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1Chapter

General introduction 
and scope of the thesis

Parts of this introduction are accepted for publication in Immunology Letters (2014) as:  IgG-
Effector Functions: “The Good, The Bad and The Ugly”, by Rick Kapur1, Helga Einarsdottir1 and 
Gestur Vidarsson1. 

1Department of Experimental Immunohematology, Sanquin Research, Amsterdam, and Landsteiner Laboratory, 
Academic Medical Center, University of Amsterdam, Amsterdam, Netherlands.



10

| Chapter 1



11

1

General Introduction and Scope of the Thesis | 

Antibodies in general 

Immunoglobulins are crucial mediators of immunological protection against invading 
pathogens. Immunoglobulins are divided into 5 different isotypes, IgA, IgD, IgE, IgG and 
IgM, each with different functions and locations in the body. IgG is the most abundant 
antibody in lymph and blood, being divided in four subclasses, IgG1 (6.98 mg/ml in adult 
serum), IgG2 (3.8 mg/ml), IgG3 (0.51 mg/ml) and IgG4 (0.56 mg/ml). IgG1 and IG3 are the 
two subclasses mainly involved in Fc-receptor interactions and complement activation. IgG3 
displays the strongest effector functions of all IgG-subclasses and is the main activator of the 
complement system, followed by IgG1. IgG3 has a half-life of only 7 days, while the other 
subclasses have a half-life of 21 days. The mutant H435-containing IgG3 (arginine at position 
435 is exchanged with histidine) has a comparable half-life to IgG1.1 Immunoglobulins are 
comprised of 4 polypeptide chains, with two identical heavy chains and two identical light 
chains, assembled in a Y-form. The heavy chains of an IgG1 molecule weighs around 50 kD 
and has 5 isotypes, γ, µ, α, ε, δ. The light chain weighs around 25 kD and has two isoforms, 
λ and κ, in total being approximately 150 kD for the whole immunoglobulin. Each arm of Y 
consists of a heavy and a light chain, while the stem of the Y consists of two heavy chains, all 
linked through disulfide bonds. The top of Y arm contains the variable region (Fab region), 
involved in antigen binding. The stem of the Y, thus the lower half of the light chain and all 
of the heavy chains are known as the constant region (Fc region). Despite being termed the 
Fc-region, this region can be considered to be variable as well due to the varying phenotype 
of the N-linked carbohydrate moiety attached at position 297. Antibodies can exert beneficial 
effects when directed against pathogens, but display an adverse effect when directed against 
for example platelets or red blood cells in auto- or alloimmune diseases.

Disease settings of antibody-mediated platelet and red blood cell 
destruction

Fetal or neonatal alloimmune thrombocytopenia (FNAIT)
Fetal and neonatal alloimmune thrombocytopenia (FNAIT) develops when a pregnant 
woman, negative for a certain human platelet antigen (HPA) and carrying a fetus positive for 
that HPA, becomes immunized against the HPA antigen expressed by the fetus. Subsequently, 
the fetal platelets are targeted by the maternal anti-HPA IgG alloantibodies crossing the 
placenta. This leads to FcγR-mediated uptake of the sensitized fetal platelets by phagocytes in 
the fetal spleen and to a lesser extent in the liver, and may finally result in thrombocytopenia 
and increased bleeding tendency in the child.2 In Caucasians, these antibodies are mainly 
directed against HPA-1a, occurring in about 85% of FNAIT-cases. Immunization against 
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HPA-1a occurs in about 1:450 random pregnancies, resulting in FNAIT in 1:1200 and in 
severe FNAIT (<50 x 109 platelets/L) in 1:1800 pregnancies.3-5 Clinical outcomes may differ 
from asymptomatic (although perhaps thrombocytopenia may be present), to petechiae, or 
intracranial hemorrhage. In 10% of the cases with severe FNAIT an intracerebral haemorrhage 
can occur, and this complication might result in perinatal death or in severe neurological 
impairments.2 About half of these intracranial hemorrhages seem to occur before 28 
gestational weeks and often affect the first born child.3 

