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A B S T R A C T

The effector functions of the IgGs are modulated by the N-glycosylation of their Fc region. Particularly, the
absence of core fucosylation is known to increase the affinity of IgG1s for the Fcγ receptor IIIa expressed by
immune cells, in turn translating in an improvement in the antibody-dependent cellular cytotoxicity. However,
the impact of galactosylation and sialylation is still debated in the literature. In this study, we have investigated
the influence of high and low levels of core fucosylation, terminal galactosylation and terminal α2,6-sialylation of
the Fc N-glycans of trastuzumab on its affinity for the FcγRIIIa. A large panel of antibody glycoforms (i.e., highly
α2,6-sialylated or galactosylated IgG1s, with high or low levels of core fucosylation) were generated and char-
acterized, while their interactions with the FcγRs were analysed by a robust surface plasmon resonance-based
assay as well as in a cell-based reporter bioassay. Overall, IgG1 glycoforms with reduced fucosylation display a
stronger affinity for the FcγRIIIa. In addition, fucosylation, and the presence of terminal galactose and sialic acids
are shown to increase the affinity for the FcγRIIIa as compared to the agalactosylated forms. These observations
perfectly translate in the response observed in our reporter bioassay.
Introduction

Monoclonal antibodies (mAbs) represent a major class of bio-
therapeutics. They are mostly recombinant IgG1 produced in Chinese
hamster ovary (CHO) cells (Walsh, 2018). Their efficacy relies in part on
the ability to trigger cellular effector functions by binding, through their
Fc region, to the Fcγ receptors (FcγRs) present at the surface of the im-
mune cells (Jiang et al., 2011). There are three distinct types of FcγRs: the
type I receptor (FcγRI) which is a high affinity receptor for human IgG1s
(hIgG1s) (apparent KD of 10�8

– 10�9 M) while the type II (FcγRIIa-c) and
type III (FcγRIIIa/b) receptors display much lower affinities (apparent
KDs of �10�6

– 10�7 M) (Bruhns et al., 2009; Lu et al., 2015). The trig-
gering of cellular effector functions such as antibody-dependent cellular
phagocytosis (ADCP), and antibody-dependent cellular cytotoxicity
(ADCC) depends on the immune cells and the type(s) of FcγRs they
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express and that are involved in the interaction with the Fc region of a
hIgG1. The ADCC is mediated by the interaction of a hIgG1-Fc with the
activating FcγRIIIa expressed on the cell surface of primarily natural
killer (NK) cells, although monocytes, macrophages, neutrophils, eosin-
ophils and dendritic cells also express this receptor. The FcγRIIIa has two
polymorphic variants, with the residue at position 158 either being a
valine (V158) or a phenylalanine (F158), with the V158 variant dis-
playing a much higher affinity for hIgG1s than the F158 variant (Bruhns
et al., 2009; Dekkers et al., 2017). The expression of the high-affinity
V158 variant (genotype V/V158) is present in ~10–15%, while the
low-affinity F158 variant is found in >85% of the population (genotypes
V/F158 or F/F158). Of these variants, the V/V158 genotype has been
associated in vivo with a better anti-CD20 antibody-induced ADCC
(Cartron et al., 2002).

Human IgG1 possesses two N-glycans on the asparagine 297 of each
of the heavy chain and their presence are necessary for Fc binding to
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Abbreviations

ADCC antibody-dependent cell-mediated cytotoxicity
ADCP antibody-dependent cellular phagocytosis
CDC complement-dependent cytotoxicity
EBNA1 Epstein-Barr virus Nuclear Antigen-1
ECL Erythrina cristagalli lectin
FcγR Fcγ receptor
FUT8 fucosyltransferase VIII
GnTIII β-1,4-N-acetylglucosaminyltransferase
GT human glycosyltransferase β1,4-galactosyltransferase 1
GTS GDP-6-deoxy-D-talose synthetase
HC heavy chain
HRP horseradish peroxidase
LC light chain
LCA Lens culinaris agglutinin
MALII Maackia amurensis lectin II
NK natural killer
RMD GDP-4-dehydro-6-deoxy-D-mannose reductase
SNA Sambucus nigra agglutinin
ST6Gal1 β-galactoside α2,6-sialyltransferase 1
TZM trastuzumab
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FcγRIIIa (Dorion-Thibaudeau et al., 2014, 2016; Yamaguchi et al., 2006).
Moreover, the affinity of hIgG1s for both FcγRIIIa variants is particularly
sensitive to the absence of fucosylation on the Fc N297 glycan, which
drastically increases its affinity for the FcγRIIIa receptor (Shields et al.,
2002; Shinkawa et al., 2003) and translates in an increased capacity to
elicit an ADCC response (Shields et al., 2002). This interaction is
particularly complex, as it depends on protein-protein, protein-glycan
and glycan-glycan contacts (Ferrara et al., 2011; Mizushima et al., 2011).
More precisely, the FcγRIIIa N162 glycan is directly involved in the
interaction with the afucosylated hIgG1 (Ferrara et al., 2011) while other
studies have also highlighted the influence of FcγRIIIa N-glycans on IgG1
binding kinetics (Hayes et al., 2017; Zeck et al., 2011; Edberg and Kim-
berly, 1997; Subedi and Barb, 2018). Over 70% of all hIgG1s in circu-
lation are fucosylated and the cells used for the production of
recombinant protein mainly produce highly fucosylated IgG1s. For
example, fucosylation levels of 90–95% is typically achieved in CHO
cell-produced IgG1s (Arnold et al., 2007; Raju, 2008). Therefore, afu-
cosylated antibodies must be obtained through process and cellular en-
gineering strategies. These include kifunensine supplementation (van
Berkel et al., 2010), GDP-fucose synthesis-defective cells (CHO Lec13)
(Shields et al., 2002), the use of fucosyltransferase VIII (FUT8) gene
knockout cells (Yamane-Ohnuki et al., 2004), FUT8 inhibitors (Rillahan
et al., 2012), and through the co-expression of β-1,4-N-acetylglucosa-
minyltransferase (GnTIII) and Golgi α-mannosidase (ManII) (Ferrara
et al., 2006a) or enzymes deflecting the GDP-fucose biosynthesis
pathway (e.g., bacterial GDP-6-deoxy-D-talose synthetase [GTS] or
GDP-6-deoxy-D-lyxo-4-hexulose reductase [RMD]) (von Horsten et al.,
2010; Kelly et al., 2018).

Unlike fucosylation, the respective effects of terminal galactose or
sialic acid on FcγR binding are still rather ambiguous. For example it has
been reported that differences in terminal galactosylation levels do not
correlate with an increased ADCC activity (Shinkawa et al., 2003; Boyd
et al., 1995) whereas other studies described a positive influence (Dek-
kers et al., 2017; Thomann et al., 2015; Wada et al., 2019). In parallel,
several recent studies have demonstrated the beneficial effect of terminal
galactose on the affinity of hIgG1 for the FcγRIIIa as well as other
low-affinity FcγRs (Dekkers et al., 2017; Yamaguchi et al., 2006; Dor-
ion-Thibaudeau et al., 2016; Thomann et al., 2015; Wada et al., 2019;
Ahmed et al., 2014; Subedi and Barb, 2016; Dashivets et al., 2015). In
contrast, interactions with FcγRI were reported to be unaffected by the
24
IgG1 N-glycan variations (Dekkers et al., 2017; Thomann et al., 2015;
Subedi and Barb, 2016; Dashivets et al., 2015).

Terminal sialylation may confer anti-inflammatory properties to
hIgG1s while reducing their affinity for FcγRIIIa and their ability to
induce ADCC activity (Dekkers et al., 2017; Kaneko et al., 2006; Anthony
et al., 2008; Li et al., 2017). This negative correlation between sialylation
and FcγRIIIa binding has also been observed by others (Wada et al., 2019;
Scallon et al., 2007; Naso et al., 2010). In contrast, some recent studies
reported that α2,6-sialylation has almost no influence on IgG1/FcγRIIIa
interactions when compared to hIgG1 galactosylation (Thomann et al.,
2015; Subedi and Barb, 2016; Dashivets et al., 2015; Peipp et al., 2008;
Shivatare et al., 2018). On the other hand, it has been suggested that
galactosylation and sialylation positively influences the
complement-dependent cytotoxicity (CDC) response (Dekkers et al.,
2017; Wada et al., 2019; Peschke et al., 2017). In CHO cells, glycopro-
teins are typically undergalactosylated and only traces of sialic acids can
be detected (Jefferis, 2009). In addition, given that N-glycosylation is
cell-type dependent, specific glycan epitopes can be favoured depending
on the expression system used. For example, N-glycans from CHO cells
display only α2,3-sialylation whereas α2,6- and to a lesser extent α2,
3-sialylation are found in mouse and human cell lines (Arnold et al.,
2007; Anthony et al., 2008; Lee et al., 1989; Durocher and Butler, 2009;
Lalonde and Durocher, 2017).

