
Low anti-RhD IgG-Fc-fucosylation in pregnancy: a new variable
predicting severity in haemolytic disease of the fetus and
newborn

Rick Kapur,1 Luciana Della Valle,1

Myrthe Sonneveld,1 Agnes Hipgrave

Ederveen,2 Remco Visser,1 Peter

Ligthart,3 Masja de Haas,1 Manfred

Wuhrer,2,4,5* C. Ellen van der Schoot1*
and Gestur Vidarsson1*
1Department of Experimental Immunohaematol-

ogy, Sanquin Research, Amsterdam and Land-

steiner Laboratory, Academic Medical Centre,

University of Amsterdam, Amsterdam, 2Centre

for Proteomics and Metabolomics, Leiden Uni-

versity Medical Centre, Leiden, 3Erythrocyte

Serology, Sanquin, 4Division of BioAnalytical

Chemistry, VU University, and 5Department of

Molecular Cell Biology and Immunology, VU

University Medical Centre, Amsterdam, The

Netherlands

Received 17 February 2014; accepted for

publication 23 April 2014

Correspondence: Dr. Gestur Vidarsson,

Department of Experimental

Immunohaematology, Sanquin Research, and

Landsteiner Laboratory, Plesmanlaan 125, 1066

CX Amsterdam, The Netherlands.

E-mail: G.Vidarsson@sanquin.nl.

*These authors contributed equally.

Summary

Haemolytic disease of the fetus and newborn (HDFN) may occur when

maternal IgG antibodies against red blood cells (RBCs), often anti-RhD

(anti-D) antibodies, cross the placenta and mediate the destruction of

RBCs via phagocytic IgG-Fc-receptors (FccR). Clinical severity is not

strictly related to titre and is more accurately predicted by the diagnosti-

cally-applied monocyte-based antibody-dependent cellular cytotoxicity

(ADCC), a sensitive test with relatively low specificity. This suggests that

other factors are involved in the pathogenesis of HDFN. Binding of IgG to

FccR requires the N-linked glycan at position 297 in the IgG-Fc-region,

consisting of several different glycoforms. We therefore systematically anal-

ysed IgG-derived glycopeptides by mass spectrometry from 70 anti-D IgG1

antibodies purified from the plasma of alloimmunized pregnant women.

This revealed a variable decrease in Fc-fucosylation in the majority of anti-

D IgG1 (even down to 12%), whereas the total IgG of these patients

remained highly fucosylated, like in healthy individuals (>90%). The degree

of anti-D fucosylation correlated significantly with CD16 (FccRIIIa)-medi-

ated ADCC, in agreement with increased affinity of defucosylated IgG to

human FccRIIIa. Additionally, low anti-D fucosylation correlated signifi-

cantly with low fetal-neonatal haemoglobin levels, thus with increased

haemolysis, suggesting IgG-fucosylation to be an important pathological

feature in HDFN with diagnostic potential.

Keywords: haemolytic disease of the fetus and newborn, anti-RhD or

anti-D alloantibodies, IgG-glycosylation, IgG-fucosylation.

Haemolytic disease of the fetus or newborn (HDFN) arises

due to maternal alloimmunization against paternally inher-

ited fetal red blood cell antigens, most commonly Rh-D.

These anti-D alloantibodies are transported across the pla-

centa, bind to D-positive fetal red blood cells (RBCs) and

subsequently engage with phagocytic-IgG Fc-receptors

(FccR), resulting in red blood cell clearance. Clinically, this

can result in fetal anaemia, jaundice, hydrops and stillbirth

(Urbaniak & Greiss, 2000). The administration of anti-D

immunoprophylaxis to women at risk has greatly reduced

the immunization rate (Koelewijn et al, 2008). Furthermore,

the occurrence of severe fetal/neonatal complications in allo-

immunized women is prevented in most developed countries

due to the nationwide red cell antibody screening pro-

grammes (Engelfriet et al, 2003). Once an alloantibody is

recognized, pregnant women are carefully monitored to start

timely treatment. We have previously shown that the most

sensitive laboratory test for predicting fetal red cell destruc-

tion is the monocyte-based antibody-dependent cellular

cytotoxicity (ADCC) assay (Oepkes et al, 2001). For that

reason, all pregnant women in The Netherlands with red

blood cell alloantibodies are monitored using this assay and

are only referred for Doppler flow measurement when the

ADCC assay rises above a certain threshold. This suggests

that the interaction of the antibody with phagocytic cells is

an important factor determining the occurrence of red cell

haemolysis. The strength of the interaction between IgG and

FccR, and hence the strength of the phagocyte response,

depends on several factors, including the IgG subclass

involved, the FccR polymorphic make-up of the patient, and
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IgG-Fc glycosylation (Hogarth & Pietersz, 2012) (Kapur

et al, 2014a).

