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Functional Attributes of Antibodies, Effector Cells, and Target
Cells Affecting NK Cell-Mediated Antibody-Dependent
Cellular Cytotoxicity

A. Robin Temming,""1 Steven W. de Taeye,""Jr’1 Erik L. de Graaf,* Louise A. de Neef,"t
Gillian Dekkers,” Christine W. Bruggeman,§ Jana Koers,” Peter Ligthart,1I

Sietse Q. Nagelkerke,®" James C. Zimring,” Taco W. Kuijpers,*' Manfred Wuhrer,"
Theo Rispens,” and Gestur Vidarsson®*

Ab-dependent cellular cytotoxicity (ADCC) is one of the most important effector mechanisms of tumor-targeting Abs in current
immunotherapies. In ADCC and other Ab-dependent activation of myeloid effector cells, close cell-cell contact (between effector
and target cell) and formation of immunological synapses are required. However, we still lack basic knowledge on the principal
factors influencing ADCC potential by therapeutic Abs. In this study we investigated the combined roles of five factors affecting
human NK cell-mediated ADCC, namely: 1) Ag density, 2) target cell membrane composition, 3) IgG FcyR polymorphism,
4) FcyR-blocking cytophilic Abs, and 5) Ab fucosylation. We demonstrate that the magnitude of NK cell-mediated ADCC responses
is predominantly influenced by Ag density and Ab fucosylation. Afucosylation consistently induced efficient ADCC, even at very low
Ag density, where fucosylated target Abs did not elicit ADCC. On the side of the effector cell, the FcyRIIla-Val/Phel58 poly-
morphism influenced ADCC potency, with NK cells expressing the Val158 variant showing more potent ADCC. In addition, we
identified the sialic acid content of the target cell membrane as an important inhibitory factor for ADCC. Furthermore, we found
that the presence and glycosylation status of aspecific endogenous Abs bound to NK cell FeyRIIIa (cytophilic Abs) determine the
blocking effect on ADCC. These five parameters affect the potency of Abs in vitro and should be further tested as predictors of

in vivo capacity. The Journal of Immunology, 2019, 203: 3126-3135.

ntibodies form a first line of defense in the adaptive

immune system against infectious agents. [gG Abs are

particularly important because of their long half-life and
versatile effector functions, inducing both complement activation
and Ig FcyR-mediated effector functions. This includes phago-
cytosis and Ab-dependent cellular cytotoxicity (ADCC), the
latter of which is particularly important for warding off virally
infected cells but also for therapeutic Ab applications in cancer
treatment. However, ADCC is also an important feature in some
Ab-mediated pathologies, such as the hemolytic diseases of the

fetus and newborn, in which maternal IgG Abs form against pa-
ternal Ags on RBCs of the fetus, causing severe and, sometimes,
life-threatening anemia (1, 2).

To improve the efficacy of mAb therapies, Ab engineering is
used, and many ingenious ways have been discovered that enhance
its functions (3). This includes engineering of both the protein
backbone and the attached glycans. Mammalian IgG contain a
highly conserved N-linked glycosylation site in the Fc portion that
is essential for its effector functions, both for FcyR and comple-
ment component Clq binding (4-7). This glycan attached to the
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asparagine residue (Asn) at position 297 has a biantennary structure
with a core consisting of mannose and N-acetylglucosamine resi-
dues, which can be variably extended with other sugar moieties,
including galactose, sialic acid, N-acetylglucosamine, and fucose.
Subtle changes in the composition of the Asn297 glycan influence
the binding affinity of IgG for FcyRs, thereby fine-tuning the
magnitude of effector functions initiated, including ADCC and
Ab-dependent cellular phagocytosis (1, 4, 5, 8-10).

It has become apparent in recent years that Ab responses in
humans against alloantigens (1, 11, 12) and some viral proteins
(13, 14) show signs of lowered fucosylation that enhance their
ADCC potential. This is particularly striking, as human IgG Fc
glycans are normally highly fucosylated (~94%) (4, 15), and
afucosylation of the Asn297 glycan increases the affinity for
FcyRIlla (CD16a), which improves Fe-triggered effector functions
(1, 4, 8, 16-18). Because of these characteristics, it is not surprising
that glycoengineering tools aiming at lowering Fc fucosylation
(hypofucosylation) are already applied to increase the potency of
therapeutic Abs in cancer immunotherapies (16, 19, 20).

Fucosylated antitumor Abs trigger, in general, weaker NK cell—
mediated ADCC of target cells (20). Unlike hypofucosylated IgG,
fucosylated Abs are sometimes not capable of triggering NK cell—-
mediated ADCC (4, 8, 21). Surprisingly, even relatively high
concentrations of the fucosylated Ab were found to be insufficient
to induce killing (4, 21, 22). The effect of IgG afucosylation on ADCC
magnitude by NK cells may be dependent on the Ag and, in partic-
ular, the density of the target Ag, the nature of the Ag itself, as well as
the structural orientation of the epitope on the Ag. The composition of
the target cell membrane, on which the Ag is displayed, is another
factor that might influence ADCC. RBCs, for example, have a thick
sialic acid—containing glycan layer, termed glycocalyx, giving these
cells a negative charge known as the {-potential. On the side of the
effector cell, a confounding factor for ADCC efficiency is an FeyRIlla
polymorphism. The high-affinity FcyRIIla with a valine residue at
position 158 (Vall58) and low-affinity FcyRIlla—phenylalanine 158
(Phe158) variants, have been described to have 2-5-fold difference in
affinity for fucosylated I1gG1 (4, 8, 23).