Three major approaches have been used to enhance the terminal
galactosylation and α2,6-sialylation of hIgG1s: (i) in vitro enzymatic
glycan remodelling, (ii) chemoenzymatic glycoengineering and, (iii)
transient over-expression of glycosyltransferases such as β4GT1 and
ST6Gal1. The in vitro enzymatic addition of galactose and sialic acid
residues is very time-consuming and expensive (Yamaguchi et al., 2006;
Thomann et al., 2015; Subedi and Barb, 2016; Dashivets et al., 2015;
Anthony et al., 2008; Peipp et al., 2008; Peschke et al., 2017; Barb et al.,
2012; Raju et al., 2001) compared to chemoenzymatic glycoengineering
that also leads to well-defined homogeneous product glycoforms (Wada
et al., 2019; Li et al., 2017; Shivatare et al., 2018; Kurogochi et al., 2015;
Lin et al., 2015; Tsukimura et al., 2017). Lastly, glycoengineering by
transient over-expression of human β4GT1 and ST6Gal1 allows for a fast
production of hIgG1s enriched in galactose and α2,6-sialylated residues
(Raymond et al., 2015; Dekkers et al., 2016).

To unravel the influence of IgG1-Fc N-glycans on their affinity for the
FcγRs, we generated eight hIgG1 Trastuzumab (TZM) glycovariants dis-
playing well-characterized levels of core fucose, terminal galactosylation
and terminal α2,6-sialylation on the N-glycans present in the IgG1's Fc
portion. These TZM glycoforms were produced in CHO cells by transient
co-expression of various combinations of human β4GT1 and ST6Gal1,
and bacterial GDP-6-deoxy-D-lyxo-4-hexulose reductase (RMD), as well
as in vitro sialylation using a soluble human ST6Gal1 construct. TZM
glycoprofiles were characterized by lectin blots, capillary isoelectric
focusing (cIEF) and hydrophilic interaction chromatography (HILIC),
while binding to the FcγRs was analysed through a robust SPR-based
assay (Cambay et al., 2019) and a cell-based reporter bioassay.

Materials and methods

Cell lines

The Chinese hamster ovary-3E7 (CHO-3E7) and the human embry-
onic kidney 293-6E (293-6E) cell lines, stably expressing a truncated
Epstein-Barr virus Nuclear Antigen-1 (EBNA1), were cultured as
described elsewhere (Cambay et al., 2019).

Production and purification of TZM glycoforms

TZM is a humanized mouse IgG1 directed against the human
epidermal growth factor receptor-2 (HER2 or Erb2). TZM glycoforms
were produced by transient gene expression in CHO-3E7 cells. The light
and heavy chains of TZM were each cloned into pTT5® vectors (Zhang
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et al., 2009), as well as the human glycosyltransferases β1,4-galactosyl-
transferase 1 (GT), β-galactoside α-2,6-sialyltransferase 1 (ST6), and the
bacterial enzyme GDP-6-deoxy-D-lyxo-4-hexulose reductase (RMD).
When GT, ST6 or RMD were required, the DNA transfection mixes con-
tained 5%, 20% and 5% in weight of GT, ST6 and RMD plasmids,
respectively. The pTT® vector encoding the green fluorescent protein
(GFP) was used to monitor transfection efficiency as described elsewhere
(Durocher et al., 2002). GFP plasmid was incorporated as 5% in weight
for all transfections. The pTT22®-AKT-DD plasmid is derived from the
pTT® vector and encodes constitutively active bovine AKT (Alessi et al.,
1996). AKT plasmid was incorporated as 15% in weight for all trans-
fections. The remaining of the DNA mix was a mixture of LC and HC
plasmids (LC:HC ratio of 6:4). Linear deacylated polyethylenimine
(L-PEImax) was from Polysciences (cat# 24765) as sterile stock solutions
in water (1 mg/mL) and stored at 4 �C. Cells were diluted two days before
transfection in fresh medium at 0.25 � 106 cells/mL. They were trans-
fected with viability greater that 99% at densities between 1.5 and 2.0 �
106 cells/mL. DNA and L-PEImax solutions were separately prepared in
complete F17 medium for a final concentration of 1 μg/mL and 5 μg/mL,
respectively in the final culture volume, then L-PEImax was added to
DNA. The mixtures were immediately vortexed and incubated for 5 min
at room temperature prior to addition to the cells. One day
post-transfection (dpt), cells were fed with TN1 peptone and valproic
acid to final concentrations of 1% (w/v) and 0.5 mM, respectively. The
temperature was shifted to 32 �C and the glucose concentration was
adjusted to a final concentration of 30 mM. Transfection efficiency was
assessed two dpt by determining the percentage of GFP-positive cells
using a Cellometer® K2 (Nexcelom Bioscience). Four dpt, cell cultures
were centrifuged at 3300�g for 20 min at a viability higher than 80%.
Supernatants were then filtered through 0.45 μm membranes and the
clarified supernatants were purified by affinity chromatography with
MabSelect™ SuRe™ columns (GE Healthcare, cat# 17-5438-02) fol-
lowed by size exclusion chromatography (SEC) using a Superdex200
column (GE Healthcare, cat# 28-9893-35) to remove aggregates as
explained elsewhere (Cambay et al., 2019). The final yields ranged from
4.7 to 59.8 mg/L.

Production and purification of FcγRs

E5-tagged FcγRs were produced by transient gene expression in CHO-
3E7 and 293-6E then purified by immobilized metal-affinity chroma-
tography (IMAC) followed by size exclusion chromatography (SEC) as
described elsewhere (Cambay et al., 2019). Concerning the E5-tagged
FcγRIIa/b and FcγRI, their purification characterization is given in Sup-
plementary Fig. S2.

Production and purification of soluble ST6Gal1

DNA encoding the truncated human ST6Gal1 lacking the N-terminal
cytoplasmic tail and the transmembrane domain was inserted into a
pTT5® vector. The truncated ST6Gal1 sequence was flanked by a signal
peptide from the vascular endothelial growth factor A for secretion and a
10-histidine tag inserted at the C-terminus to facilitate its purification.
Soluble ST6Gal1 were produced by transient expression in 293-6E cells at
37 �C. Cell cultures were harvested 5 dpt, centrifuged at 3300�g for 20
min and supernatants were filtered through 0.45 μm membranes. The
clarified supernatants were purified by immobilized metal-affinity
chromatography (IMAC) with 4 mL Ni Sepharose® Excel columns (GE
Healthcare, cat# 17-3712-03). The columns were washed with sodium
phosphate 50 mM, 300 mM NaCl, pH 7.0 and the ST6Gal1 were eluted
with the washing buffer containing imidazole (500 mM), pH 7.0. The
fractions containing the ST6Gal1 were pooled and the elution buffer was
exchanged against PBS with a CentriPure P100 column (Emp Biotech,
cat# CP-0119-Z001.0–001). Purified ST6Gal1 was finally quantified by
absorbance at 280 nm using a Nanodrop™ spectrophotometer (Thermo
Fisher Scientific) based on its molar extinction coefficient, sterile-
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filtered, aliquoted and stored at �80 �C.

In vitro sialylation (IVS)

The in vitro sialylation method was adapted from the protocol pub-
lished by Barb et al. (2012). An enzyme:antibody ratio of 1:6 (w/w) was
used. The antibody (1–1.5 mg/mL) was sialylated with ST6Gal1 in
presence of CMP-N-acetylneuraminic acid (CMP-NANA - Roche, cat#
05974003103) at 1 mM in 25 mM MOPS buffer, KCl 100 mM, pH 7.2 at
37 �C. After 24 h, the reaction mixture was concentrated 10-fold on
Amicon Ultra-15 mL with a 3 kDa cut-off (Millipore, cat# UFC900308) to
eliminate the free CMP. The volume was readjusted to its initial value
and a fresh aliquot of CMP-NANA was added to a final concentration of 1
mM. This 24-h cycle was repeated three times. At the end of the fourth
day, the reaction mixture was loaded on a 1 mL MabSelect™ SuRe™
column and the antibody was purified as described above.

