 2,3 linked

sialic acids are often present in biopharmaceuticals sialic acids

are 2,6 linked in naturally occurring human antibodies and

their behavior will be addressed in future studies. Overall can

be noted that all glycoengineered samples are never pure

species showing the great advantage of our assay to

determine the affinity of each specific glycoform in a mixture

without the need of any prefractionation or glycoengineering.

High mannose glycoforms showed a decrease in affinity,

which was so far never reported for the FcgRIIa. The effect was
the strongest when two high mannose glycans were combined

on the Fc portion and less, but still lower compared to G0F/

G0F when one Man5 structure was in combined with a

complex type glycan. This decrease in affinity might be a

result of a decrease in the antibody stability (38). This might

also affect the structure of the CH2 domain and therefore

explain the decrease in affinity. Most likely is the structure of

the Man5/G0F glycan not so dramatically influenced as the one

with Man5/Man5. This finding is of utmost importance

especially of therapeutic IgG1 samples, which can contain

higher amounts of Man5 structures. Similarly to our finding,

Man5 glycoforms were recently shown to have a reduced

binding to FcgRIIIa compared to the afucosylated complex

type glycans (39). Therefore the expansion of our platform to
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other receptors such as FcgRIIIa is warranted to support

this finding.
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39. Lippold S, Nicolardi S, Domıńguez-Vega E, Heidenreich AK, Vidarsson G,
Reusch D, et al. Glycoform-resolved FcgRIIIa affinity chromatography-mass
spectrometry. MAbs (2019) 11(7):1191–6. doi: 10.1080/19420862.2019.1636602
frontiersin.org

https://doi.org/10.1111/jth.12905
https://doi.org/10.1016/j.immuni.2017.07.009
https://doi.org/10.1111/imr.12350
https://doi.org/10.1038/gene.2009.35
https://doi.org/10.1158/1535-7163.MCT-08-0201
https://doi.org/10.1158/1535-7163.MCT-08-0201
https://doi.org/10.1172/JCI116022
https://doi.org/10.1172/JCI116022
https://doi.org/10.1038/nrd2909
https://doi.org/10.1186/1756-8722-6-1
https://doi.org/10.4049/jimmunol.164.10.5313
https://doi.org/10.1016/0161-5890(92)90200-H
https://doi.org/10.1016/0161-5890(92)90200-H
https://doi.org/10.1107/S0907444908007877
https://doi.org/10.1093/protein/gzw040
https://doi.org/10.1097/MOT.0b013e328342538f
https://doi.org/10.1097/MOT.0b013e328342538f
https://doi.org/10.1002/2211-5463.12283
https://doi.org/10.1042/bj2590347
https://doi.org/10.3389/fimmu.2017.00877
https://doi.org/10.1080/19420862.2016.1218586
https://doi.org/10.1371/journal.pone.0134949
https://doi.org/10.1182/blood.2021011871
https://doi.org/10.1016/j.aca.2021.338492
https://doi.org/10.1371/journal.pone.0143520
https://doi.org/10.1021/acs.analchem.1c03560
https://doi.org/10.1021/acs.analchem.8b04741
https://doi.org/10.1016/j.aca.2018.08.024
https://doi.org/10.1016/j.aca.2020.07.069
https://doi.org/10.1002/jmr.2155
https://doi.org/10.1016/j.str.2014.08.002
https://doi.org/10.1016/j.str.2015.06.015
https://doi.org/10.1021/cb300130k
https://doi.org/10.1016/S0022-2836(02)01250-0
https://doi.org/10.1016/S0165-2478(02)00018-4
https://doi.org/10.1042/bst0300481
https://doi.org/10.1042/bst0300481
https://doi.org/10.4049/jimmunol.1101467
https://doi.org/10.1093/glycob/cwr047
https://doi.org/10.3233/HAB-1995-6301
https://doi.org/10.1080/19420862.2018.1551044
https://doi.org/10.1080/19420862.2018.1551044
https://doi.org/10.1080/19420862.2019.1636602
https://doi.org/10.3389/fimmu.2022.980291
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Affinity capillary electrophoresis – mass spectrometry permits direct binding assessment of IgG and Fc&gamma;RIIa in a glycoform-resolved manner
	Introduction
	Materials and methods
	Samples and chemicals
	Mobility shift affinity CE-MS
	Mass spectrometric detection

	Results
	Mobility shift affinity CE-MS for monitoring the influence of antibody glycosylation on Fc&gamma;RIIa binding
	Influence of glycan structure on Fc&gamma;RIIa-binding affinity

	Discussion
	Data availability statement
	Author contributions
	Funding
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