Due to absence of routine screening for HPA-alloantibodies, the disease is only diagnosed 
after birth in symptomatic neonates, who show signs of an increased bleeding tendency, 
or otherwise it is discovered by chance. Therefore, currently only antenatal treatment is 
provided for pregnant women with a history of previously affected child, such as injections 
with high dose (0.5-2 g/Kg) intravenous immunoglobulins (IVIg); a  treatment which may 
start already early from the second trimester until delivery, with or without corticosteroids4-7. 
IVIg may compete with the placental transfer of pathogenic HPA alloantibodies, thereby 
lowering the anti-HPA antibody load in the fetus. It may also lead to relatively increased 
destruction of the anti-HPA alloantibodies in the mother, In addition other mechanisms, 
such as the presence of anti-idiotype antibodies in IVIg interfering with binding of the HPA 
alloantibodies to platlets in the child, but they may also interfere with the IgG Fc-receptor 
mediated sensitized platelet destruction. Despite the fact that the exact working-mechanism 
of IVIg remains to be elucidated, IVIg at 0.5 g to 2 g/Kg/week was shown to increase the 
platelet counts in most fetuses suffering from FNAIT.  The repeated treatment with IVIg is 
in general well tolerated, but is costly and it has not been studied yet whether it has any 
influence on development of the child (for example of the immune system). Moreover, many 
anti-HPA1a-positive pregnancies will be needed to prevent a single severe case of ICH , since 
the majority of these children will not suffer from serious complications. As an alternative 
therapeutic monoclonal antibodies are being developed. Their proposed working-mechanism 
is to bind to fetal platelets, shielding them from the pathogenic anti-platelet alloantibodies 
and additionally preventing the fetal platelets from undergoing FcγR-mediated phagocytosis, 
thereby blocking platelet breakdown in the fetus or neonate. One of these antibodies is based 
on B2G1, a human anti-HPA-1a monoclonal antibody, of which the IgG1 residues of the 
Fc domain were substituted to abrogate binding ability to FcγRs.8 The placenta-crossing 
kinetics still need to be investigated, as well as clinical testing in randomized trials. Another 
therapeutic monoclonal antibody is based on the mouse anti-human platelet glycoprotein 
IIIa antibody SZ21, of which the Fc-portion has been deglycosylated preventing binding to 
FcγRs, yielding the NMG-SZ21 antibody.9 This antibody is able to cross the placenta but a 
humanized form of this antibody will be required for clinical trials. In either case, high doses 
of the therapeutic monoclonal antibody will probably be required considering the continuous 
exposure of maternal anti-platelet alloantibodies to fetal platelets as well as the possible HPA-
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1a antigen-expression on endothelial cells10;11 and placental tissue.12;13 Other efforts are on its 
way in testing a pool of maternal plasma containing anti-HPA-1a antibodies as a prophylactic 
strategy, aimed at preventing HPA1a immunization in HPA1a-negative women carrying a 
HPA1a-positive child, in analogy to anti-D immunoprophylaxis.14;15 Many clinical studies are 
still warranted, including testing on pregnant women. 

At present, no good predictive laboratory test exists to identify, among alloimmunized 
women with anti-platelet antibodies, those cases at risk of becoming thrombocytopenic with 
intracranial bleeding, unless treated. Therefore, and because the treatment of alloimmunized 
women to prevent bleeding in FNAIT cases has internationally not yet reached consensus, a 
general screening program for the detection of FNAIT has not yet been introduced. A large-
scale Norwegian study has been conducted on more than 100.000 women which aimed to 
identify alloimmunized HPA-1a negative women and to offer them an intervention program, 
in order to reduce morbidity and mortality of FNAIT.16 This intervention program consisted 
of referring alloimmunized women to university hospitals for clinical follow-up. Delivery 
was performed by caesarean section 2-4 weeks prior to term, and HPA-1a negative platelets 
were available. Anti-HPA-1a antibodies were found in 10% of the 2.1% HPA-1a negative 
women. About 1/3 of the children were severely thrombocytopenic (<50*109/L), including 
two suffering from intracranial hemorrhages. Based on this large study, screening and 
intervention resulted in severe FNAIT-clinical complications in 3 of 57 cases (5.3%). This 
was reduced in comparison to the 15 in previous prospective studies (136,814 women in 
total) which examined the frequency of FNAIT, and in those studies in total severe clinical 
complications occurred in 10 out 51 cases (19.6%, with 3 intrauterine deaths and 7 intracranial 
hemorrhages).17-31 