Coomassie-stained gels and lectin blots

The proteins were loaded on NuPAGE Novex 4–12% gels from Life
sciences (cat#NP0323BOX) ran in MES buffer (Novex) at 170 V for 60
min. For the Coomassie staining, 1.5 μg of protein per well were loaded.
The gels were stained with Coomassie Brilliant Blue for 15 min then
destained overnight in a solution of acetic acid 7.5% (v:v) and ethanol
20% (v:v). For lectin blots, biotinylated lectins Sambucus nigra agglutinin
(SNA), Erythrina cristagalli lectin (ECL), Maackia amurensis lectin II
(MALII) and Lens culinaris agglutinin (LCA) were purchased from Vector
Laboratories (cat# SNA: B-1305, ECL: B-1145, MALII: B-1265, LCA: B-
1045). Samples were treated with DTT (10 min at 70 �C) and 120 ng of
purified mAbs were loaded on the gels for SNA blots and 180 ng for the
other lectin blots. After protein transfer, the nitrocellulose membrane
was incubated 1 h in blocking reagent, then with a given lectin for 2 h (5
μg/mL ECL, 5 μg/mL MALII, 2 μg/mL SNA or 10 μg/mL LCA), followed
by incubation with 1:1000 Streptavidin-HRP (BD Biosciences, cat#
554066) for 1 h. The membranes were thoroughly washed with PBS-
Tween 0.1% before each incubation step. Ponceau red staining was
performed to control the amount of protein loaded. Signal was revealed
with the ImmunStar™ Western C™ Substrate Kit (Bio-Rad, cat#
170–5070) and the images recorded with a Chemidoc MP Imaging Sys-
tem (Bio-Rad).

Capillary isoelectric focusing (cIEF)

Separations were performed on Agilent 7100 Capillary Electropho-
resis systems (Agilent Technologies) with the detector filter G7100-
68750 at 280 nm. Typically, a capillary with a 33 cm total length (24 cm
effective length) was pre-conditioned at 3.5 bar for 5 min with 0.5%
methyl cellulose, then for 3 min with 4.3 M urea and finally for 2 min
with dH2O prior to injection. Each injection was performed for 100 s at
3.5 bar. Then, the capillary inlet and outlet were dipped into 200 mM
phosphoric acid and 300 mM NaOH respectively and the focusing was
performed for 5 min at þ 25 kV. After 5 min, the capillary outlet was
dipped into dH2O then into 350 mM acetic acid and the chemical
mobilization was performed for 25 min at þ 30 kV. Each run was
repeated three times. The samples were prepared as followed: 5 μg
of TZM glycoforms were mixed with 0.6% methyl cellulose in 3 M urea,
L-Arginine, iminodiacetic acid, DPBS and 2 pI markers mixed (3.59 and
10). The apparent pIs were determined based on the 2 pI markers.

Hydrophilic interaction liquid chromatography (HILIC)

Glycans were released from the antibody using Rapid™ PNGase F
(New England BioLabs, cat# P0710) at 37 �C for 24 h. The enzyme and
the antibody were removed using prewashed 10 kDa molecular weight
cut-off filters, and the glycans were evaporated to dryness under vacuum.
They were then labelled with 2-aminobenzamide (2-AB) (Sigma-Aldrich,



F. Cambay et al. Current Research in Immunology 1 (2020) 23–37
cat# PP0520) (Bigge et al., 1995). Glycans were analysed by HILIC with
fluorescent detection using a TSKgel® Amide-80 4.6 � 150 mm, 3.0 μm
(Tosoh Biosciences, cat# 0021867) with the column heated to 45 �C and
a flow rate of 0.5 mL/min. Glycans were eluted using 100 mM ammo-
nium formate, pH 4.5 (mobile phase A) and 100% acetonitrile (mobile
phase B) starting with an initial ratio of 25:75, followed by a gradient to
50:50 over 50 min. Peaks were calibrated with a 2-AB labelled dextran
ladder standard (Agilent, cat# 5190–6998) and compared to GU values
in the database Glycobase. NIBRT (https://glycobase.nibrt.ie/glycobas
e/show_nibrt.action). Structural assignment was also based on exogly-
cosidase analysis (Royle et al., 2007). Broad specificity Neuraminidase
(MP biomedicals cat# 153846) and Sialidase S (Prozyme, cat#
GK80020) were used for sialic acid digests according to the manufac-
turer's instructions. The glycans abundance was calculated based on the
peak areas observed in the chromatograms. The percentage of a given
glycan was obtained as the peak area of the PNGaseF released glycan
divided by the sum of the areas of all the peaks detected in the chro-
matogram. These percentages were then compiled by glycan families
using the following terms:

%fucosylated¼ 100 * (%G0Fþ%G1Faþ%G1Fbþ%G2Fþ%G1FS(3)1þ%
G1FS(6)1 þ %G2FS(3)1 þ %G2FS(6)1 þ %G2FS(3,3)2 þ %G2FS(3,6)2 þ %
G2FS(6,6)2) / (%G0F þ %G1Fa þ %G1Fb þ %G2F þ %G0 þ %G1a þ %G1b
þ %G2 þ %G1FS(3)1 þ %G1FS(6)1 þ %G2FS(3)1 þ %G2FS(6)1 þ %
G2FS(3,3)2 þ %G2FS(3,6)2 þ %G2FS(6,6)2 þ %G2S(6)1 þ %G2S(6,6)2)

%agalactosylated¼ 100 * (2 *%G0Fþ 1 *%G1Faþ 1 *%G1Fbþ 2 *%G0þ
1 * %G1a þ1 * %G1b þ 1 * %G1FS(3)1 þ 1 * %G1FS(6)1) / (2 * %G0Fþ 2 *
%G1Faþ 2 *%G1Fbþ 2 *%G2Fþ 2 *%G0þ 2 *%G1aþ2 *%G1bþ 2 *%
G2þ 2 *%G1FS(3)1þ 2 *%G1FS(6)1þ 2 *%G2FS(3)1þ 2 *%G2FS(6)1þ
2 *%G2FS(3,3)2þ 2 *%G2FS(3,6)2þ 2 *%G2FS(6,6)2þ 2 *%G2S(6)1þ 2
* %G2S(6,6)2)

%galactosylated ¼ 100 * (1 * %G1Fa þ 1 * %G1Fb þ 2 * %G2F þ 1 * %G1a
þ1 *%G1bþ 2 *%G2þ 1 *%G2FS(3)1þ 1 *%G2FS(6)1þ 1 *%G2S(6)1) /
(2 *%G0Fþ 2 *%G1Faþ 2 *%G1Fbþ 2 *%G2Fþ 2 *%G0þ 2 *%G1aþ2
*%G1bþ 2 *%G2þ 2 *%G1FS(3)1þ 2 *%G1FS(6)1þ 2 *%G2FS(3)1þ 2
* %G2FS(6)1þ 2 * %G2FS(3,3)2þ 2 * %G2FS(3,6)2þ 2 * %G2FS(6,6)2þ 2
* %G2S(6)1 þ 2 * %G2S(6,6)2)

%sialylated¼ 100 * (1 *%G1FS(3)1þ 1 *%G1FS(6)1þ 1 *%G2FS(3)1þ 1 *
%G2FS(6)1þ 2 * %G2FS(3,3)2þ 2 * %G2FS(3,6)2þ 2 * %G2FS(6,6)2þ 1 *
%G2S(6)1þ 2 *%G2S(6,6)2) / (1 *%G1Faþ 1 *%G1Fbþ 2 *%G2Fþ 1 *%
G1a þ1 * %G1b þ 2 * %G2 þ 1 * %G1FS(3)1 þ 1 * %G1FS(6)1 þ 2 * %
G2FS(3)1 þ 2 * %G2FS(6)1 þ 2 * %G2FS(3,3)2 þ 2 * %G2FS(3,6)2 þ 2 * %
G2FS(6,6)2 þ 2 * %G2S(6)1 þ 2 * %G2S(6,6)2)

Surface plasmon resonance (SPR) analysis

SPR data experiments were performed using a Biacore T100 system
(GE Healthcare) and HBS-EPþ (10 mM HEPES, 0,15 M NaCl, 3 mM
ethylenediaminetetraacetic acid [EDTA], and 0.05% [v/v] surfactant
P20, pH 7.4) as running buffer. Analysis and sample compartment tem-
peratures were set to 25 �C and 4 �C, respectively. The SPR experiments
were performed on research-grade CM5 sensor chips. HBS-EPþ (cat#
BR100669), Series S Sensor chip CM5 (cat# 29104988) were all from GE
Healthcare. Each E5-tagged FcγRs (i.e., FcγRIIIaF158, FcγRIIIaV158,
FcγRIIa, FcγRIIb and FcγRI) was individually captured upon Kcoil pre-
viously immobilized at the biosensor surface via coiled-coil interactions
as described elsewhere (injections at 0.25 μg/mL) (Cambay et al., 2019).
TZM glycoform solutions were injected in triplicate over captured FcγRs
and control surfaces at 30 μL/min (FcγRIIIaV158) or 50 μL/min (other
FcγRs). The receptor/IgG1 dissociation was monitored by injecting
running buffer. The surfaces were regenerated with one 20 s injection of
6 M guanidine/HCl at 100 μL/min. Data were collected at a rate of 10 Hz.
Prior to analysis, sensorgrams were double-referenced using BiaEvalua-
tion 3.1 software, by subtracting data from the reference flow cell and
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then subtracting a blank cycle where buffer was injected instead of
protein sample. To reduce the influence of spikes in data analysis, 0.5 s of
data was removed at injection start and stop. A minimum of one inde-
pendent replicate for each condition was performed on different days on
two different Kcoil surfaces and by two different operators. Representa-
tive results are shown.