Inspired by the puzzling findings that fucosylated Abs some-
times have no apparent effector function, whereas identical
hypofucosylated IgG often induce strong ADCC, we dissected
various parameters affecting NK cell-mediated ADCC efficiency
on both the effector and target cell side. This included FcyRIlla
polymorphism, nature of the Ag, glycocalyx composition, and
cytophilic Abs (aspecific endogenous Abs attached to the effector
cell surface through FcyR binding). In this study, we demonstrate
that the magnitude of NK cell-mediated ADCC response toward
RBCs depends on a complex interplay between Ag, Ab glyco-
sylation, target, and effector cell properties.

Materials and Methods

mAb production and glycoengineering

Expression vectors (pcDNA3.1) encoding human monoclonal IgG1 with
specificity for Kell (more specifically: K Ag, referred to as K) (24), Rhesus
D (RhD) (4, 25) or 2,4,6-trinitrophenol (TNP) (26) Ag were transfected
into HEK 293 Freestyle cells using 293fectin (Invitrogen) or PEI MAX
(Polysciences) (24-26). To produce hypofucosylated IgG1 Abs, 0.2 mM
2-deoxy-2-fluoro-/-fucose (Carbosynth) was added to the culture 1 h prior
to transfection. After 5 d, the supernatant was harvested, filtered, and purified
on an AKTAprime plus system (GE Healthcare Life Sciences) by affinity
chromatography using a protein A HiTrap HP column (GE Healthcare Life
Sciences), as previously described (4).

Cells

NK cells were obtained from heparinized blood of healthy donors, geno-
typed for FCGR3A-Val/Phel158 (or FCGR3A-Val/Phel76) polymorphism
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(rs396991), and selected to have two copies of the FCGR3A gene and no
open reading frame for FCGR2C (27, 28). Genotyping was performed
by multiplex ligation-dependent probe amplification as described pre-
viously (29). NK cells were freshly isolated the day prior to the ADCC
assay from Ficoll-Plaque Plus (GE Healthcare Life Sciences) gradient-
obtained PBMC fraction using anti-human CD56-coated MACS MicroBeads
(Miltenyi Biotec) according to manufacturer’s protocol. After isolation,
NK cells were incubated overnight at 37°C and 5% CO, in IMDM
(Life Technologies) supplemented with 10% (v/v) FCS at a density of
1-1.5 X 10° cells/ml.

RBCs were obtained from well-characterized donors expressing K Ag
on the Kell glycoprotein or RhD at different levels: R2R2 (DcE/DcE;
15,800-33,300 RhD per cell), R1r (DCe/dce; 9900-14,600 RhD per cell)
and weak D type 3 (DCe/dce; <100-10,000 RhD per cell) (30). Isolated
RBCs were kindly provided by the Department of Erythrocyte Diagnostics,
Sanquin. RBCs were treated with 0.5% bromelain (K1121; Sanquin) by
adding bromelain 2:1 to packed cells and incubating for 10 min at 37°C.
For neuraminidase treatment, 1 U/ml neuraminidase (Roche) was diluted
in PBS and added 1:1 to packed cells, and cells were incubated for 20 min
at 37°C. To facilitate TNP-lation of RBCs, packed cells were incubated
with various concentrations (25-0.2 wM) of 2,4,6-trinitrobenzene sulfonic
acid (Sigma-Aldrich) 1:1 diluted in Na,HPO, buffer (pH 10) (4) and in-
cubated at room temperature for 10 min. After treatment, RBCs were
washed three times with PBS.

NK cell Ab elution

MACS-isolated NK cells were washed in RPMI 1640 medium without
additives (Life Technologies) and centrifuged for 5 min at 700 X g. The
cells were subsequently incubated in RPMI 1640 (pH 7.4) or HCl-acidified
RPMI 1640 (pH 3.0) at 1 X 107 cells/ml for 5 min, after which the cells
were spun down again (5 min, 700 X g). The supernatant was collected
and diluted 1:1 with normal RPMI 1640 to neutralize the low pH. Cells
were resuspended in PBS supplemented with 0.1% (v/v) BSA for further
analysis with flow cytometry. The overnight elution step is described in the
previous subsection. For plasma reconstitution of overnight-eluted NK
cells, cells were incubated with their own undiluted or 100X diluted
donor-specific plasma for 30 min at room temperature. Subsequently, these
cells were washed twice in RPMI 1640 medium.