IgG antibodies are glycoproteins harbouring a branched

sugar moiety attached to asparagine (Asn) 297 in the Fc

domain. The glycan is required for binding of IgG to FccR.
Furthermore, slight variations in this glycan’s composition

modulate its affinity (Sondermann et al, 2000; Shields et al,

2002; Ferrara et al, 2011). The Asn297-linked glycan com-

prises an invariant structure consisting of an N-acetylglucos-

amines (GlcNAc) and mannoses, but can be found either

with or without fucose and bisecting GlcNAc, including vari-

ous amounts of galactose and sialic acid. The presence of a

bisecting GlcNAc is a known modification of the biantennary

N-glycans of human IgG. This monosaccharide in the 2,4-

position is linked to the innermost mannose of the N-glycan

core structure. The relative abundance of these glycans is

altered for total IgG in various clinical settings, including

pregnancy (Rook et al, 1991; van de Geijn et al, 2009; Sel-

man et al, 2012), cancer (Saldova et al, 2007; Kodar et al,

2012), autoimmunity (Parekh et al, 1985; Rook et al, 1991;

Bond et al, 1996, 1997; Alavi et al, 2000; van de Geijn et al,

2009; Selman et al, 2011, 2012; Bondt et al, 2013) and infec-

tious diseases (Parekh et al, 1989). For most of these glycan

modifications, the reported changes in FccR binding are

modest, however, the lack of core fucose results in much

stronger, up to 50-fold increased, binding to human FccRIII,
due to glycan-glycan interactions between Asn297 in IgG1

and Asn162 in FccRIIIa and FccRIIIb (Shibata-Koyama et al,

2009a; Ferrara et al, 2011; Mizushima et al, 2011). We have

recently shown that anti-human platelet antigen (HPA)-1a

IgG1 antibodies, formed during pregnancy against HPA-1a

positive fetal platelets, can display a pronounced decrease in

Fc-fucose, resulting in an increased binding affinity for

FccRIIIa/b, enhanced platelet phagocytosis, and a more

severe fetal or neonatal alloimmune thrombocytopenia

(FNAIT) (Kapur et al, 2014b).

Here we investigated if similar low Fc-fucosylation can be

found in pregnancy-induced anti-D allo-IgG1 antibodies, and

if skewed anti-D IgG1 fucosylation may explain the discrep-

ancy between anti-D titre and clinical severity, which is

observed in some cases.

Methods

Patient samples

Anti-D alloantibodies were diagnosed at Sanquin, Amster-

dam, The Netherlands, and samples were generally acquired

in the third trimester (n = 70). Diagnosis was made using

the indirect antiglobulin test with the addition of polyethyl-

ene glycol and the use of a polyclonal anti-IgG (Sanquin

reagents, Sanquin, Amsterdam). The titre was determined

with a twofold dilution in a tube indirect antiglobulin test

(no additions, incubation 30 min at 37°C, three washes,

polyclonal anti-IgG and monoclonal anti-C3d) against RBCs

with a R2R2 (ccDDEE) phenotype. Clinical data was

obtained retrospectively by contacting obstetric care-givers.

Samples were obtained with informed consent from the

patients in accordance with the Declaration of Helsinki.

Purification and IgG quantification of anti-D antibodies
from sera

Anti-D alloantibodies were purified from serum by incuba-

tion of the serum with D-positive RBC (500 ll serum for an

anti-D titre of 256 or lower, and for a titre of 512, 250 ll of
serum was used; all incubated with 500 ll packed D-positive

RBC), for 1 h at 37°C. Similarly, D-negative RBC incubated

with D-positive serum, as well as D-positive RBC incubated

with normal human serum (NHS), were used as negative

controls. This was followed by six washes with cold phos-

phate-buffered saline (PBS). Antibodies were then eluted

from the RBC by the addition of eluting buffer (low-pH gly-

cine buffer of Gamma ELU-KITTM II; Immucor, Inc., Nor-

cross, GA, USA) and the pH of the antibody-containing

eluate (supernatant) was neutralized by addition of 250 ll of
basic Tris-PBS (214 mmol/l Tris, 22 mmol/l Na2HPO4). The

specificity of the eluate was confirmed by gelcards (DiaMed

GmbH, Bio-Rad Laboratories, Inc., Hercules, CA, USA; six

microtubes containing rabbit anti-human IgG within the gel

matrix). The amount of IgG1 and IgG3 in the eluate was

determined by enzyme-linked immunosorbent assay (ELISA)

in microtitre plates (NUNC-Immuno, Maxisorp; Sigma

Aldrich, St Louis, MO, USA) coated with either mouse-anti-

human IgG1 Fc (clone MH161-1, Sanquin) or with mouse-

anti-human IgG3 hinge (clone MH163-1, Sanquin reagents).