Immune thrombocytopenia (ITP)
Similar to FNAIT, autoimmune thrombocytopenia (ITP) can also be an antibody-mediated 
disorder in which platelets are destroyed through activating IgG-Fc-receptors of phagocytes 
in the spleen and to a lesser extent in the liver, eventually resulting in thrombocytopenia. This 
was first discovered by Dr. William Harrington in 1951, when he infused himself with plasma 
from an ITP patient, causing his platelet count to drop dramatically within hours requiring 
hospitalization (Figure 1). 

The plasma factor responsible for this effect was identified as immunoglobulin.32 Many 
decades later, an important role for T-cells in the pathogenesis of ITP was also recognized33-36 
and platelets in ITP were also found to be destroyed by CD8-cytotoxic T lymphocytes (CTLs)37 
and reactive oxygen species (ROS).38 ITP in childhood is characterized by a typical history of 
acute development of purpura and bruising in an otherwise healthy child, with an incidence 
of about 5 in 100,000 children.39 Most children with newly diagnosed ITP will not suffer from 
serious bleedings and will recover within three to six months. In some cases ITP becomes 
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chronic, and research indicates that chronic ITP may perhaps be a different disease entity 
than newly diagnosed ITP, based on serum cytokine levels and gene expression profiles.35;40-42 
In about 60% of ITP, there is a history of a prior infection.39;43;44 Initial management of 
newly diagnosed ITP may be either watchful waiting or pharmacologic intervention, 
such as glucocorticoid or IVIg. Second-line therapy includes dexamethasone, high-dose 
methylprednisolone, Rituximab and TPO-receptor agonists, next to combination regimens. 
Some ITP patients only respond to splenectomy, which is preferentially not performed at a 
young age.

Hemolytic disease of the fetus and newborn (HDFN)
Hemolytic disease of the fetus and newborn (HDFN) occurs when an antigen-negative 
pregnant woman becomes alloimmunized against a red blood cell antigen expressed by the 
red cells of her child. Red cell alloantibodies from IgG class cross the placenta and may destroy 
antigen-positive fetal red blood cells upon binding to FcγRs expressed by splenic macrophages. 
In the past the majority of HDFN cases were due to anti-RhD (anti-D) alloantibodies, but 
since the introduction of postnatal and later also antenatal anti-D immunoprophylaxis rates 
of RhD alloimmunisation decreased and allo-antibodies against Rhc and K have become 
equally important.45;46 In the Netherlands about 100 per 100,000 pregnancies are complicated 
by anti-D45, whereas 191 per 100,000 pregnancies are at risk to develop HFDN because of 
another red cell antibody specificity (all pregnancies in which the father is typed positive 
for the involved antigen.47 Severe HDFN, in which intrauterine or postnatal exchange or 

Figure 1

Figure 1 Harrington–Hollingsworth experiment.