IgG ELISA

To determine concentrations of IgG from donor plasma and eluted from
NK cells, IgG ELISA was performed as described previously with some
adaptations (31). Ninety-six-well flat-bottom plates (Nunc MaxiSorp) were
coated overnight at 4°C with 100 pl (I pg/ml) mouse anti-human IgG
(R10Z8E9; Abcam). Plates were blocked and subsequently incubated
for 1 h with 100 wl sample 1:1 diluted in PBS supplemented with 0.05%
(v/v) Tween 20. Next, plates were incubated with 100 wl (1 wg/ml)
HRP-conjugated mouse anti-human IgG (clone MH16, PeliClass; San-
quin) for 1 h. Plates were washed three times with PBS 0.05% (v/v)
Tween 20 in between each incubation step, and detection was performed
with tetramethylbenzidine and stopped with 2 M H,SO,4. Absorbance
was measured at on a BioTek plate reader (BioTek), and sample 1gG1
concentrations were calculated by interpolation using a defined IgG
standard curve.

IgG glycosylation analysis

IgG Abs were purified from 1 pl serum and 100 pl NK cell eluates using
CaptureSelect FcXL Affinity Matrix (Thermo Fisher Scientific) in a
96-well filter plate (Millipore MultiScreen) as described previously (32).
Purified IgG molecules were eluted with 100 mM formic acid (Honeywell)
into V-bottom plates and dried by vacuum centrifugation for 2.5 h at 60°C.
IgG molecules were then dissolved in 50 mM ammonium bicarbonate
(Sigma-Aldrich), and 200 ng sequencing grade modified trypsin (Promega)
was added. After 17 h incubation samples were stored at —20°C until
usage.

Purified glycopeptides from sera were diluted 50X, and the NK cell
eluates were subjected in undiluted form to reverse phase nano-liquid
chromatography-mass spectrometry analysis using an UltiMate 3000
RSLCnano system (Dionex/Thermo Fisher Scientific) coupled to a maXis
HD Quadrupole Time-of-Flight Mass Spectrometer (Bruker Daltonics)
equipped with a Nano-Booster (Bruker Daltonics) using acetonitrile-doped
nebulizing gas (liquid chromatography-mass spectrometry grade; BioSolve).
(Glyco-) peptides were trapped with 100% solvent A (0.1% formic acid
in water) and separated on a gradient of water (solvent A) and 95% ace-
tonitrile (solvent B) with 0.1% formic acid: 1% B 0-5 min, linear gradient
to 27% B 5-20 min, washing at 70% B 21-23 min, and re-equilibration
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at 1% B 24-58 min. In the current study, we focused on IgG1, without
analyzing IgG3 because of its possible interference with IgG2 and IgG4 at
the glycopeptide level (33). Mass spectrometry data were analyzed using
Skyline software, and peptide MS1 trace quantification was judged re-
liable when retention times and mass accuracy matched an IgG standard
digest and the experimental isotope envelop for each peptide matched the
theoretical distribution. In addition, all traces were manually inspected
and removed when they were close to noise or contained peptide/
chemical interferences. The total level of glycan traits was calculated
as described previously by Dekkers et al. (4).

ADCC assay

NK cell-mediated ADCC assays were performed as previously described,
with some small adjustments (4). Briefly, overnight-incubated NK cells
were centrifuged at 1700 rpm for 7 min and resuspended in fresh IMDM
medium supplemented with 10% (v/v) FCS. RBC target cells (1 X 10%)
were labeled with 100 uCi >'Cr (PerkinElmer) for 45 min at 37°C. After
labeling, RBCs were washed twice with PBS, followed by resuspension in
IMDM supplemented with 10% (v/v) FCS at a concentration of 4 X 10°/ml.
51Cr-labeled target cells were mixed with NK cells in an E:T ratio of 1:2
(0.5 X 10°:1 X 10°) in the presence of the specific Ab (anti-RhD/K/TNP,
at indicated concentrations) and pelleted in 96-well V-bottom plates
(Thermo Fisher Scientific). In the blocking experiment, NK cells were first
incubated for 15 min with serially diluted anti-TNP Abs at 37°C and
subsequently mixed with the anti-RhD Ab and target cells. After incu-
bating the plates for 2 h at 37°C, the supernatant was collected, and ra-
dioactivity was measured in a Cobra II Gamma Counter (Packard
BioScience). Background and maximal killing were determined by incu-
bating target cells in IMDM only and IMDM medium containing 2.5% (v/v)
saponin (Fluka; Sigma-Aldrich), respectively. Cell lysis percentages were
eventually calculated by using the following formula:

LySCd Cells(%) = ( (Cpmsample - Cpmbackground)/
(Cpmmaxima] - Cpmbackground)) X 100%

All samples were measured in triplicate per experiment.

Flow cytometry

To determine RBC opsonization levels, anti-RhD/K/TNP Abs were titrated
in PBS (at concentrations indicated in the figures and figure legends) and
allowed to bind their specific Ag on the RBC membrane for 30 min at 4°C.
After two washes, the cells (5 X 10°) were incubated with PE-conjugated
goat anti-human IgG1 F(ab'), fragments (SouthernBiotech) for 30 min at
4°C. All dilutions, suspensions and washes were performed in PBS sup-
plemented with 0.5% (v/v) BSA (Sigma-Aldrich).