For calculations of IgG1 and IgG3 concentrations, fully human

recombinant antibodies IgG1j and IgG3 GDob1 (Vidarsson

et al, 2006; Stapleton et al, 2011) were used as standards. Each

eluate was only considered to contain purified anti-D IgG if

all negative controls gave a result below the threshold, and a

positive reaction was obtained with D-positive cells only.

IgG purification from eluates

IgG1 was isolated from plasma and eluates from D+ RBC by

subclass-specific affinity chromatography using 10 ll Cap-

tureSelectTM non-glycosylated nanobody-VH anti-human

IgG1 affinity beads in 96-well plate format with 0�7 ml/well

filter plates (Orochem, Naperville, IL, USA). Serum (2 ll) or
affinity-purified anti-D antibodies (200–4000 ng as deter-

mined by ELISA) were applied to the affinity beads in 200 ll
of PBS, followed by a 1-h incubation at room temperature

with shaking. Then the IgG1 affinity beads were washed by

filtration three times with 200 ll PBS and three times with

200 ll water. Bound IgG1 was eluted with 100 mmol/l for-

mic acid (100 ll; Fluka, Steinheim, Germany) and dried by

vacuum centrifugation. The purified IgG1 was digested over-

night at 37°C with 200 ng trypsin (Promega, Leiden, The

Netherlands) in 40 ll 25 mmol/l ammonium bicarbonate
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buffer (Fluka). Samples were stored at �20°C until further

use.

Reverse-phase solid phase extraction of glycopeptides

IgG1 Fc glycopeptides were enriched and desalted by reverse

phase (RP) solid phase extraction (SPE) using Chromabond

C18ec (C-18) beads (Marcherey-Nagel, D€uren, Germany).

The C-18 beads were activated by 80% acetonitrile (ACN)

containing 0�1% trifluoroacetic acid (TFA; Fluka) and condi-

tioned with 0�1% TFA. Tryptic IgG1 digests (40 ll) were

added to 150 ll 0�1% TFA, loaded onto C-18 beads, fol-

lowed by three washes with 100 ll 0�1% TFA. Elution of the

IgG glycopeptides were performed with 100 ll of 18% ACN

containing 0�1% TFA to minimize co-elution of interfering

peptides. The purified glycopeptides were dried by vacuum

centrifugation and stored at �20°C until mass spectrometric

analysis.

Matrix-assisted laser desorption/ionization time-of-flight
mass spectrometry of IgG Glycopeptides

Analysis of reverse-phase solid phase extraction (RP-SPE)

purified IgG1 Fc-glycopeptides was performed using matrix-

assisted laser desorption/ionization time-of-flight mass spec-

trometry (MALDI-TOF-MS). Samples were dissolved in

40 ll of water, and 2 ll aliquots were spotted onto MTP 384

polished steel target plates (Bruker Daltonics, Bremen,

Germany) and allowed to dry at room temperature. Subse-

quently, 2 ll of 5 mg/ml 4-chloro-a-cyanocinnamic acid

(Cl-CCA; 95% purity; Bionet Research, Camelford, UK) in

70% ACN was applied on top of each sample and allowed to

dry. Glycopeptides were analysed on an UltrafleXtreme

MALDI-TOF/TOF mass spectrometer (Bruker Daltonics),

which was operated in the positive-ion reflectron mode. Ions

between 1000 and 3700 m/z were recorded. To allow homo-

geneous spot sampling, a random walk laser movement with

100 laser shots per raster spot was applied, and each IgG gly-

copeptide sum mass spectrum was generated by accumula-

tion of 2000 laser shots. Mass spectra were internally

calibrated using a list of known glycopeptides (G0, G0F, G1,

G1F, G2, G2F species, see Fig 1).