Infusion of 500 ml of blood from an ITP patient into a healthy volunteer, followed by monitoring of platelet counts 
in time (blood from ten different ITP patients were used, with several volunteer physicians undergoing infusion, 
amongst them Dr. Harrington). Figure from Harrington et al.32
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blood transfusions were needed occurs in about 30% of anti-D complicated pregnancies, in 
22% of anti-K complicated pregnancies (with K-positive child) and in about 11% of anti-c 
complicated pregnancies (with a c-positive child).45;46 Clinically, this can result in varying 
degree of anemia, hydrops, jaundice or even stillbirth.48 Jaundice is caused by an excess of 
bilirubin, which is released into the bloodstream during red blood cell destruction.49 Inability 
of the neonatal liver to conjugate and subsequently clear high levels of bilirubin can result in 
deposition in the skin or the brain, resulting in brain damage.49 Therapeutically, the removal 
of bilirubin can be stimulated by phototherapy or the concentrations of bilirubin can be 
lowered via exchange transfusions.49 In severe anemic fetuses also intra uterine transfusions 
are indicated to prevent severe disease. All pregnant women in the Netherlands are screened 
for anti-RBC-antibodies. When relevant anti-RBC antibodies are detected, laboratory testing 
is initiated using the antibody-titer as well as the monocyte-mediated antibody-dependent 
cell-mediated cytotoxicity (ADCC), a test measuring the cytolytic activitiy of antibodies in 
vitro.50;51 The monocyte-ADCC is more sensitive and specific to recognize fetuses at risk than 
the titer, as severe fetal anemia was shown not to occur in RhD-alloimmunized pregnancies 
in which the ADCC results remained <50%, while in cases with a maximum ADCC result of 
>80%, 43% of the fetuses were severely anemic, indicating that this test is extremely sensitive 
to indicate fetal anemia. If at increased risk, clinical monitoring is performed using Doppler 
flow measurement, which measures the blood flow in the arteria cerebri media, an indicator 
of a hyperdynamic circulation, typical for anemia (amongst other conditions). In contrast 
to other countries, which mostly rely on the titer for diagnostics, in the Netherlands the use 
of the ADCC test is recommended in the guideline from the Dutch Society of Obstetrics 
and Gynaecology to select patients for referral to the gynecologist and thereby preventing 
unnecessary referrals for women whose fetuses are not at risk to develop severe HDFN. Due 
to the success of the screening programming and subsequent timely interventions, extremely 
severe cases of HDFN are rarely reported in the Netherlands. 

IgG-Fc receptors

Immunoglobulins exert their biological effects through several effector systems. For IgG-
antibodies the most important effector functions are mediated through complement and/
or the Fcγ-receptors (FcγRs), a family of cell surface receptors on leukocytes that specifically 
bind to the Fc portion of IgG-antibodies, bridging the adaptive and innate immune systems.52 
In humans these receptors are termed FcγRIa (CD64a), FcγRIb (CD64b), FcγRIIa (CD32a), 
FcγRIIb (CD32b), FcγRIIc (CD32c), FcγRIIIa (CD16a), and FcγRIIIb (CD16b). With the 
exception of FcγRIIb, all the FcγR mediate activating functions (e.g. phagocytosis, ADCC, 
release of inflammatory mediators and superoxide radicals) after FcγR-crosslinking by IgG-
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opsonized targets, while FcγRIIb mainly exhibits an inhibitory function, inhibiting the 
function of the activating FcγR. However, exceptions to this general rule has been found 
for anti-tumor responses through agonistic CD40 antibodies which requires FcγRIIb.53;54 
These receptors also have a varying distribution on cells, with FcγRI mostly restricted 
to macrophages, monocytes and activated granulocytes, FcγRIIa having a widest range of 
expression on myeloid cells, FcγRIIIb only present on granulocytes (neutrophils, basophils 
and possibly on eosinophils55) and FcγRIIIa on NK cells, macrophages and a subpopulation 
of monocytes, particularly in the spleen. Although it is clear that the inhibitory FcγRIIb is 
expressed on B cells and macrophages, the expression on other cells is less certain and may 
vary between individuals.52 An overview of the expression of FcγRs in different cell types in 
given in Table 1. 

Table 1 Cellular distribution of FcγRs in human leukocytes.

FcγR-type FcγRI 
(CD64)

FcγRIIa 
(CD32a)

FcγRIIb
(CD32b)

FcγRIIc
(CD32c)

FcγRIIIa 
(CD16a)

FcγRIIIb 
(CD16b)

Cellular 
distribution
human 
leukocytes

Macrophages
Monocytes
Neutrophils
Eosinophils
Mast cells

Macrophages
Monocytes
Neutrophils
Eosinophils
Mast cells
Basophils
Platelets

Macrophages
B cells
Monocytes*
Basophils

NK-cells# NK-cells
Macrophages
Monocytes*

Neutrophils
Basophils

*Expressed on monocyte subset. # Expressed in 30% of humans. Uncertain distributions (and conflicting reports) 
have been omitted. Based on Hogarth et al.52