Sambucus nigra agglutinin (Vector Laboratories) was conjugated to
Dylight 405 using Dylight Conjugation Kit (Thermo Fisher Scientific)
according to manufacturer’s instructions and were used to determine sialic
acid content on bromelain- and neuraminidase-treated RBCs (5 X 10%).
Glycophorin A (GPA) levels on bromelain- or neuraminidase-treated
RBCs (5 X 10°) were determined by staining with a primary mouse
anti-human GPA IgG1 (Sanquin Reagentia), followed by a secondary
allophycocyanin-conjugated goat anti-mouse IgGl (Thermo Fisher Sci-
entific) stain. Untreated RBCs were taken along as positive control.

After the final staining incubation, cells were washed twice. At least
10,000 events were measured on a FACSCanto II (BD Biosciences). For
RBC sample gating, forward and side scatter were set on log scale, and the
threshold was set on 200. The MACS-isolated NK cells were gated based on
their characteristic forward and side scatter pattern to exclude other cell
types from analysis.

Data analysis and statistics

Flow cytometry data were analyzed with FlowJo software version 10
(FlowJo) and BD FACSDiva software (BD Biosciences). Statistical analyses
and nonlinear curve fitting (agonist versus response: variable slope, four
parameters) were performed in GraphPad Prism software version 7.04
(GraphPad Software). The level of significance was set at p = 0.05 and
determined using multiple, two-tailed paired or unpaired ¢ tests, as indi-
cated in figure legends.

Results
Opsonization degree of target cells depends on Ag density

We first assessed the influence of Ag density on the opsonization
degree of target cells using two Abs targeting RBC blood group

Ags (RhD and Kell) and one Ab targeting a randomly coupled TNP
Ag. Coupling of TNP Ags to RBCs (TNP-lation) facilitated
the analysis of a wide range of Ag densities. In addition, well-
characterized RBC donors were selected expressing either the
K Ag on the Kell glycoprotein (referred to as K; 3500-6100 Ags
per RBC) or RhD at high (R2R2; 15,800-33,300), intermediate
(R1r; 9900-14,600), or low (weak D; <100-10,000) levels (30).
These specific RBCs were opsonized with a saturating concen-
tration of a human mAb targeting the respective Ag (Supplemental
Fig. 1). As expected, IgG opsonization of RBCs correlated with
Ag density (Fig. 1A). A 30-fold difference in opsonization was
observed between high (12.5 uM) and low (3.1 wM) TNP-lated
RBCs as measured by geometric mean fluorescent intensity
(gMFI) of 18,600 and 616, respectively, which was roughly con-
sistent with the 32-fold lower degree of TNP-lation. Between
R2R2 and weak D RBCs, a 25-fold difference in opsonization
level was observed (gMFI of 28,287 and 1115, respectively).
Opsonization of K* RBCs was in a similar range as opsonization
of weak D RBCs, which is in line with the Ag densities described
for these blood groups (30).

NK cell-mediated ADCC depends on the density of target Ag
and 1gG fucosylation status

Next we analyzed ADCC of the various Ag-dense target cells with
NK effector cells from FcyRIIIaY*"Y*""*8 donors [two FCGR3A-
Vall58 gene copies and no open reading frame for FCGR2C
(27, 28)]. In general, Ag density correlated with ADCC capacity of
fucosylated and hypofucosylated Abs, where higher Ag density on
the target cell led to higher ADCC responses (Fig. 1B). RBCs were
consistently lysed more efficiently in the presence of hypofucosy-
lated Abs compared with their fucosylated counterpart (Fig. 1B).
Consistent with previous ADCC experiments with fucosylated anti-
RhD Abs (4), negligible killing of R1r and weak D target cells was
observed. However, a small ADCC response (~5%) was observed
when RBC with high RhD Ag density (R2R2) were used as target
cells, suggesting that one of the factors limiting ADCC with
fucosylated anti-RhD Abs is the low RhD expression on RBCs. Low
Ag density also appeared to limit NK cell-mediated ADCC of K
Ag—expressing RBCs with fucosylated anti-K Abs (Fig. 1A, 1B).
Interestingly, RBCs with randomly coupled TNP triggered
higher ADCC with fucosylated and hypofucosylated IgG1 com-
pared with RhD-expressing R2R2 and Rlr target cells under a
similar level of opsonization (Fig. 1, Supplemental Fig. 2A, 2B).
For example, NK cell-mediated ADCC of 6.3 wM TNP-lated
RBCs was more efficient compared with the ADCC of Rlr
RBCs (fucosylated IgGl p < 0.0001; hypofucosylated IgGl;
p =0.0053) (Fig. 1B). However, this difference in ADCC between
comparable opsonization levels was lost at lower Ag densities
(weak D versus 0.8 uM TNP-lated RBC, p = 0.185, p = 0.952)
(Fig. 1B). Because of the differential functional response between
anti-TNP and anti-RhD at higher opsonization levels (R2R2 and
R1r RhD compared with equivalent anti-TNP opsonization), we
hypothesized that this may be because of differential Ag position
or mobility with respect to the plasma membrane. The negative
surface charge (34, 35) of RBCs, resulting from a thick glycocalyx
with sialic acid—containing glycans, inflicts repulsive forces toward
other cells ({-potential) and normally prevents agglutination of
RBCs (36, 37). Because TNP is randomly coupled, its distance from
the RBC lipid membrane is most likely more variable compared
with the natural Ags on Kell (globular extracellular domain) and
RhD (multispanning membrane protein) which are known to be
very close to the membrane (38, 39). Therefore, ADCC synapses
involving anti-TNP may theoretically form more readily because
(part of) the epitopes are more accessible, more mobile, and/or may
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FIGURE 1. NK cell-mediated ADCC depends on
Ag density. (A) Opsonization levels of RhD- and K
Ag—expressing and TNP-lated RBCs with their specific
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encounter less repulsive forces compared with anti-RhD/anti-K
synapses which require Ag—Ab interactions closer to the membrane.