Data processing and evaluation were performed with Flex-

Analysis Software (Bruker Daltonics) and Microsoft Excel,

respectively. The data were baseline subtracted and the inten-

sities of a defined set of 12 glycopeptides (six glycoforms for

IgG1 with core-fucose and six glycoforms for IgG1 without

core-fucose; see Fig 1) were defined automatically for each

spectrum.

Relative intensities of IgG Fc glycopeptides were obtained

by integrating the first isotopic peaks followed by normaliza-

tion to the total IgG1 specific glycopeptide intensities. The

level of galactosylation was calculated from the relative inten-

sities of various Fc N-glycopeptides according to the formula:

(G1 + G1F + G1FN + G1N) 9 0�5 + G2 + G2F + G2N +

G2FN + G2NS. The prevalence of bisecting GlcNAc was

determined by summing the relative intensities of all

bisected glycoforms (G0N, G0FN, G1N, G1FN, G2N

and G2FN). The incidence of IgG1 fucosylation was

evaluated by summing all fucosylated IgG1 Fc N-glyco-

forms (G0F + G1F + G0FN +
G2F + G1FN +G2FN).

Natural killer (NK)-cell and monocyte based ADCC

D-positive RBCs were labelled with radioactive chromium 51

(51Cr) and incubated with maternal serum containing anti-D

Fig 1. Theoretical masses of tryptic glycopeptides of human IgG1.

Glycan structural features are given in terms of number of galactoses

(G0, G1, G2), fucose (F) and bisecting N-acetylglucosamine (N). G0,

agalactosylated glycan without core fucose; G0F, agalactosylated gly-

can with core fucose; G1, monogalactosylated glycan without core

fucose, etc. Blue square, N-acetylglucosamine; green circle, mannose;

yellow circle, galactose; red triangle, fucose.
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antibodies at an equal titre of 128. Peripheral blood mono-

nuclear cells were isolated from blood taken from healthy

volunteers, via density gradient centrifugation over Ficoll

(GE Healthcare, Uppsala, Sweden, 1�077 g/ml) and platelets

were removed by washing. Monocytes were depleted by

adherence to plastic tissue culture flasks for 1 h at 37°C, after
which the non-adherent fraction was taken and allowed to

adhere to plastic tissue culture flasks for 1 h at 37°C. The
non-adherent cells were washed and re-suspended in RPMI

medium with 20% human AB serum and incubated for

1�5 h at 37°C in triplicate in U-well microplates with opson-

ized 51Cr-labelled D-positive RBCs (3 9 106/ml, 150 000 per

well), in a total volume of 100 ll and an effector to target

cell ratio of 15:1. Maximum lysis was obtained with the addi-

tion of 150 ll 5% saponine to 50 ll of RBCs and was used

to calculate the degree of lysis (%). Similarly, the monocyte-

ADCC was performed as described previously (Oepkes et al,

2001) with 1�5 9 106/ml monocytes (75 000 per well and

derived from a pool of 70–100 donors, stored in liquid nitro-

gen). Cytotoxic lysis was assessed by counting the 51Cr-activ-

ity in the supernatant and expressed as a percentage of lysis

produced by a pooled polyclonal anti-D standard according

to a calibration curve.

Statistical analysis

Analysis was performed using GraphPad Prism 5�01 (La Jolla,

CA, USA). Tests were applied as indicated and the level of

significance was set at P < 0�05.

Results

Fc-glycosylation of anti-D IgG1 in pregnancy

IgG1 was purified from anti-D containing sera from 70 preg-

nant women and from the specific anti-D alloantibodies,

which were obtained from these sera via acidic elution from

D-positive RBCs. Tryptic IgG1-derived glycopeptides encom-

passing the Asn297-Fc glycan were subsequently analysed by

MALDI-TOF-MS. Quantities of the 12 most abundant IgG1-

Fc glycopeptides were examined (Fig 2). For total IgG1, the

Fc glycosylation profile was abundant in fucosylated glycan

(A)

(B)

Fig 2. IgG1 glycosylation profiles of a pregnant woman with anti-D. Tryptic IgG1 Fc glycopeptides of total IgG1 (A) and anti-D specific IgG1