Cell-based reporter bioassay

Analysis of the binding of the TZM glycoforms to FcγRIIIa was also
evaluated using a cell-based reporter bioassay in which engineered
Jurkat T-cells expressing either the low-affinity FcγRIIIaF158 or the high
affinity FcγRIIIaV158 variants (Promega, cat# G930A and cat# G701A)
were used as effector cells. In addition, these effector cells have also been
engineered to express the nuclear factor of activated T-cells (NFAT)
signalling cascade linked to luciferase which generates a bioluminescent
signal upon engagement of the FcγRIIIa with the Fc portion of an
IgG1 interacting with its target expressed on the target cell (i.e. BT-474
cells). Effector cells were propagated in RPMI 1640 (Hyclone,
cat#SH30096.01) supplemented with 10% FBS (Hyclone,
cat#SH30071.03), 100 μg/mL hygromycin (Invitrogen, cat#10687-
010), 250 μg/mL G418 sulfate (Invitrogen, cat#10131-035), 1 mM so-
dium pyruvate (Gibco, cat#11360-070) and 0.1 mM MEM non-essential
amino acids (Gibco cat#11140-050). BT-474 cells which express high
levels of HER2 were used as target cells for the TZM glycoforms. The
assay was carried out according to the manufacturer's instructions.
Briefly, the day prior to the assay, target cells were seeded at 8000 cells
per well in the inner 60 wells of 96-well opaque white plates (Corning,
cat#3917). Plates were incubated overnight in a humidified incubator at
37 �C with 5% CO2. Then, TZM glycoforms diluted in the assay buffer
(RPMI þ 4% low IgG serum (Promega, cat#G7110)) and effector cells
were added to wells containing the target cells. After 6 h of incubation
(humidified incubator at 37 �C with 5% CO2), Bioglo luciferase substrate
(Promega, cat#G7941) was added to the wells and luciferase activity was
quantified by reading the luminescence. Commercial Herceptin and
Synagis mAbs were included in the assays as positive and non-specific
negative control respectively. The half-maximal effective concentration
(EC50) of the TZM glycoforms was calculated in GraphPad Prism (v6.01
forWindows, La Jolla, CA, USA) using a non-linear fit (least squares) with
a variable slope.

Statistical analysis

All statistical analyses were performed using GraphPad Prism (v6.01
for Windows, La Jolla, CA, USA). The level of significance was set at p <

0.05 using two-tailed tests.

Results

Generation of TZM glycoforms

Production of 6 different TZM glycoforms in CHO cells
The glycoprofile of TZM expressed in CHO cells is essentially

composed of fucosylated di-antennary agalactosylated glycan (G0F), and
some monogalactosylated glycans (G1F) (Raymond et al., 2015). To
obtain distinct TZM glycoforms, the light (LC) and heavy (HC) chains of
TZM were co-expressed in CHO cells together with various combinations
of enzymes affecting the IgG glycosylation. Culture conditions were
similar to those described previously (Raymond et al., 2015). CHO-3E7
cells were transfected with cocktails of plasmids separately
encoding TZM LC and HC, human β1,4-galactosyltransferase 1 (β4GT1)
and β-galactoside α2,6-sialyltransferase 1 (ST6Gal1) and bacterial
GDP-6-deoxy-D-lyxo-4-hexulose reductase (RMD). This enzyme converts
the precursor of GDP-fucose into GDP-rhamnose, which in turn inhibits
the addition of core fucose on glycans (von Horsten et al., 2010). TZM
was either expressed alone (TZM) or co-expressed with β4GT1 (TZMGT),

https://glycobase.nibrt.ie/glycobase/show_nibrt.action
https://glycobase.nibrt.ie/glycobase/show_nibrt.action
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RMD (TZM RMD), β4GT1 and RMD (TZM GT RMD), β4GT1 and ST6Gal1
(TZM GT ST6), and β4GT1, RMD and ST6Gal1 (TZM GT RMD ST6). The
antibodies were then purified on a protein A-column followed by size
exclusion chromatography (SEC) to remove aggregates.

Generation of two additional glycoforms by in vitro enzymatic sialylation
Fucosylated and afucosylated disialylated TZM were generated by in

vitro enzymatic sialylation using TZM GT, TZM GT RMD, TZM GT ST6
and TZM GT RMD ST6 as substrates, in presence of a soluble human
ST6Gal1 construct and activated CMP-NANA sugar.

Truncated his-tagged ST6Gal1 devoid of its cytoplasmic and trans-
membrane domain was expressed by culturing 293-6E cells for 5 day at
37 �C and purified by immobilized metal affinity chromatography
(IMAC). Performance of the purification process was evaluated by Coo-
massie Blue staining of SDS-PAGE performed under non-reducing con-
ditions (Supplementary Fig. S1), which showed almost pure ST6Gal1
with a yield of 22 mg of enzyme/L of culture. Antibodies with dis-
ialylated glycans were obtained through an in vitro sialylation (IVS) re-
action, conducted over 4 day at 37 �C, using TZM glycovariants as
substrates for purified ST6Gal1. Reaction mixtures were exchanged every
24 h to eliminate the free CMP resulting from the transfer of sialic acid
from CMP-NANA to the protein, after which fresh CMP-NANA was
added. Antibodies were then purified on a protein-A column and the
efficacy of ST6Gal1 for in vitro sialylation was assessed. To this end,
fractions were collected every day for lectin blot analysis and the level of
sialylation was evaluated using the α2,6-sialylation-specific SNA lectin,
while the terminal galactosylation was evaluated using the ECL lectin.
The TZM GT IVS, TZM GT ST6 IVS, TZM GT RMD IVS and TZM GT RMD
ST6 IVS glycovariants showed increased α2,6-sialylation over time while
their terminal galactosylation gradually decreased to undetectable levels
Fig. 1. Lectin blot analysis of the ten TZM glycoforms. The lectin blots were p
sponding to the heavy chains of the antibodies are shown. LCA (a), ECL (b), SNA (c
α2,6-sialylation and α2,3-sialylation respectively.
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(Supplementary Fig. S1), confirming that the soluble ST6Gal1 was active
and that the sialylation process was completed.
Characterization of the various TZM glycoforms

Lectin blots
Lectin blots were performed using LCA, ECL, SNA and MALII for the

detection of core fucosylation, terminal galactosylation, α2,6-sialylation
and α2,3-sialylation respectively (Fig. 1).

The LCA blot showed a strong decrease of the LCA signal for mAbs
co-expressed with the RMD enzyme, indicating that the inhibition of
the core fucosylation was effective but not complete (Fig. 1a). Co-
expression of GT led to an increase in galactosylation level as shown
by the strong ECL signals of TZM GT and TZM GT RMD compared to
those of TZM and TZM RMD, respectively (Fig. 1b). For the antibodies
co-expressed with ST6, the ECL signals were lower than those for TZM
GT and TZM GT RMD, suggesting that some but not all galactose res-
idues provided by GT were capped by a sialic acid (Raymond et al.,
2015). In contrast, the undetectable ECL signals for the in vitro sialy-
lated TZM glycoforms suggests that our sialylation increases the sialy-
lation level in such way that the galactose residues are masked by
terminal sialic acid. These results were supported by the SNA signals
corresponding to the antibodies co-expressed with ST6 and in vitro
sialylated with ST6Gal1 (Fig. 1c). Moreover, the SNA signals were
higher for the in vitro sialylated TZM glycoforms compared to anti-
bodies co-expressed with ST6. Noteworthy, the signals were weaker for
antibodies co-expressed with RMD. Finally, the MALII blot indicated
that none of the antibody samples contained detectable amounts of α2,
3 sialic acids (Fig. 1d). We thus concluded that the presence of α2,
3-sialylation was not significant.
erformed with purified TZM under reducing conditions. Only the bands corre-
) and MALII (d) were used to detect core fucosylation, terminal galactosylation,
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Capillary isoelectric focusing
The charge profile of the mAbs was analysed by cIEF. TZMwas shown

to be composed of two main variants (�91.5%) flanked by three minor
variants (Fig. 2a). TZM had a profile similar to that of non-glycosylated
TZM (data not shown) and antibodies that were produced without ST6
(i.e. TZM GT, TZM RMD, and TZM GT RMD; these IgG1s will be desig-
nated as the “neutral mAbs” from this point on) (Fig. 2b–d). In contrast,
the charge variant profiles of the antibodies co-expressed with ST6 (TZM
GT ST6 and TZM GT RMD ST6) were drastically different (Fig. 2e and f).
Peaks corresponding to variants #2 and #3 (see Fig. 2a) dropped to
�52–54.5%, while acidic variants were more abundant, especially vari-
ants #4 and #5 (representing � 27.5–29.5%) and #6, #7, #8 (�17%).
Lastly, profiles were most different for the in vitro sialylated antibodies,
for which variants #2 and #3 dropped to � 5–13.5% (Fig. 2g–j), while
the acidic variants sharply increased with variants #4 and #5 repre-
senting �11.5–17% and the remaining acidic variants representing
�65–79.5%. The increase of acidic variants for the TZM co-expressed
with ST6 as well as in vitro α2,6-sialylated TZM also correlated to the
decrease of the calculated apparent isoelectric points (pIs). Altogether,
the cIEF profiles of the TZM variants are in agreement with the lectin
Fig. 2. cIEF profiles of the ten TZM glycoforms. (a-j) cIEF profiles of purified
TZM alone or co-expressed with GT, ST6 and/or RMD as well as in vitro α2,6-
sialylated. Calculated apparent pIs of the ten TZM glycoforms are also shown.
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blots since the increase of acidic variants can be attributed to a higher
content in sialic acid (Raymond et al., 2012).