Two other receptors for IgG are also expressed ubiquitously in almost all cells; the neonatal Fc-
receptor (FcRn), a homologue of the major histocompatibility complex (MHC) class I molecules, 
and the tripartite motif-containing protein 21 (TRIM21), an E3 ubiquitin-protein ligase. Both 
receptors are expressed inside cells, particularly of myeloid origin. FcRn is found within vacuoles 
and tubules transporting FcRn along with its cargo, binding both endocytosed IgG and albumin 
in a pH-dependent manner, recycling both ligands and thereby extending their half-life56. FcRn-
mediated transport across cellular (e.g. epithelial, endothelial, syncytiotrophoblast) barriers is 
responsible for the IgG-transmission across mucosal barriers and from mother to child. In 
addition, FcRn participates in the process of IgG-mediated phagocytosis in myeloid cells in 
a pH-dependent manner independent of the IgG recycling57. Downstream of this pathway 
FcRn can also deliver immune complex-bound antigens into the antigen presenting pathway, 
boosting secondary responses58;59. 

TRIM21, is expressed in the cytosol, binding IgG with an even higher affinity than the other 
human IgG-receptors. It recognizes opsonized non-enveloped viruses, intracellular bacteria 
and targets them for ubiquitination and proteasome degradation60;61. Subsequently, TRIM21 
activation has also been found to stimulate immune signaling via transcription factor pathways 
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(NF-κB, AP-1, IRF3, IRF5, and IRF7), resulting in downstream secretion of pro-inflammatory 
cytokines, modulation of natural killer stress ligands and inducing an antiviral state62. TRIM21 
can therefore be considered as a cytosolic sensor for invading antibody-opsonized pathogens, 
and is therefore unlikely to play a role in immune-mediated cellular destruction.

Antibody-engagement through the surface-exposed FcγRs can also trigger intracellular 
signaling cascades (induced proximally and sequentially through Src- and Syk-kinases)63. This 
can result in immediate degranulation of the cells, with concomitant release of inflammatory 
mediators and initiation of cellular responses, such as phagocytosis (by phagocytes such as 
monocytes, macrophages, neutrophils) or ADCC (for example by NK-cells or all myeloid 
cells). Under normal conditions these processes are utilized beneficially by the host to 
eliminate invading pathogens. However, these processes can also cause adverse reactions for 
the host in numerous auto-or alloimmune diseases64;65, for instance by antibody-mediated 
platelet destruction (immune  thrombocytopenia; ITP, or fetal or neonatal alloimmune 
thrombocytopenia; FNAIT)43 or antibody-mediated red blood cell destruction in hemolytic 
disease of the fetus or the newborn (HDFN).48 

Besides different cellular distribution of FcγRs, their affinity and specificity for the different 
IgG subclasses (IgG1, IgG2, IgG3, IgG4) also varies considerably,  reflecting the distinct biological 
effects of each subclass in triggering  different cell types (reviewed by Hogarth et al52). For 
instance, IgG2 binds FcγRIIa and with slightly lower affinity for FcγRIIIa, while IgG1 and IgG3 
bind all of the FcγRs. This enables IgG1 and IgG3 to co-cross link all FcγR (for instance FcγRIIa 
and FcγRIIIb), while IgG2 targets only the FcγRIIa on neutrophils and possibly FcγRIIIa on NK 
cells, macrophages and some macrophages66. The affinity for IgG differ greatly between FcγRI 
and the rest, but is also depending on the IgG subclass, as IgG1, IgG3 and IgG4 bind FcγRI in the 
nanomolar range, while IgG1 and IgG3 (and IgG4 , but with slightly less affinity) bind FcγRII 
in the micromolar range.52;66 The binding affinities of the FcγRs with respect to IgG subclasses, 
are depicted in Table 2. 

Table 2 Overview of binding affinity of IgG-subclasses for human FcγRs.