(B), affinity-purified from the serum of a pregnant woman, were measured by positive-ion reflectron mode matrix-assisted laser desorption/ioni-

zation time-of-flight mass spectrometry. The profile shown represents specific antibodies with a low fucosylation of 16%, while the total IgG1 was

highly fucosylated (94%). For the assignment and the definitions of the glycopeptides signals see Fig 1. Pep, peptide moiety; *, contaminant.
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structures (G0F, G1F, G2F, Fig 3A), as described for normal

human IgG1 (Wuhrer et al, 2009; Selman et al, 2012; Bako-

vic et al, 2013; Kapur et al, 2014b). In contrast, the anti-D

specific IgG1-derived glycopeptides mostly consisted of

glycoforms lacking core fucose (G1 and G2, Fig 3B, demon-

strating the mass spectrometry profile of one pregnant

woman). Systematic analysis of the 70 pregnancy-induced

anti-D IgG1 sera for Fc-galactosylation, -bisection (bisecting

GlcNAc) and -fucosylation, showed that the levels of Fc-ga-

lactosylation were significantly increased (Fig 4A) and the

levels of Fc-bisection significantly decreased (Fig 4B), when

compared to total IgG1. Strikingly, the levels of Fc-fucosyla-

tion were variably decreased, in some cases with levels of

(A)

(B)

(C)

Fig 3. Anti-D IgG1 in pregnancy displays pronounced lowered

Fc-fucosylation. Relative expression levels of major IgG-Fc Asn-297

glycoforms for both total IgG1 (x-axis) and antigen-specific IgG1 (y-

axis) for 70 pregnancy-induced anti-D serum samples (A–C). Serum
populations were analysed for Fc-galactosylation (A), Fc-bisection

(bisecting N-acetylglucosamine) (B) and Fc-fucosylation (C). The

statistical outcome between two-tailed paired t-test analysis of total

IgG1 versus. specific antibodies is listed in each panel. The diagonal,

dotted lines represent the theoretical equal glycosylation of total

IgG1 and anti-D IgG1. Normal total IgG1 values (non-pregnancy set-

ting): galactose (61�92%), bisection (13�80%) and fucose (92�86%)

(Selman et al, 2012).

(A)

(B)

(C)

Fig 4. Low anti-D IgG1-fucosylation induces stronger NK-cell medi-

ated ADCC. Natural killer (NK)-cell ADCC versus the levels of galac-

tosylation (A), bisection (B) and fucosylation (C) found in IgG1

anti-D. For the NK-cell ADCC only samples containing enough

material and with an anti-D titre of 1/128 were plotted. Statistical

analyses were performed using two-tailed (A, B) or one-tailed (C)

Pearson correlation with significance set at P = 0�05.

R. Kapur et al
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core fucosylation down to 12%, while fucosylation was fairly

constant for total IgG1 (on average 93�3 � 4�6%, Fig 4C),

which is comparable to the total IgG1-fucosylation in a non-

pregnancy setting (92�9%) (Selman et al, 2012). Furthermore,

we observed a weak but significant negative correlation

between anti-D IgG1-fucosylation and galactosylation

(R2 = 0�06 P = 0�046), but no significant correlation between

bisection and galactosylation or bisection and fucosylation

(Fig S1).

Fc-fucosylation levels of anti-D IgG1 predict NK-cell
mediated ADCC activity

As monocyte ADCC is used to monitor anti-D activity for

diagnostic purposes, because it is more predictive for disease

severity of HDFN than the antibody titre (Oepkes et al,

2001), we first investigated if glycosylation of anti-D IgG1

affected anti-D activity in this assay. A very weak, albeit

significant, correlation between monocyte ADCC and the

level of galactosylation was found (Fig S2). No significant

correlation was found between monocyte ADCC and bisec-

tion or fucosylation. However, as IgG-Fc fucosylation only

affects binding to monocyte FccRIIIa, which is not well

expressed on circulating monocytes (~5% of cells show low

expression), we also tested the functional capacity of preg-

nancy-induced anti-D IgG1 antibodies to mediate RBC lysis

through CD16+ (FccRIIIa) NK cell-mediated ADCC. Suffi-

cient material from 11 samples with equal titres, and glyco-

profiled in Fig 4, was available to perform this assay. This

set of samples did not show any significant correlation

between anti-D IgG1 galactosylation or bisection and NK-cell

ADCC (Fig 5A, B, respectively), and also not with the

monocyte ADCC (Fig S3). However, in line with the strong

FccRIIIa expression on NK cells, the degree of anti-D IgG1

fucosylation correlated significantly with NK-cell mediated

ADCC, with a lower degree of anti-D Fc-fucosylation corre-

sponding to increased NK-cell mediated ADCC (Fig 5C).

No correlations were found between the anti-D titre and the

levels of IgG1-galactosylation, -bisection, or -fucosylation

(Fig S4).