Hydrophilic interaction liquid chromatography
The characterization of the TZM glycoforms was complemented by a

HILIC analysis of the glycans released by a PNGaseF treatment (Fig. 3). N-
glycans were identified through database comparison and confirmed by
exoglycosidase digestion (Raymond et al., 2015). Seventeen different
N-glycans were identified across the ten mAbs analysed and all were of
the complex di-antennary type. The abundance of each species was
calculated according to the area under the corresponding peak. Each
antibody was analysed in duplicate and the averages of the quantification
are presented in Table 1. The unidentified glycans (u.g.) represented a
maximum of 7% of the peak areas, excepted for TZM GT RMD IVS and
TZM GT RMD ST6 IVS for which unidentified glycans represented 15.1%
and 17%, respectively.

TZM exhibited the typical profile expected from an IgG1 expressed in
CHO cells (Fig. 3) (Raymond et al., 2015). The glycoprofile comprised
mainly G0F (66.9%), the two G1F isomers (19% and 6.2%) and very low
amounts of G2F (3%) (Table 1). Few afucosylated glycans G0 and G1
were detected (1% and 0.8% respectively), as well as very low amounts
of α2,3-sialylated species (0.6%).

The co-expression of TZM with GT (TZM GT) showed an increased
level of fully galactosylated glycan G2F (55.6%) and a small increase in
the level of mono-α2,3-sialylated glycan (13%) (Table 1).

The co-expression of TZM with RMD (TZM RMD) resulted in a sub-
stantial decrease of fucosylation (from>98% to 15%). This decrease was
less pronounced when RMD was co-expressed with GT or GT and ST6
(Table 1): 37% and 33% of the glycans remained fucosylated in TZM GT
RMD and TZM GT RMD ST6, respectively. In addition, TZM RMD con-
tained less than 1% fucosylated digalactosylated glycans (G2F, G2FS1,
G2FS2). These forms represented as much as 24% and 26.5% in TZM GT
RMD and TZM GT RMD ST6, respectively. Also, less than 4% of sialylated
glycans were detected in TZM GT RMD as compared to 10% in TZM GT
(Fig. 4).

ST6 co-expression led to the production of α2,6-sialylated glycans
(Table 1); α2,6-sialic acid represented 81%–97% of all sialic acids. In
agreement with our lectin blot analysis, TZM GT ST6 showed a higher
α2,6-sialylation level than TZM GT RMD ST6 (33% and 25% of sialylated
glycans, respectively). The most abundant sialylated glycan was mono-
α2,6-sialylated G2FS(6)1 in TZM GT ST6 (32% of the glycans), and its
afucosylated counterpart G2S(6)1 in TZM GT RMD ST6 (16.6%). How-
ever, G2FS(6)1 levels were relatively high in TZM GT RMD ST6 (14.4%).
Interestingly, we found that in TZM GT RMD ST6, 69% of the fucosylated
digalactosylated species were sialylated, whereas only 38% of the non
fucosylated digalactosylated glycans were (Table 1).

Finally, the in vitro sialylation of TZM GT IVS, TZM GT ST6 IVS, TZM
GT RMD IVS and TZM GT RMD ST6 IVS resulted in a α2,6-sialylated
glycan content of 74%, 75.5%, 60% and 69%, respectively. This was
accompanied by a decrease of the proportion of glycans with terminal
galactose units (Fig. 4). The level of G2FS(6,6)2 was increased to 40.6%
(TZM GT IVS) and 43.8% (TZM GT ST6 IVS), while a non-negligible
level of G2FS(6)1 remained (19.7% and 18.6% for TZM GT IVS and
TZM GT ST6 IVS, respectively, see Table 1). For TZM GT RMD IVS and
TZM GT RMD ST6 IVS, the percentage of glycoforms being both afu-
cosylated and di-α2,6-sialylated were only 20.1% and 26%, respectively.
Indeed, we found that some α2,6-sialylated glycans were still fucosy-
lated and only 58% and 64% of α2,6-sialylated glycoforms were afu-
cosylated with the TZM GT RMD IVS and TZM GT RMD ST6 IVS
samples, respectively. We also showed that regardless of the substrate
(co-expression with GT in absence or presence of ST6), similar levels of
di-α2,6-sialylation were reached. Therefore, it was concluded that, a
monosialylated substrate does not lead to increased disialylation and,
given that the majority of galactoses were capped with sialic acid, the
disialylation process was more likely limited by the initial levels of
digalactosylated species.



Fig. 3. HILIC analysis of PNGaseF-released glycans for the ten TZM glycoforms. Identification was performed by database comparison and confirmed by exo-
glycosidase digestion. The schematic representation of the N-glycans nomenclature is presented in Table 1.

F. Cambay et al. Current Research in Immunology 1 (2020) 23–37
Evaluation of the interactions with the FcγRs by SPR

Determination of the thermodynamic dissociation constants (KD)
The impact of the glycosylation pattern of TZM on its binding to the

FcγRs was evaluated by an SPR assay we recently developed (Cambay
et al., 2019). The assay relies on the stable and oriented capture of the
distinct FcγRs through the interaction of the E5 peptide with which the
FcγRs are tagged with its K5 peptide partner bound to the biosensor
surface, followed by the injection of the TZM glycoforms. E5-tagged
low-affinity FcγRs (i.e., FcγRIIIaF158/V158 and FcγRIIa/b) were pro-
duced in CHO and HEK293 cell lines to determine the impact of FcγR
N-glycan profiles upon binding of the various TZM preparations. In
contrast, the E5-tagged high-affinity FcγRI was produced only in CHO
cells, due to very low expression level obtained in HEK293 cells. Fig. 5
shows several representative control-corrected SPR sensorgrams depict-
ing the interaction of fucosylated or afucosylated TZM with the various
FcγRs.

For the low-affinity FcγRs, the apparent KD values were calculated
through a steady-state analysis assuming a one-to-one binding model. In
the case of FcγRI, plateaus were not reached at the end of the TZM in-
jections, and data were therefore globally fit in order to determine the
apparent kinetic constants (ka and kd) and to deduce the apparent KD
values (KD ¼ kd/ka) of these interactions. A kinetic model corresponding
to the existence of two distinct populations of captured FcγRI was also
applied to analyse the data since i) a simpler kinetic model gave poor fit
and ii) traces of receptor aggregates were observed in our receptor
preparation by analytical SEC (Supplementary Fig. S2). The apparent KD
values for each receptor/TZM glycoform interaction are presented in
Fig. 6 and the Supplementary Table S1 (note two distinct KD values are
reported here; KD1 and KD2 each corresponding to the monomeric and
aggregated FcγRI populations, respectively, for this specific receptor).

In agreement with the literature, apparent KDs varied the most with
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the FcγR type, with TZM apparent KD values within the 10�6
– 10�7 M

range for the low-affinity FcγRs and in the 10�9 M range for the FcγRI
(Bruhns et al., 2009; Lu et al., 2015), whereas in case of FcγRIIIa, the
apparent KD values of afucosylated TZMs were reported to be in the 10�7

– 10�8 M range (Zeck et al., 2011; Subedi and Barb, 2016). Here we
report that affinities of the IgG1 fucosylated forms for the FcγRs could be
ranked as follows: FcγRI » FcγRIIIaV158 > FcγRIIa > FcγRIIIaF158 >

FcγRIIb. Affinities for the afucosylated forms ranked as: FcγRI >

FcγRIIIaV158 > FcγRIIIaF158 » FcγRIIa > FcγRIIb.

IgG1-Fc N-glycan sugar moieties influence upon FcγRs binding
The IgG1-FcγRs interaction is also influenced by the IgG1-Fc N-glycan

profile for a given receptor. Indeed, besides the major and well-
documented changes in affinity observed for the IgG1 interactions with
FcγRIIIaF158/V158 (>2-fold) (Dekkers et al., 2017; Subedi and Barb,
2016), our enhanced SPR-based assay also allowed to highlight minor
(<2-fold) but significant effects of IgG1-Fc N-glycan variation upon
FcγRIIa and FcγRI binding. The influence of IgG1 fucosylation on FcγR
binding is shown in Fig. 6a–e while the influence of IgG1 N-glycan gal-
actosylation, monosialylation or disialylation is displayed in Fig. 6f–j.