FcγR-type IgG-subclass affinity for human FcγRs
FcγRI IgG3 ≥ IgG1 > IgG4 > no binding IgG2
FcγRIIa-H131 IgG3 ≥ IgG1 = IgG2 > IgG4
FcγRIIa-R131 IgG3 ≥ IgG1 > IgG4 > IgG2
FcγRIIb IgG3 ≥ IgG1 ≥ IgG4 > no binding IgG2
FcγRIIc IgG3 ≥ IgG1 > IgG4 > no binding IgG2
FcγRIIIa-V158 IgG3 > IgG1 > IgG4 > IgG2
FcγRIIIa-F158 IgG3 > IgG1 > no binding IgG4 and IgG2
FcγRIIIb-NA-1/NA-2 IgG3 ≥ IgG1 > no binding IgG4 and IgG2

Highest IgG-subclass affinity for human FcγRs: IgG1, IgG3 and IgG4: highest affinity for FcγRI. IgG2: highest affinity 
for FcγRIIa-H131. FcγRIIIa-V158 has a higher binding affinity for IgG1 and IgG3 compared to FcγRIIIa-F158. Based 
on Hogarth et al52 and Bruhns et al.66
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In last two decades we have become increasingly aware of the importance of how these binding 
affinities are affected by genetic polymorphisms within the FcγR family. A good example is 
FcγRIIa, which can have either arginine (R) or histidine (H) at position 131. The former binds 
human IgG2 with lower affinity than the latter, while the opposite is true for human IgG4 and 
mouse IgG1.52;66 Another important polymorphism in the FcγR-family can be found within 
FcγRIIIa, which contains either a valine (V) or phenylalanine (F) at position 158, with the 
V-variant showing stronger binding affinity for all the IgG subclasses.52;66-68 Consequently, the 
V-variant is associated with a higher incidence of ITP69;70, as well as with faster clearance of 
Rh D (RhD) expressing erythrocytes in the presence of anti-RhD IgG.71  Conversely, the lower 
affinity FcγR variants are associated with increased susceptibility to infectious diseases.72 For 
FcγRIIb, the inhibitory FcγR, a polymorphism exists within the trans-membrane region, 
with either a isoleucine (I) or threonine (T) at position 232 that determines their efficacy to 
co-aggregate with the activating FcγR into lipid rafts (T232 being less efficient) and thereby 
their capacity to down regulate the activating responses.73;74 An added layer of variability 
exists within the FcγR locus on the long arm of chromosome 1, which entails copy number 
polymorphisms of the FcγRIII genes as well as the FcγRIIc gene, which is a pseudogene in 
approximately 80% of healthy individuals. Those individuals expressing a functional copy 
of IIc have been found to be at increased risk for acquiring ITP (present in 34.4% of ITP 
patients), indicating that this polymorphism may also be an important negative predictor for 
autoimmune diseases.69 These polymorphisms and their importance for infectious diseases 
and auto- and allo- immunity have been extensively investigated and reviewed before.72;75-80 
However, polymorphisms within the IgG, both endogenously encoded as well as through 
posttranscriptional modification, can also greatly affect immune responses, as will be 
described further below. 

Ig-Fc glycosylation

IgG antibodies are glycoproteins containing a highly-conserved branched sugar moiety 
attached to the asparagine (ASN)297 part of the antibody-Fc domain. This glycan is essential 
for the maintenance of a functional structure and is required for binding of IgG with FcγR.81-

83 Normally, this glycan consists of a core structures of N-acetylglucosamine and mannoses 
but with variable levels of galactose, sialic acid, bisecting N-acetylglucosamine (GlcNAc) and 
core fucose (Figure 2). 

Glycosylation occurs in the lumen of the endoplasmatic reticulum (ER) and in the Golgi 
apparatus. The cellular glycan machinery in these organelles reflect the combined expression 
of several glycosyltransferases and glycosidases, of which there are over 200 in het mammalian 
genome.84;85 The formation and breakdown of glycans is complex and regulated at multiple 
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levels in the cell. The mechanism of cellular regulation of glycan expression include: 1) 
transcriptional regulation of genes encoding glycosyltransferases and glycosidases, 2) relative 
amounts of enzymes that compete for identical substrates, 3) intracellular enzyme trafficking 
and altered substrate accessibility, 4) synthesis and transport of nucleotide sugar donors 
to the ER and Golgi, 5) modulation of enzyme-structure through phosphorylation (based 
on preliminary data) and 6) intraluminal proteolysis in the Golgi resulting in secretion of 
catalytic domains (preliminary) and 7) glycan turnover at the cell surface by endocytosis and/
or altered glycan synthesis. IgG-fucosylation can occur via two pathways which result in the 
formation of GDP-Fucose, the de novo synthesis and salvage pathways.86-89 De novo pathway 
occurs via GDP-mannose and GMD (GDP mannose dehydratase) and the salvage pathways 
occurs via extracellular L-fucose, which in the cytosol interacts with fucokinase. GDP-Fuc is 
then imported from the cytosol into the Golgi via GDP-Fucose transporters.88 GDP-Fucose is 
then the substrate for fucosyltransferase, fucosyltransferase 8 (FUT8) in the case of IgG, that 
then adds core fucose in the medial golgi to the IgG-Fc glycan at position ASN297. 