Low fucosylation of IgG1 anti-D is associated with low
fetal or neonatal haemoglobin levels

IgG-opsonized RBCs are cleared quickly through FccR-recep-
tor mediated pathways in the liver and spleen (Armour et al,

2006). We therefore tested if the haemoglobin levels in the

fetus or neonate were associated with IgG1-anti-D fucosyla-

tion in these patients in a pilot-study. All patients with dom-

inant IgG1 anti-D for whom the haemoglobin levels were

recorded before any intra-uterine transfusion (IUT), were

included (n = 12) (Table SI). In agreement with lowered

anti-D IgG1 core-fucosylation and its increased affinity to

FccRIIIa (Kapur et al, 2014b), we found the degree of IgG1-

anti-D Fc-fucosylation, and not the titre, to correlate signifi-

cantly with the haemoglobin levels (Fig 5, R2 = 0�289 and

P = 0�037).

Discussion

In the current study we investigated the IgG1 Fc-glycosyla-

tion patterns of 70 patients with pregnancy-induced anti-D

antibodies. The glycosylation pattern of the anti-D specific

IgG1 was compared to that of total IgG1 from the same

patient. The antigen-specific IgG-antibodies were first affinity

purified using D-positive RBCs, and then using anti-IgG1

beads, after which tryptic glycopeptides were analysed by

mass spectrometry. Despite the presence of IgG3 anti-D in

some patients, we focused solely on IgG1-Fc glycosylation in

pregnancy. IgG3-derived glycopeptide detection by mass

spectrometry is complex due to the presence of multiple

IgG3 allotypes in the population, which have identical mass

to glycopeptides of either IgG2 or IgG4 (Wuhrer et al, 2007;

Stapleton et al, 2011). In general, the anti-D IgG1 antibodies

displayed elevated levels of galactosylation and lowered bisec-

tion, but, most prominently, a decrease in core fucosylation.

Importantly, the affinity purification procedure of IgG1 with

(A)

(B)

Fig 5. Anti-D IgG1 with lower core fucosylation induces more severe

haemolysis. No significant correlation was found between anti-D titre

and Haemoglobin levels (A). However, the degree of IgG1-anti-D

fucosylation in pregnancy correlated significantly with fetal or neona-

tal haemoglobin levels (B). Statistical analyses were performed using

one-tailed Pearson correlation with significance set at P = 0�05. NS:
not significant.
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acidic elution did not result in changes of IgG Fc glycosyla-

tion profiles. This was assessed by comparing the glycosyla-

tion profile of a highly core-fucosylated monoclonal antibody

before and after affinity purification (not shown) (Wuhrer

et al, 2009; Kapur et al, 2014b). In addition, the changes

observed were reproducible upon re-measuring (Selman et al,

2012) and highly variable between patients, with some

patients showing no changes in anti-D glycosylation patterns

compared to total IgG1. Therefore, the immunopurification

procedure is unlikely to alter the degree of fucosylation.

The most striking finding in the current study is the

highly variable but potent decrease in core-fucose levels

observed for anti-D IgG1 antibodies in pregnancy, with 34

out of 70 samples showing a Fc-fucosylation of <50%,

whereas fucose levels in total serum IgG are generally not

reported to be lower than 90% (Wuhrer et al, 2009; Selman

et al, 2012; Bakovic et al, 2013; Kapur et al, 2014b).

Recently, we described a similar decrease of IgG1-Fc fucosy-

lation in anti-HPA-1a IgG1 antibodies in FNAIT, which we

did not observe for anti-human leucocyte antigen (HLA)

antibodies in platelet transfusion refractoriness refractory

thrombocytopenia (RT) (Kapur et al, 2014b). Although both

FNAIT and HDFN are antibody-mediated disorders in preg-

nancy, we have also observed low anti-D Fc-fucosylation in

male hyperimmunized anti-D (HID)-donors (R. Kapur, L.

Della Valle, O. Verhagen, A. Hipgrave Ederveen, P. Ligthart,

M. de Haas, B. Kumpel, M. Wuhrer, C.E. van der Schoot, G.

Vidarsson, unpublished observations). Although this is not a

natural event, it indicates that the regulation of the Fc-fu-

cosylation is not a pregnancy-related phenomenon. In refrac-

tory thrombocytopenia patients, the HLA-class I antibodies

did not display low Fc-fucosylation (Kapur et al, 2014b).