In agreement with the literature, Fig. 6a and b shows that the absence
of core fucose within the IgG1 N-glycan led to the most significant (p �
0.0001) increase of affinity for TZM binding to both FcγRIIIa variants
(18–32-fold increase depending on the FcγRIIIa variant and the level of
IgG1 N-glycan afucosylation) (Dekkers et al., 2017; Shields et al., 2002;
Subedi and Barb, 2016). In addition, as shown by Subedi et al. (Subedi
and Barb, 2016), no significant effect was observed for FcγRIIa, FcγRIIb
and FcγRI binding (Fig. 6c, d and 6e respectively).

Dekkers et al. (2017) have shown that the addition of two galactose
residues led to a 2-fold increase of the affinity of afucosylated IgG1s for
both FcγRIIIa variants and Subedi et al. (Subedi and Barb, 2016) have
reported an average 1.7-fold increase in affinity for all FcγRs except



Table 1
Relative abundance of the glycans detected in the HILIC chromatograms.

The relative glycan abundance was calculated as the area under the peak attributed to the glycan, divided by the sum of the areas of all the
peaks detected in the chromatogram. N-glycans were attributed to the peaks detected by comparison of the peaks glucose units (GU)
values to database. The values in bold correspond to abundances �10%. The symbolic representation of the sugars is: N-acetylglucos-
amine (blue square), mannose (green circle), galactose (yellow circle), N-acetylneuraminic acid (α2,6) (pink diamond), N-acetylneur-
aminic acid (α2,3) (blue diamond) and fucose (red triangle). pr.: presumably, u.g.: undetermined glycan.
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FcγRI. We report here, that the addition of two galactose also led to such
increase of affinity between IgG1s (regardless of the level of IgG1 fuco-
sylation) and all FcγRs (Fig. 6, right panels). More specifically, the
FcγRIIIaF158/V158 binding was the most affected (2-fold increase; Fig. 6f
and g) and to a lesser extent the FcγRIIa/b binding (1.2-fold increase;
Fig. 6h and i). Surprisingly, a statistically significant (p� 0.01) impact of
the IgG1 N-glycan galactosylation on FcγRI binding was also observed
(1.4-fold increase in affinity; Fig. 6j).

For all FcγRs, higher mono- and di-α2,6-sialylation levels of the IgG1s
led to an increase in affinity similar to that of digalactosylation (when
compared to the G0F or G0 forms). However, while a low level of mono-
α2,6-sialylation (GTST6 and GTRMDST6) upon digalactosylation did not
30
seem to improve the IgG1 affinity, higher mono- and di-α2,6-sialylation
levels (GTIVS, GTST6IVS, GTRMDIVS and GTRMDST6IVS) negatively
impacted the IgG1 affinity compared to the digalactosylated IgG1s. Of
interest, only the FcγRI binding was not negatively affected by high levels
of sialylation. These results for FcγRIIIa/b have also been observed by
Dekkers et al. (2017) but are contrasted with those observations reported
on by Subedi et al. (Subedi and Barb, 2016).

Lastly, the TZM N-glycan variations similarly affected FcγRs binding,
regardless of the FcγRs expression system used. The only difference
observed, as reported previously (Hayes et al., 2017; Cambay et al.,
2019), was for both FcγRIIIa variants, with higher affinities recorded for
HEK293-produced receptor proteins.



Fig. 4. Relative abundance of glycan families (fucosylated, agalactosylated, galactosylated and sialylated glycans).
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In vitro cell-based bioassay

The impact of the TZM N-glycan pattern on TZM interaction with
FcγRIIIaF158/V158 was also evaluated in vitro using a reporter bioassay. In
this assay, Jurkat cells expressing either the low-affinity F158 variant or
the high-affinity V158 variant of the FcγRIIIa transduce, upon IgG1
binding, intracellular signals resulting in NFAT-mediated luciferase ac-
tivity. Briefly, TZM glycoforms were first incubated with the target cells
(BT-474 cells expressing high levels of HER2), after which the engineered
Jurkat effector cells were added. Commercial Herceptin was included in
the assays as a positive control while Synagis (palivizumab, an anti-
Respiratory Syncytial Virus Fusion glycoprotein [RSVF] antibody) and
non-glycosylated TZM were included as negative controls (Fig. 7).

Recent studies from other groups investigated the impact of IgG1 Fc
N-glycan upon ADCC activity and all observed an increase for afucosy-
lated IgG1 forms (Dekkers et al., 2017; Wada et al., 2019; Li et al., 2017).
In addition, terminal galactosylation was also reported to increase, while
di-α2,6-sialylation slightly decreased the ADCC activity. However, the
negative impact of sialylation was observed either for afucosylated IgG1s
(Dekkers et al., 2017), fucosylated IgG1s (Li et al., 2017) or both (Wada
et al., 2019).

When comparing the bioassay response of highly-fucosylated TZMs to
low-fucose variants, we observed an increase in bioluminescent signal
(Fig. 7a: 4- to 12-fold for the FcγRIIIaF158 variant; Fig. 7b: 1.5–4.5-fold for
its V158 counterpart). Furthermore, calculating the EC50 showed a
decrease of ~2.5-fold for the F158 variant and a ~2.5- to 4-fold for V158
variant (Supplementary Table S2). The lowest EC50 for the F158 and
V158 variants were observed for the TZM GT RMD ST6 (14.71 ng/mL)
and TZM GT RMD (6.79 ng/mL), respectively (Supplementary Table S2,
Fig. 7c and d). These results imply that the absence of core fucose in an
IgG1 also has a major effect in terms of triggering a cellular response.

The impact of the IgG1-Fc N-glycan elongation was similar for both
FcγRIIIa variants (Fig. 7c and d). Indeed, regardless of the fucosylation
level, the strongest responses were recorded for the glycoforms carrying
terminal galactosylation or terminal α2,6-sialylation, with slight differ-
ences between them. In contrast, the signals corresponding to the low-
galactosylated glycoforms (TZM and TZM RMD) were lower. More pre-
cisely, according to the EC50, besides the absence of fucose, the most
pronounced positive influence was observed for the digalactosylated
glycoforms in our cell assay. In terms of sialylation, a small increase in
monosialylation level had no impact. Lastly, higher level of sialylation
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negatively affected the cellular assay response for both fucosylated and
afucosylated forms.

Altogether, the relative in vitro cell assay response of high- and low-
fucosylated TZM glycoforms as well as the subtle differences between
agalactosylated, galactosylated and sialylated glycoforms were consis-
tent with the apparent KD values determined in our enhanced SPR-based
assay (Fig. 7e and f).

Discussion

Over the last two decades, many studies have evaluated the effect of
IgG1 glycosylation on their effector functions (ADCC or CDC). More
specifically, most of these studies have focused on terminal gal-
actosylation, terminal sialylation and/or the absence of core fucose
(Dekkers et al., 2017; Shields et al., 2002; Thomann et al., 2015; Wada
et al., 2019; Subedi and Barb, 2016; Dashivets et al., 2015; Li et al., 2017;
Scallon et al., 2007; Kurogochi et al., 2015; Lin et al., 2015; Houde et al.,
2010). While there is a consensus on the positive effect of IgG1-Fc afu-
cosylation for FcγRIIIa binding (and in turn on ADCC activity), the in-
fluence of both terminal galactosylation and terminal α2,6-sialylation
remains ambiguous. Discrepancies found in the literature can be partly
attributed to the differences in experimental procedures used to prepare
and enrich specific IgG1 glycovariants. As such several methodologies,
including chemoenzymatic glycoengineering (Wada et al., 2019; Li et al.,
2017; Shivatare et al., 2018; Lin et al., 2015; Tsukimura et al., 2017) and
in vitro glycoengineering (Yamaguchi et al., 2006; Thomann et al., 2015;
Dashivets et al., 2015; Peschke et al., 2017; Yu et al., 2013), combined or
not with the transient co-expression (Dekkers et al., 2016) or the inhi-
bition of enzymes involved in the N-glycosylation process (Subedi and
Barb, 2016), have been used and may have resulted in differences in
terms of homogeneity for these IgG1 lots. Altogether, only a few studies
investigated a complete panel of IgG1 glycoforms to provide a holistic
comprehensive overview of the influence of IgG1 glycosylation on im-
mune cell effector functions (Dekkers et al., 2017; Wada et al., 2019;
Subedi and Barb, 2016). Thus, there is still a need to strengthen these
observations in an independent fashion and evaluate how they translate
to another antibody.