RBC glycocalyx limits ADCC activity

To test the effect of the RBC glycocalyx on NK cell-mediated
ADCC, RhD*, K*, and TNP-lated RBCs were treated with the
protease bromelain, which digests the glycoproteins that make up
the RBC glycocalyx by cleaving these preferentially after a lysine,
alanine, or tyrosine residue (37). Overall, ADCC of RBCs was
markedly enhanced when bromelain-treated RBCs were used
(Fig. 2A). Most strikingly, bromelain treatment significantly in-
creased the ADCC efficiency of R2R2 RBCs with fucosylated
anti-RhD from 3.7 to 67.1% (p = 0.0012) and of R1r RBCs from
0.5 t0 30.7% (p = 0.0009) (Fig. 2A, Supplemental Fig. 2A, 2B). At
low Ag density (weak D and K), bromelain treatment enhanced
ADCC with hypofucosylated Abs (p = 0.0041, p = 0.0147), which
was not observed with the fucosylated counterpart (p = 0.2294,
p = 0.2534) (Fig. 2A, Supplemental Fig. 2C). Overall, at similar
opsonization levels, bromelain-induced fold differences were
lower for ADCC with fucosylated anti-TNP Abs than with anti-
RhD Abs (Fig. 2A, Supplemental Fig. 2A, 2B), suggesting that
the glycocalyx more strongly limits ADCC for RhD than for
TNP epitopes. In addition, this illustrates that removal of the
glycoprotein layer enhances ADCC responses without increasing
the opsonization level of RBCs.

RhD expression

TNP-lation (uM)

Because bromelain cleaves all glycoproteins in the RBC
membrane, including the highly abundant glycoprotein GPA
(Supplemental Fig. 2D), both the removal of the physical barrier
and the removal of negative surface charge ({-potential) of the RBC
might explain the enhanced ADCC. To reduce the {-potential while
retaining the physical barrier, RBCs were treated with the enzyme
neuraminidase, which specifically cleaves of negatively charged
a-2,6-linked sialic acids (Supplemental Fig. 2E). Neuramin-
idase treatment of RBCs enhanced ADCC capacity in a similar
manner as bromelain treatment (Fig. 2B—F), suggesting that the
negative {-potential of the glycocalyx rather than the physical
barrier limits ADCC potency.

FcyRIlla phenotype influences ADCC potency toward RBCs
and depends on {-potential

To define the influence of the FcyRIIIa—Val/Phe158 polymorphism
on ADCC activity, NK cells from 18 FCGR3A-genotyped healthy
volunteers were tested in the ADCC setup with R2R2 RBCs.
When untreated RBCs with high RhD expression (R2R2) were
used as target cells, the FcyRIIla phenotype (from low to high
affinity: Phe/Phel58, Val/Phel58, and Val/Vall58) did signifi-
cantly affect NK cell-mediated ADCC, both with fucosylated
and hypofucosylated anti-RhD IgG1l (Fig. 3). These changes
were relatively small, which is consistent with previous findings
(4, 8). However, ADCC of bromelain-treated R2ZR2 RBCs with a
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FIGURE 2. Sialic acid content of the RBC glycocalyx dampens ADCC by NK cells. (A) Correlation between ADCC (percentage = SEM) and mean
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treated (filled symbols) TNP-lated (gray circles), RhD- (black squares), and K- (light gray triangles) expressing RBC targets. Curves (solid for untreated and
dashed for bromelain-treated) represent nonlinear fitting. (B—F) (B) R2R2, (C) Rlr, (D) weak D RhD-, (E) K-expressing, and (F) TNP-lated RBCs were
treated with neuraminidase (striped bars) or not (solid bars) and subsequently used as target cells in the NK cell-mediated ADCC assay in the presence of
fucosylated (black) or hypofucosylated (gray) IgG1 against the specific Ag. ADCC responses (percentage = SEM). In this figure, one experiment per-
formed in triplicate is depicted as a representative of three independent experiments. Individual data points are depicted as white triangles with bar graphs
indicating the mean (B—F). NK cells were obtained from FcyRIIa /Y158 donors. Significant differences within groups between fucosylated and hypo-
fucosylated were determined by two-tailed paired ¢ test and between treatments by two-tailed unpaired ¢ test and indicated with asterisks. Statistical
comparisons between groups for fucosylated and hypofucosylated IgG1 are depicted in bold. **p < 0.01, ***p < 0.001, ****p < 0.0001