Therefore, low Fc-fucosylation seems to depend on the nat-

ure of the recognized antigen, perhaps on how and where

the antigen is presented to the immune system (expressed on

solid tissue or blood-borne cells with easier access to the

spleen). This kind of skewing of core fucosylation in antigen-

specific IgG has also been described in a recent study on

anti-human immunodeficiency virus (HIV) responses (Ack-

erman et al, 2013). In this study, prominent inter-individual

variation was also observed. Remarkably, the individuals who

were able to spontaneously control HIV showed a lower level

of fucosylation of HIV-specific IgG. The lower level of IgG

fucosylation in these elite controllers was accompanied by a

decreased level of FUT8, the main fucosyltransferase respon-

sible for core fucosylation, and an increased level of the

FUCA2 fucosidase, in peripheral IgG+ B cells. It will be

informative to investigate the level of glycosyltransferases and

fucosidases in the D-specific B cells (Dohmen et al, 2005).

Half-life and transplacental IgG-transport are mainly med-

iated by the neonatal Fc-receptor (FcRn). However, these

processes are not affected by glycosylation, as deglycosylated

IgGs have normal half-life (Kaneko et al, 2006), and because

fetal- and maternal IgG have identical glycosylation (Einars-

dottir et al, 2013). In addition, crystallographic data indicates

that Fc-glycans are not involved in binding to FcRn (West &

Bjorkman, 2000).

Although we have not monitored different time-points

within one pregnancy, we do not expect the fucosylation to

change much during pregnancy and to be rather stable over

time. This hypothesis is based on our previously published

data for anti-HPA-1a antibodies in pregnancy, which demon-

strated the lowered Fc-fucosylation to be present up to

7 years after delivery (Kapur et al, 2014b). Our preliminary

data of hyperimmunized anti-D donors also suggests that

anti-D fucosylation levels remain fairly constant over time

(R. Kapur, L. Della Valle, O. Verhagen, A. Hipgrave Eder-

veen, P. Ligthart, M. de Haas, B. Kumpel, M. Wuhrer, C.E.

van der Schoot, G. Vidarsson, unpublished observations).

The lowered core-fucosylation of the antigen-specific IgG1

antibodies is particularly interesting because we and others

have found that lowered Fc-fucosylation facilitates stronger

binding to FccRIIIa (Shields et al, 2002; Niwa et al, 2005;

Masuda et al, 2007; Peipp et al, 2008; Shibata-Koyama et al,

2009a,b; Junttila et al, 2010; Kapur et al, 2014b) and FccRI-
IIb (Peipp et al, 2008; Shibata-Koyama et al, 2009a; Kapur

et al, 2014b), but not other FccR (Peipp et al, 2008; Kapur

et al, 2014b). This agrees with the increased binding to

FccRIII that takes place through glycan-glycan interactions of

the N-linked Fc-glycan at position 297 with the glycan at

position 162 that is unique to the human family (Ferrara

et al, 2006, 2011). We found this decreased Fc-fucosylation

to resulted in enhanced platelet-phagocytosis mediated by

FccRIIIa-positive monocytes or FccRIIIb-positive PMN. In

addition, the V158-isoform of FccRIIIa is associated with a

faster clearance of D-positive RBCs (Kumpel et al, 2003;

Miescher et al, 2004), suggesting that FccRIIIa is an impor-

tant receptor in IgG-opsonized RBC clearance. We therefore

tested the functional effect of pregnancy-induced anti-D anti-

bodies in FccRIIIa-mediated ADCC using sera with equal

titres. A significant correlation between IgG1-anti-D fucosyla-

tion and FccRIIIa (NK-cell)-mediated ADCC was found,

with a lower degree of Fc-fucosylation corresponding to

higher NK-cell mediated ADCC. No correlation was found

between fucosylation levels and monocyte-mediated ADCC,

which mainly occurs through FccRI (Ruegg & Jungi,

1988; Kumpel et al, 2002). Nevertheless, monocyte-mediated

ADCC was previously found to be a more specific parameter

(Oepkes et al, 2001) for predicting fetal red cell destruction

than anti-D titre, even though FccRIIIa-negative peripheral

monocytes do not strongly participate in RBC removal in

vivo (Armour et al, 2006). This is probably due to the fact

that the monocyte-mediated ADCC also takes the interaction

of the antibody with the phagocytic FccRI into account.

Although monocyte-based ADCC is extremely sensitive, as

shown by the fact that severe fetal anaemia does not occur

when ADCC results remain <50% (Oepkes et al, 2001), in

terms of predicting severe anaemia the specificity is relatively

low with only 43% of fetuses with high ADCC levels (>80%)

being severely anaemic. The present study provides a possible
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explanation for this, as we now show a large individual varia-

tion in core-fucosylation levels among anti-D antibodies, low

levels of which predict higher affinity to FccRIIIa, which is

not detected by monocyte ADCC.