Interactions between various elements of IgG-glycosylation have been reported. As 
is clear from Figure 2, lack of galactose residues will result in a concomitant absence of 
terminal sialic acid.90 However, it has been found that the amount found of non-sialylated 
bigalactosylated IgGl correlated negatively with the degree of disialyated glycans.90;91 This 
indicates that bigalactosylated glycans are a better a substrate for sialyltransferases than mono-
galactosylated glycans, converting bigalactosylated glycans quickly into monosialylated and 
disialylated digalactosylated structures. A surprising finding was also that a large increase 
in the proportion of bisecting GlcNAc was observed to contain disialylated structures.91 In 
addition, fucosylation and bisection can show negative correlations, as reported for glyco-
engineering of therapeutic antibodies by exchanging the localization domain of beta1,4-
N-acetylglucosaminyltransferase III (GnT-III) with that of other Golgi-resident enzymes, 

Figure 2 Glycosylation structures attached to ASN297 of the antibody-Fc domain. 

Composition of this glycan structure on the right, with the structures that can be variable present depicted in red.
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demonstrating that GnT-III can compete even more efficiently against the endogenous 
core alpha1,6-fucosyltransferase (alpha1,6-FucT) and Golgi alpha-mannosidase II (ManII) 
leading to higher proportions of bisected non-fucosylated glycans.92 However, this artificial 
localization of GnT-III lead to this almost complete blockage of fucosylation. Additionally, 
this correlation was also reported in another study.91 Bisection was also shown to be negatively 
correlated to galactosylation.93

Not much is known about the regulation of Fc-glycosylation. Interestingly, B-cell stimuli have 
been shown to modulate Fc glycosylation. Both the TLR9 ligand CpG oligodeoxynucleotide 
and IL-21 have been shown to increase Fc galactosylation and reduce bisecting GlcNAc levels. 
In contrast, all-trans retinoic acid decreases galactosylation and sialylation levels.94 Also T-cell 
independent B cell activation has been shown to induce immunosuppressive sialylated IgG 
antibodies in mouse models.95 Recently, the transcription factor Hepatocyte Nuclear Factor 
(HNF)1a and its downstream target HNF4a were described to be transcriptional regulators 
of key fucosyltransferases and fucose biosynthesis genes.96 Furthermore, it was shown that 
variation in 51 out of 76 IgG glycan traits studied was at least half heritable, with only a small 
proportion of N-glycan traits having a low genetic contribution.97 Some of the highly heritable 
glycans were shown to be affected by multiple loci, amongst them FG0n/G0n (the percentage 
of fucosylation, without bisecting GlcNAc, of agalactosylated structures), which associated 
with genetic variants in: FUT8, MGAT3, IKZF1 and SMARCB1-DERL3. More research is 
required to elucidate the regulatory pathways involved in IgG-glycosylation.