fucosylated anti-RhD Ab was highly dependent on the FcyRIIla
phenotype of the NK cell donor (Fig. 3). Under these conditions
(bromelain-treated R2R2 and fucosylated anti-RhD IgG1), the
ADCC capacity with Val/Phel58- or Val/Vall58-expressing effec-
tor cells was almost 3-fold higher compared with Phe/Phel58-
expressing NK cells (Phe/Phe158 mean 28.2% and Val/Vall58
76.9%, p = 0.0006; Phe/Phel158 28.2% and Val/Phel58 78.4%,
p < 0.0001). This was also observed for intermediate (R1r) and
low (weak D) RhD-expressing target cells after bromelain treatment
(Supplemental Fig. 3). In general, the influence of the FcyRlIlla
phenotype of the NK cell was absent or less prominent using
hypofucosylated anti-RhD Abs (Fig. 3, Supplemental Fig. 3).

Quantity and fucosylation status of cytophilic Abs determine
the capacity to block ADCC responses by specific Abs

The large amount of aspecific endogenous/cytophilic Abs pre-
sent in vivo competes for binding to FcyRIlla on NK cells and

potentially interferes with ADCC responses. To study this, we first
determined the blocking capacity of fucosylated and hypo-
fucosylated anti-TNP Abs, which may compete for FcyR binding,
in the anti-RhD ADCC assay. In line with the higher affinity for
FcyRlIlla, hypofucosylated anti-TNP Abs blocked ADCC of RBCs
by fucosylated anti-RhD IgG1 more efficiently compared with the
fucosylated counterpart (Fig. 4A).

We confirmed the presence of cytophilic IgG on freshly isolated
NK cells, where the quantity was slightly higher on NK cells from
FeyRIIaY?V¥158 donors (Fig. 4B, 4C), which is consistent with
previous observations (40). To capture and study these cytophilic
Abs, acid elution (5 min at pH 3.0) was performed, which resulted
in the depletion of Abs from the NK cells (Fig. 4B, Supplemental
Fig. 4A). The fucosylation degree of these cytophilic Abs was
substantially lower than found in plasma (Fig. 4D, left panel;
Supplemental Fig. 4B, left panel), consistent with higher affinity
of hypofucosylated IgG1 for FcyRIlla (4, 8, 16-18), which will
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FIGURE 3. FcyRlIlla—Val/Phel58 polymorphism influences ADCC by
fucosylated IgG1. Scatter dot plot showing mean ADCC responses (per-
centage) of NK cells from 18 different FCGR3A-genotyped donors
(specified for FcyRIIla phenotypes: Phe/Phe158, Val/Phel58, Val/Vall58)
toward untreated (left of dotted line) or bromelain-treated (right of dotted
line) RhD-expressing RBCs (R2R2) in the presence of fucosylated (black
dots) or hypofucosylated (gray dots) anti-RhD IgG1 (5 pg/ml). For each
donor, the mean value of an experiment performed in triplicate is plotted.
Statistically significant differences between ADCC conditions using the
same NK cell donor were determined by two-tailed paired ¢ test. Statisti-
cally significant differences for fucosylated or hypofucosylated IgG1 be-
tween NK cells of different phenotype are depicted in bold and were
determined by two-tailed unpaired ¢ test. Significant differences are indi-
cated with asterisks. *p < 0.05, **p < 0.01, ****p < 0.0001.

thus remain longer on NK cells during isolation procedures. Next,
we assessed whether these NK cell-bound cytophilic IgG influ-
ence ADCC responses as we observed for anti-TNP IgG (Fig. 4A).
Results show that the remaining FcyRIIIa-bound cytophilic Abs
present on freshly isolated NK cells did not inhibit or only subtly
inhibit ADCC activity in our in vitro assay compared with NK
cells that were IgG depleted by overnight incubation (20 h at
37°C) to retain viability and functionality (Fig. 4E).

To mimic in vivo situations, overnight-eluted NK cells were
reconstituted with their own donor-specific plasma. The amount of
NK cell-bound IgG was ~10-fold higher compared with freshly
isolated NK cells (Fig. 4C), and subsequent acid elution of these
plasma-reconstituted NK cells revealed that the fucosylation de-
gree was slightly lower compared with plasma IgG (Fig. 4D, right
panel; Supplemental Fig. 4B, right panel). The plasma reconsti-
tution step appeared to decrease the ADCC response induced by
fucosylated anti-RhD IgG1, but not by hypofucosylated anti-RhD
(Fig. 4E). When a 100X diluted plasma fraction was used to re-
constitute NK cells, the ADCC response was not decreased,
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indicating that a high occupancy of FcyRIlla on NK cells is
necessary to have blocking effect on ADCC via fucosylated anti-
RhD IgG1 (Fig. 4E). In conclusion, the cytophilic Abs on isolat-
ed NK cells showed lower fucosylation but did not influence
in vitro ADCC responses. However, cytophilic Abs are poten-
tially blocking ADCC responses in vivo, depending on the Ab
concentration and fucosylation status. Therefore, cytophilic IgG
could be considered as another parameter affecting NK cell-
mediated ADCC in addition to the other parameters identified in
this study (Fig. 5).