We also found a positive correlation between fetal or neo-

natal haemoglobin levels and IgG1-anti-D Fc fucosylation in

a small group of patients. Unfortunately, we were unable to

include more samples from our original cohort (70 samples)

due to availability and because the analysis was restricted to

samples with identical titre in certain cases, which may have

resulted in a random selection bias. However, the data seem

to suggest that monitoring the degree of IgG Fc-fucosylation,

either directly or by NK-cell ADCC, might improve the spec-

ificity of laboratory screening.

We also observed increased Fc-galactosylation of total

IgG1, which was more pronounced for D-specific IgG1. This

was not unexpected, as total IgG1-galactosylation increases in

pregnancy (Rook et al, 1991; van de Geijn et al, 2009; Sel-

man et al, 2012), and because we previously found that

decreased core fucosylation goes hand-in-hand with increased

galactosylation in anti-HPA-1a IgG1 found in FNAIT (Kapur

et al, 2014b). However, there does not seem to be a direct

causal relationship between the level of fucosylation and

galactosylation in general, as decreased fucosylation and

galactosylation has been observed in anti-HIV IgG1 (Acker-

man et al, 2013).

Due to the fact that we measured the samples in the mass

spectrometer in positive-ion mode for increased sensitivity,

we were not able to obtain reliable data for sialylation. How-

ever, based on our previous analysis of patient anti-HPA1a

antibodies and in vitro generated antibodies [where we found

that increased galactosylation generally resulted in increased

sialylation, given that the substrate for sialyltransferases (add-

ing a2-6 sialic acid) are b1,4 galactose residues (Anthony

et al, 2008)], a similar increase in sialylation of the anti-D

specific IgG1 was expected. This fits with a recent report

showing 16% sialylation of anti-D specific IgG compared to

8% for total IgG (Winkler et al, 2013). Most importantly,

addition of galactose to the Asn297 glycan in IgG has been

shown to result in decreased binding to FccR (Li et al, 2006),

which is further reduced by the addition of sialic acid in mice

(Kaneko et al, 2006). This is supported by a recent report

showing that lack of galactosylation enhances the pathogenic

activity of IgG1 anti-RBC autoantibodies (Ito et al, 2014).

Together this makes it very unlikely that the increased galac-

tosylation we observed, with or without possible increased

sialylation, will positively affect ADCC. Although the degree

of galactosylation did correlate significantly with monocyte

ADCC, the effect was marginal at best with no such correla-

tion being noted for the NK-cell mediated ADCC. However,

we cannot exclude that a possible effect is masked by the con-

comitant decrease in fucosylation, which has the opposite

effect due the increased binding to FccRIIIa.
In conclusion, the IgG-glycosylation we find in pregnancy

responses against RhD bear remarkable similarities to what

we have previously reported for anti-platelet responses. This

holds true, in particular, with the potent lowering of core-fu-

cosylation of the antigen-specific IgG. In addition, the low-

ered Fc core-fucose in anti-D IgG1 was associated with

increased FccRIIIa-mediated ADCC and decreased fetal or

neonatal haemoglobin levels, suggesting this type of glycosyl-

ation to be an important biomarker and therapeutic target in

HDFN. For the improved assessment of fetuses that are at

high risk of HDFN, the measurement of the degree of anti-D

IgG fucosylation directly by mass-spectrometry may currently

be too time-consuming for routine use. The NK-cell medi-

ated ADCC may therefore be a better variable to measure,

because this would be easier to incorporate into current lab-

oratory screening procedures, as the testing of monocyte-

mediated ADCC is already established.
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Fig S1. The relationships between the degree of glycosyla-

tion of anti-D IgG1 for (A) galactosylation and fucosylation,

(B) galactoylation and bisection, and (C) fucosylation and

bisection.

Fig S2. The relationship between monocyte ADCC and

anti-D IgG1-galactosylation, bisection and fucosylation.

Fig S3. Monocyte-mediated ADCC towards RBC versus

glycosylation of anti-D IgG1 using the same set of samples as

in Fig 3, shown for (A) galacosylation, (B) bisection, (C)

fucosylation.

Fig S4. The relationship between anti-D titre and anti-D

IgG1-galactosylation, bisection and fucosylation.
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