Using Trastuzumab as our parent IgG1 we thus generated eight gly-
covariants using a mammalian expression method that mainly relies on
the over-expression of enzymes involved in the N-glycosylation pathway.
More specifically, six IgG1 glycoforms were produced by transient co-



Fig. 5. Representative control-corrected SPR sensorgrams corresponding to the interactions of various TZM glycoforms with captured FcγRs. Sensorgrams
corresponding to the interactions of fucosylated TZM (left column, TZM) or afucosylated TZM (right column, TZM RMD) with E5-tagged FcγRs previously captured on
a K5 surface (�30 RUs of FcγRIIIaF158 (a,b); �20 RUs of FcγRIIIaV158 (c,d); �20 RUs of FcγRIIa (e,f); �25 RUs of FcγRIIb (g,h) and �45 RUs of FcγRI (i,j)). Each data
set corresponds to the triplicate injection of a TZM glycoform at 7 concentrations (between 40-4000 nM for fucosylated TZM-FcγRIIIaF158; 5–600 nM for afucosylated
TZM-FcγRIIIaF158; 20-2000 nM for fucosylated TZM-FcγRIIIaV158; 3–300 nM for afucosylated TZM-FcγRIIIaV158; 100-8000 nM for FcγRIIa and FcγRIIb; 0.5–100 nM for
FcγRI). (a-h) The steady state analysis of the sensorgrams is shown in the insets with the vertical line marking the respective calculated KD values. (i, j) The thin black
solid lines correspond to the global fit using a kinetic model assuming the existence of two distinct populations of captured FcγRI.
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Fig. 6. Influence of the IgG-Fc N-glycan sugar
moieties upon FcγR binding. (a-e) The impact of
Fc core fucosylation on FcγR binding affinity. KD

values are representative of at least 2 independent
experiments for each condition and the standard
errors of the mean (SEM) are shown. **, *** and
**** denote a statistical significance of p � 0.01,
p � 0.001, and p � 0.0001, respectively, as tested
by one-way ANOVA using Tukey's multiple com-
parisons test against TZM, or comparing the
fucosylated vs afucosylated forms with the same
N-glycan elongation level as indicated by the
horizontal lines). (f-j) The impact of terminal
sugar moieties (i.e., digalactosylation, mono-α2,6-
sialylation and di-α2,6-sialylation) of the IgG1-Fc
N-glycan on FcγRs binding relative to TZM (fil-
led column) or TZM RMD (hatched column). The
ratios are representative of at least 2 independent
experiments and SEM are shown. * and ** denote
a statistical significance of p � 0.05 and p � 0.01,
respectively, as tested by a one-sample t-test
against a theoretical mean of 1. The abscissa
legend describes the percentage of each glycan
family.
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expression of the β1,4-galactosyltransferase 1 (GT) and/or the β-galac-
toside α2,6-sialyltransferase 1 (ST6), and/or the GDP-4-dehydro-6-
deoxy-D-mannose reductase (RMD). This resulted in TZM glycovariants
with increased levels of terminal galactosylation and terminal α2,6-
33
sialylation, and reduced fucosylation, respectively. In our hands, tran-
sient co-expression of TZMwith several enzymes (i.e., GT with ST6 or GT
with RMD and ST6) led to higher N-glycan heterogeneity when
compared to that reported with strategies relying on chemoenzymatic



Fig. 7. Reporter assay responses induced by
the TZM glycoforms. The antibodies were put
in contact with target cells expressing HER2
and effector cells expressing the low affinity
FcγRIIIaF158 (a) or the high affinity FcγRIIIaV158
(b). The response was measured as a biolumi-
nescent signal produced by the effector cells
upon antibody binding, and expressed as a
multiple of the basal bioluminescent signal
produced by the effector cells in absence of
antibodies. The results are the average and
standard deviations of duplicates. Commercial
Herceptin was included in the assays as positive
control while Synagis and non-glycosylated
TZM (TZM ng) were included as negative con-
trols. The half maximal effective concentration
(EC50) for each TZM glycoforms was calculated
using a non-linear fit (least squares) with a
variable slope and displayed as relative EC50

compared to TZM (hatched columns) for the
FcγRIIIaF158 (c) and FcγRIIIaV158 (d). The data
represent the mean and SD; * and ** denote a
statistical significance of p � 0.05 and p �
0.01, respectively, as tested by a one-sample t-
test against a theoretical mean of 100 (%).
Correlation between apparent KD values of
FcγRIIIaF158 (e) or FcγRIIIaV158 (f) binding of
TZM glycoforms and EC50. r2 and p value of the
linear regression are shown.
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glycoengineering (Wada et al., 2019; Li et al., 2017; Tsukimura et al.,
2017). Enzyme co-expression caused only partial inhibition of fucosyla-
tion while the levels of α2,6-sialylated glycoforms, although increased,
mostly corresponded to the mono-α2,6-sialylated digalactosylated spe-
cies, which is in agreement with previous observations (Raymond et al.,
2015; Dekkers et al., 2016). Taking into account glycoform heterogeneity
(in order to better interpret our results from our SPR assay), a complete
characterization of our glycoforms was thus performed using three
orthogonal methods (Figs. 1–3; Table 1), which all led to the same con-
clusions in respect to the major differences observed from one TZM
glycoform preparation to the other (Fig. 4).

To complete our TZM glycoform panel and to determine the impact of
higher di-α2,6-sialylation levels, in vitro α2,6-sialylation of TZM
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expressed in presence of GT only, GT/RMD, GT/ST6 and GT/RMD/ST6
was performed with a soluble ST6Gal1 construct. In accordance with the
literature, this resulted in the enrichment of a di-α2,6-sialylated IgG1
although the amount of mono-α2,6-sialylated species remained sub-
stantial, suggesting that the limited disialylation was more probably due
to incomplete IgG1 digalactosylation (Dekkers et al., 2016).

Altogether, our results have shown that, compared to cell line engi-
neering and complete in vitro glycoengineering, transient co-expression
of three enzymes associated with only one additional in vitro α2,6-sialy-
lation step led to the rapid generation (within two weeks) of eight
distinct and well-defined TZM glycoforms at high yields and at reason-
able costs. Nonetheless, transient co-expression has shown some limita-
tions and led to higher N-glycan heterogeneity compared to
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chemoenzymatic glycoengineering.
There is no consensus on the effect of IgG1-Fc N-glycan content on

FcγRs binding in the literature. Several methods have been used to
characterize these interactions, including affinity chromatography
(Thomann et al., 2015; Wada et al., 2019; Dashivets et al., 2015), ELISA
(Li et al., 2017; Shivatare et al., 2018; Kurogochi et al., 2015; Lin et al.,
2015) and SPR analysis (Dekkers et al., 2017; Thomann et al., 2015;
Wada et al., 2019; Subedi and Barb, 2016; Dashivets et al., 2015; Li et al.,
2017), applied in many variations, which in turn led to major differences
in the interpretation of the results (Cambay et al., 2019). In addition, the
interactions were assessed either for all FcγRs (Dekkers et al., 2017;
Subedi and Barb, 2016; Lin et al., 2015; Bruggeman et al., 2017) or only
for FcγRIIIa (Wada et al., 2019; Li et al., 2017; Peschke et al., 2017;
Kurogochi et al., 2015; Houde et al., 2010) as FcγRIIIa binding (and
consequently the ADCC activity) has been reported to be the most
affected by the IgG1 N-glycan profile.

In the study reported here, we recorded the binding kinetics of eight
TZM glycoforms to a panel of human FcγRs (i.e., FcγRIIIaF158,
FcγRIIIaV158, FcγRIIa, FcγRIIb and FcγRI) using a SPR assay (Fig. 5) that
outperformed in our hands other capture approaches relying on his-
tagged or biotinylated receptors in terms of reproducibility (Cambay
et al., 2019). The TZM glycovariants/FcγRs binding was further analysed
with FcγRs produced either in CHO or HEK293 cell line. Some studies
have shown that FcγRIIIa obtained through different expression systems
displayed distinct N-glycan profiles leading to subtle kinetic profile
variations (Hayes et al., 2017; Zeck et al., 2011). Our results suggested
that these N-glycan variations modestly affected the interactions for both
FcγRIIIaF158 and FcγRIIIaV158 (Fig. 6; Supplementary Table S1) as was
observed previously (Cambay et al., 2019).

The TZM glycoforms binding to both FcγRIIIaF158 and FcγRIIIaV158
were affected the most by the IgG1-Fc N-glycan profiles (Fig. 6). These
results are in agreement with the literature in which a major influence on
all the FcγRIII isoforms (i.e., FcγRIIIaF158, FcγRIIIaV158, FcγRIIIb NA1 and
FcγRIIIb NA2) has been reported (Dekkers et al., 2017; Subedi and Barb,
2016; Zhang et al., 2011). More precisely, variation in core fucosylation
had the most radical impact on FcγRIIIa binding while no significant
effect on other FcγRs was observed (Fig. 6a–e). IgG1s with low-fucose
levels have been reported to form more stable complexes with
FcγRIIIa, due to carbohydrate-carbohydrate interactions between the
FcγRIIIa Asn-162 glycan and afucosylated IgG1-Fc (Ferrara et al., 2006b,
2011; Mizushima et al., 2011), and resulting in more efficient capability
to induce an ADCC response (Dekkers et al., 2017; Wada et al., 2019;
Subedi and Barb, 2016; Li et al., 2017).