Discussion

ADCC is one of the most important effector mechanism of tumor-
targeting therapeutic Abs. In this study, we determined the con-
tribution of five parameters to the induction of NK cell-mediated
ADCC in vitro. These are visualized in Fig. 5, which shows the
complete spectrum, starting from the least potent ADCC response
(low Ag density, fucosylated IgG, low-affinity FcyRIIla-Phe/Phe158
phenotype, with glycocalyx intact) to the most potent ADCC re-
sponse (high Ag density, hypofucosylated IgG, high-affinity
FcyRIIla—Val/Val158 phenotype, in the absence of target cell
glycocalyx). We found that the magnitude of the ADCC response
highly depends on Ag density for both fucosylated and hypo-
fucosylated Abs. On the side of the effector cells, NK cells
expressing the FcyRIIla—Val158 polymorphic variant inflict higher
target cell lysis. Interestingly, we identified the negative charge of
the target cell glycocalyx ({-potential) as an important limiting
factor for ADCC capacity. All of these factors determine potency
of Abs and are therefore likely important for translation to their
in vivo capacity.

One obvious parameter that we studied was the Ag density of the
target cell. Our data are consistent with previous observations, in
which Ag density on the target cell correlated with the potency of
anti-HER2/neu Abs to trigger a proper ADCC response toward
HER2/neu—positive tumor cells (41, 42). A higher Ag density on
RBCs was required for RhD compared with TNP to achieve
a similarly strong ADCC response, indicating that other factors
besides Ag density are influencing ADCC potency, including Ag
mobility, flexibility, accessibility, and the stoichiometry of the
Ab-Ag and/or Ab affinity. We only found a subtle ADCC response
with fucosylated anti-RhD using RBCs with natural but high RhD
expression levels (R2R2), whereas no ADCC was observed when
intermediate- (R1r) and low-expressing (weak D) target cells were
used. In previous studies, we did not select target RBCs based on
RhD expression levels and, therefore, most likely used the most
common phenotypes RIR1 (prevalence: 41.0-43.8%) and Rlr
(25.5-32.2%) in the ADCC assays rather than the less-prevailing
R2R2 (0.7-4.7%), which explains why we previously did not
observe ADCC responses toward RBCs using fucosylated anti-
RhD IgGl1 (4, 8). Hypofucosylation of anti-TNP, anti-K, or anti-
RhD IgGl1 resulted in potentiation of the ADCC response toward
the same target cell (1, 4, 8), which was also observed in other
studies (20) and in this study for all Ag-expressing RBCs, em-
phasizing the importance of Ab fucosylation status for ADCC.

In this study, the ADCC potential with fucosylated anti-
RhD IgGl1 differed significantly between NK cells from
FeyRIIa VA58 /EeyRIITa Y*/P!58 and FeyRIIa™ '8 donors,
which is consistent with the 2—5-fold higher affinity of IgG1 for the
FcyRIITIa—Val158 variant. This difference is in agreement with other
studies showing FcyRIIla—Val/Phel158 polymorphism-dependent
ADCC Kkinetics (43, 44). However, the extent of the differential
ADCC between the FcyRIIla phenotypes was also dependent on
the glycocalyx and whether the Abs were fucosylated or not.
This likely explains why the difference in NK cell-mediated
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FIGURE 4. Cytophilic Ab fucosylation status and their blocking capacity in ADCC responses. (A) Concentration-dependent blocking of fucosylated anti-
RhD IgGl1- (0.2 wg/ml) specific ADCC response (normalized percentage = SEM) by fucosylated (black) or hypofucosylated (gray) aspecific anti-TNP
IgG1. A control condition without blocking Abs was used to normalize the ADCC values (control set at 100%). Calculated ICs, are indicated by vertical
dashed lines for blocking by fucosylated (black) or hypofucosylated (gray) anti-TNP IgGl. One experiment performed in triplicate is depicted as a
representative of three independent experiments. (B) Illustrative flow cytometry histograms showing the presence of cytophilic IgG on freshly isolated NK
cells after control (pH 7.4) (light gray) or acid (pH 3.0) (dark gray) elution. Unstained cells (white) were included for control purposes. Cytophilic IgG on
NK cells was detected by goat anti-human IgG F(ab)’, fragments. (C) Presence (as measured by gMFI = SEM) of human IgG on fresh (white) or 37°C
overnight (O/N)—eluted NK cells that were subsequently reconstituted (or not, dark gray) with their own undiluted (light gray) or original magnification
X 100—diluted (light gray, striped) donor-specific plasma. NK cells were isolated from four different donors, and their corresponding FeyRIIIa phenotype is
included in the figure. One experiment performed in duplicate is depicted as a representative of three independent experiments. Individual data points are
depicted as white triangles with bar graphs indicating the mean. Significant differences have been determined by multiple ¢ test with Holm—Sidak cor-
rection. **p < 0.01, ***p < 0.001. (D) Asn297 fucosylation (percentage) of IgG eluted from freshly isolated NK cells (left panel, 10 donors) and from
O/N-eluted NK cells that have been reconstituted with their own donor-specific plasma prior to acid elution (right panel, four donors). Fucosylation degrees
have been determined by mass spectrometry. IgG fucosylation was analyzed from total plasma (black squares) and from NK cells after control (pH 7.4)
(white circles) and acid (pH 3.0) (light gray triangles) elution. Samples from the same donor are connected by a line. See Supplemental Fig. 4B for
additional glycosylation traits. Statistical differences between fucosylation levels of total plasma and acid-eluted IgG were determined by two-tailed paired
t test and significant differences are indicated with asterisks. *p < 0.05, ****p < 0.0001. (E) ADCC responses (percentage = SEM) of NK cells [various
treatments as in (C) toward R2R2 cells with fucosylated (left panel) and hypofucosylated (right panel) anti-RhD IgG1 (5 pg/ml)]. One experiment per-
formed in triplicate is depicted as a representative of three independent experiments. Individual data points are depicted as white triangles with bar graphs
indicating the mean. Significant differences have been determined by multiple ¢ test with Holm-Sidak correction. *p < 0.05, **p < 0.01.
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Fig. 3 and Supplemental Fig. 3. To illustrate ADCC magnitude, percentages are color coded from 0% killing (red) to 100% killing (blue).