In addition, the presence of galactose, independently of the core
fucose, was found to benefit binding of the IgG1s to both FcγRIIIa vari-
ants (Fig. 6f and g). This combination can therefore be considered an
additive advantage, which has been confirmed by several reports (Dek-
kers et al., 2017; Wada et al., 2019; Subedi and Barb, 2016; Houde et al.,
2010) while contested by others (Peipp et al., 2008; Peschke et al., 2017).
To a lesser extent, galactose, irrespective of the core fucose level, also
positively influenced the interactions of TZM (Fig. 6h–j) and other IgG1s
(Thomann et al., 2015; Subedi and Barb, 2016; Dashivets et al., 2015)
with FcγRI, FcγRIIa and FcγRIIb.

We also showed that TZM glycovariants enriched in mono-α2,6-sia-
lylation (Fig. 6f and g) have the same affinity as their digalactosylated
counterpart (Dekkers et al., 2017; Thomann et al., 2015; Subedi and
Barb, 2016; Dashivets et al., 2015). Nonetheless, a slight decrease in
FcγRIIIa affinity for the di-α2,6-sialylated (40%) TZM glycoforms was
observed compared to its digalactosylated counterpart. This difference is
however not statistically significant and is most likely due to the dis-
ialylation levels which remained low in our preparations. This trend is in
line with conclusions made in recent studies for IgG1 glycoforms dis-
playing higher levels or complete disialylation, with this effect being
observed either on fucosylated (Li et al., 2017), afucosylated (Dekkers
et al., 2017; Kurogochi et al., 2015) or both forms (Wada et al., 2019). In
the case of hypo-fucosylated TZMs, the effects of digalactosylation,
35
mono- and di-sialylation were more modest than those observed for their
fucosylated counterparts (Fig. 6f and g). However, it should be taken into
account that the levels of afucosylation of our TZM preparations are
different (i.e., fucosylation is higher for galactosylated and sialylated
TZM samples compared to our agalactosylated TZM sample, see Fig. 4).
These differences may be important, as demonstrated by Chung et al.
(2012). In the case of the other receptors, TZM sialylation had no impact
upon FcγRIIa and FcγRIIb (Fig. 6h and i), as already observed for other
IgG1s (Dekkers et al., 2017; Subedi and Barb, 2016). Of interest, a
modest, yet significant (p � 0.01), positive effect on FcγRI binding was
observed for the fucosylated TZM samples only (Fig. 6j). Such affinity
increase has already been reported by Scallon et al. (2007) but was not
observed by others (Dekkers et al., 2017; Thomann et al., 2015; Subedi
and Barb, 2016). Altogether, our results suggest that the TZM mono-α2,
6-sialylation modestly affects its interaction with FcγRI compared to the
digalactosylated variant. It also showed that disialylation has a negative
effect on the TZM affinity for the FcγRIIIa when disialylation levels
reaches a certain threshold (>40%). This contrasts with many studies
that concluded that disialylation had no effect (Thomann et al., 2015;
Subedi and Barb, 2016; Dashivets et al., 2015; Peipp et al., 2008; Shi-
vatare et al., 2018; Lin et al., 2015) but agree with others who performed
these experiments with homogenous IgG1 glycoform preparations (Wada
et al., 2019; Kurogochi et al., 2015).

Altogether, the similarity in the trends observed for those TZM low-
galactosylation/high-galactosylation/high-sialylation glycovariants in
the absence or presence of fucose, highly suggests that both core fucosy-
lation and elongation of the glycans affect FcγR binding through distinct
mechanisms. This hypothesis is consistent with the very specific role of
core fucose in the IgG1/FcγRIIIa interaction (Ferrara et al., 2011; Miz-
ushima et al., 2011), as well as with the effect of galactose and/or sialic
acid on the IgG1-Fc conformation (Ahmed et al., 2014; Frank et al., 2014).

The correlations between the IgG1/FcγR interactions and the induc-
tion of an ADCC (Dekkers et al., 2017; Thomann et al., 2015; Wada et al.,
2019; Li et al., 2017; Scallon et al., 2007; Shivatare et al., 2018; Lin et al.,
2015; Tsukimura et al., 2017; Zhang et al., 2011; Chung et al., 2012) and
CDC (Dekkers et al., 2017; Wada et al., 2019; Peschke et al., 2017; Chung
et al., 2012) response, or the overall performance of a therapeutic IgG1 in
vivo (Kaneko et al., 2006; Li et al., 2017; Kanda et al., 2006) have already
been reported. To mimic the multiple IgG1-Fc/FcγRIIIa interactions that
may occur simultaneously in vivo, we performed a cell-based reporter
bioassay in which the effector cells are engineered Jurkat cells that ex-
press either the FcγRIIIaF158 or the FcγRIIIaV158. In this assay, binding of
an IgG1 to its target protein on the target cell allows for the interaction of
their Fc region with the FcγRIIIaF158 or FcγRIIIaV158 expressed on the
effector cell and results in the activation of the NFAT signalling cascade
that is coupled to a bioluminescent read-out.

As expected, core fucosylation had a major effect, regardless of the
FcγRIIIa variant (Fig. 7a–d and Supplementary Table S2). This positive
effect of reduced antibody fucosylation on activity has been extensively
demonstrated in ADCC assays (Dekkers et al., 2017; Yamane-Ohnuki et al.,
2004; Wada et al., 2019; Peipp et al., 2008; Kurogochi et al., 2015; Tsu-
kimura et al., 2017; Chung et al., 2012; Kanda et al., 2006). For both high-
and low-fucosylated TZM glycovariants, terminal galactosylation and
terminal sialylation had a modest, yet noteworthy, effect (Fig. 7a–d and
Supplementary Table S2). As observed in our SPR assay, differences be-
tween the low-fucosylated forms were modest in our reporter bioassay,
again most likely due to the various levels in residual fucosylation of our
TZMglycovariants (see above). The impact of terminal galactosylation and
terminal sialylation was obvious when the IgG1s were fucosylated (Fig. 7c
and d; Supplementary Table S2) as indicated by the EC50 values for TZM
GT (i.e., 46.31 and 25.02 ng/mL) and TZM GT ST6 IVS (i.e., 57.24 and
26.65 ng/mL) respectively, compared to EC50 values of TZM (i.e., 71.04
and 36.34 ng/mL). In contrast, the slightly negative effect of di-α2,6-sia-
lylation compared to digalactosylation was modest (Fig. 7c and d; Sup-
plementary Table S2), which is also demonstrated in the calculated EC50

values of TZM GT ST6 IVS compared to EC50 values of TZM GT (57.24 vs
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46.31 and 26.65 vs 25.02 ng/mL, respectively). The positive effect of
terminal galactosylation onADCC activity has been reported in very recent
studies (Dekkers et al., 2017; Thomann et al., 2015; Wada et al., 2019) but
not by others (Shinkawa et al., 2003; Boyd et al., 1995; Peipp et al., 2008;
Kurogochi et al., 2015; Tsukimura et al., 2017). Similarly, several studies
have also reported the negative effect of di-α2,6-sialylation on ADCC ac-
tivity (Dekkers et al., 2017; Wada et al., 2019; Li et al., 2017; Naso et al.,
2010) whereas others showed no effect (Thomann et al., 2015; Peipp et al.,
2008; Shivatare et al., 2018; Kurogochi et al., 2015; Lin et al., 2015).

Altogether, results we presented here showed that the affinities
measured by SPR for a large panel of TZM glycovariants were highly
predictive of conclusions drawn in our reporter bioassay. Indeed, a strong
correlation was observed for the KD values derived from our SPR analysis
and the EC50 values derived from our reporter bioassay (Fig. 7e and f).

Conclusions

The results obtained from this study highlight the complexity of the
effects of IgG1-Fc N-glycosylation, particularly terminal sialylation, on
the interactions with the FcγRs. Our results for various glycoforms of
TZM are in line with most of the conclusions from the recent seminal
work by Dekkers and colleagues who investigated the impact of glyco-
sylation of an anti-human RhD antibody with a different SPR assay
(Dekkers et al., 2017). This complexity echoes the multiple
protein-protein, protein-glycan and glycan-glycan interfaces involved as
it highlights the need for a careful glycosylation characterization to fully
understand the subtleties of the mechanism governing IgG1/FcγR in-
teractions. Furthermore, this study underlines the usefulness of using SPR
biosensors to predict the in vitro, and possibly in vivo, effector functions
such as ADCP, CDC and the ADCC response of therapeutic antibodies.
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