ADCC activity between FcyRIIaY?/Va!!38  FcyRIIIaV2/Phels8)
or FC'\/RIIIaPhe/Phe158 donors was less pronounced using hypo-
fucosylated anti-RhD IgG1 (4). An additional aspect not in-
vestigated in this study that can influence NK cell-mediated
ADCC is FCGR3A gene copy number variation, which has
been demonstrated to correlate with receptor expression on the
NK cell surface and target cell lysis (29, 45).

To study the influence of the target cell membrane glycoprotein
layer on ADCC, the RBC glycocalyx was trimmed using bro-
melain. In general, this treatment enhanced ADCC responses to
RBC target cells. At the saturating IgG1 concentration used in these
assays, opsonization levels were similar for bromelain-treated and
untreated RBCs, suggesting that the observed ADCC differences
were the result of the glycocalyx removal itself rather than in-
creased Ag accessibility. When we specifically removed the neg-
atively charged sugar moieties (sialic acid) from the glycocalyx, a
similar increase in ADCC responses was seen as was seen for
bromelain treatment, indicating that the repulsive force resulting
from the {-potential is limiting ADCC and not the physical barrier
of the glycocalyx. An alternative explanation for the increase in
ADCC upon removal of sialic acid on the side of the target cell
might be the recognition of sialic acid on the RBC via sialic acid—
binding Ig-type lectin (SIGLEC) receptors on the NK cells.
SIGLEC receptors 7 and 9 are inhibitory receptors on the NK cell
that have been shown to limit ADCC when recognizing sialic acid
on tumor target cells (46). If so, then it is also important to realize
that MHC class I-related ligands become more available after
target desialylation and cause increased degranulation of the NK
cells via triggering of the NK group 2D (NKG2D) activating re-
ceptor (47). Interestingly, glycan composition of cancer cells
is often changed, including altered sialic acid composition and
increased levels on tumor cells, which appeared to correlate with
disease severity (48). However, bromelain treatment of target
cells, which, like neuraminidase treatment, increased ADCC
magnitude, did not reduce the apparent sialic acid content exposed

on the RBC surface (Supplemental Fig. 2E), suggesting that al-
tered SIGLEC and NKG2D triggering cannot solely explain the
observed enhancement of ADCC responses. The subtle increase of
S. nigra agglutinin binding to target cells after bromelain treat-
ment might be explained by the cleavage of glycoproteins, po-
tentially resulting in simultaneous enhanced exposure of normally
cryptic glycolipids. Further studies are necessary to determine the
mechanism(s) underlying the glycocalyx-induced ADCC effects.

In addition to all the parameters on both the target cell and
effector cell side that affect ADCC, the presence of cytophilic Abs
was also found to influence ADCC capacity. In agreement with our
findings, Patel et al. (49) also observed very recently a significantly
lowered core fucosylation in cytophilic IgG bound to NK cell
surface, also presumably to FcyRIIla, compared with serum IgG.
In our in vitro assays, however, cytophilic Abs did not affect
ADCC because we used overnight-incubated NK cells that caused
dissociation of cytophilic Abs. Plasma reconstitution of these NK
cells, however, did decrease specific ADCC responses by fuco-
sylated IgG1, which could not be observed for hypofucosylated
IgG1, indicating that, under in vivo conditions, cytophilic IgG
have the capacity to modulate ADCC responses. Depending on the
location of the ADCC response, the amount of cytophilic Abs is
likely to be different, which could to a certain degree determine
the competition for FcyRIIla and the potential blocking effect.

In this study, we assessed all parameters influencing the capacity
of NK cells to induce target cell lysis. These parameters are also
likely to be involved in other NK cell Ab-dependent functions, such
as Ab-dependent NK cell activation, and it would therefore be
interesting to include the quantification of IFN-y and chemokine
C-C motif ligand 4 (CCL4) secretion and the expression of de-
granulation marker CD107a in future studies (50).

We conclude that Ag density, FcyRIIIa polymorphism, and the
target cell glycocalyx are important and independent limiting
factors influencing ADCC of RBCs by NK cells, which can partly
be overcome by using hypofucosylated IgG.
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