Variation in this composition influences antibody affinity to FcγR and thus antibody 
effector activity.  Increased sialic acid content of IgG-Fc has received a great amount of 
attention over the past years due to their protective effect in IVIG. First, sialic acid-containing 
IgG was demonstrated to have an approximate 7-fold reduced binding affinity to murine 
IgG to FcγRIII in mice, preventing antibody-mediated platelet-depletion in vivo.98 Sialic 
acid-containing IgG in IVIG has been described to enable IgG-binding to the mouse lectin 
SIGN-R1 (in humans known as dendritic cell-specific ICAM3-grabbing non-integrin - or 
DC-SIGN), up-regulating a cytokine cascade initiated by IL-33 and eventually leading to 
enhanced myeloid expression of FcγRIIb via IL-4, which suppressed serum-induced arthritis 
in mice.98-100 Supposedly, the sialic acid was attached to the Fc-part of the IgG, however, two 
other groups have shown that the Sambucus nigra agglutinin-lectin based enrichment protocol 
used to obtain the IgG in some of these studies, preferentially enriches Fab-containing sialic 
acid IgG and has no effect on immunomodulating activity of IVIg.101;102  The protective effect 
of IgG-sialic acid has been recently challenged by a murine study of Rheumatoid Arthritis, a 
disease well known for frequent remission during pregnancy. Although this remission seemed 
to go hand in hand with both increased galactosylation and sialylation, a further independent 
analysis of di-galactosylated (G2) IgG indicated that the association with sialylation to be an 
epiphenomenon due to its requirement for previous galactosylation. In fact, while G2- IgG 
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was associated with remission, disialylated G2-IgG had an opposing effect apparently by the 
minor but positive association with disease activity.103 

Of the variable amount of glycans present in the IgG-Fc, the removal of the IgG-core fucose 
has by far the greatest effect on binding to FcγRs. A lack of core fucose has been demonstrated 
to result in an up to 50-fold stronger binding affinity to FcγRIIIa 81;104 and FcγRIIIb 104 but not 
to the other FcγRs. This restriction is caused by a conserved N-glycan in human FcγRIIIa 
and FcγRIIIb at position 162 (N162), which interacts with the Fc but also the Fc-glycan.  
This configuration is greatly affected by the presence or absence of the core-fucose within 
the IgG-Fc.83;105 The enhanced binding to the GPI-linked FcgRIIIb has been shown to result 
in enhanced neutrophil phagocytosis of rituximab-opsonized CD20+ lymphoma cells.104 
In addition, the enhanced binding to FcgRIIIa resulted in enhanced ADCC mediated by  
mononuclear cells 81;106-110, but remarkably not through neutrophil FcγRIIIb.111 Perhaps this 
can be explained if neutrophil-mediated ADCC occurs more via the ITAM of FcγRIIa than 
through the GPI-linked FcγRIIIb with both receptor types boosting phagocytosis. 

The importance of the core fucosylation of the IgG-Fc has only received attention because of 
the possibilities to produce more efficacious therapeutic antibodies, like rituximab (reviewed 
by Yamane-Ohnuki et al).112 This is because core fucosylation was generally not found to 
be to be very variable in humans. Indeed, ~94% of all naturally occurring IgG-derived Fc-
glycopeptides in humans have the core-fucose attached. Theoretically, this means that ~99.7% 
of all IgG contain either one (combination of a heavy chain without and with fucose on either 
side or 2 x 0.06 x 0.94 * 100%= 11.3%) or two (0.94 x 0.94 * 100%=88.4%) core-Fc fucoses, with 
only 0.3% of circulating IgG completely devoid of core-fucose. However individual differences 
do exist, for instance neutral IgG glycans lacking core fucose were found to vary between 1.3% 
and 19%.91 In addition, this was recently exemplified in a genome-wide association study, 
identifying the loci containing FUT8 and the transcription regulator Ikaros to influence these 
levels – loci that in turn were previously reported to be associated with other diseases such 
as systemic lupus erythematosus, Crohn’s disease, and multiple sclerosis.113 Theoretically, 
antigen-specific IgG-fucosylation could be skewed in certain immune responses (compared 
to total IgG). The remarkable variation in IgG-Fc glycosylation patterns in various disease 
settings, including autoimmune diseases and several types of cancer, and their subsequent 
effects reported in the literature are summarized in Table 3. 

At the start of this thesis almost no studies on the glycosylation pattern of antigen-specific 
IgG were performed, and therefore most changes in these diseases apply to total IgG. Since 
then only few papers on antigen-specific IgG glycosylation have appeared, amongst them 
regarding Lambert-Eaton myasthenic syndrome, in which the IgG1 directed against anti-
presynaptic volted-gated Ca2+-channels demonstrated a decreased galactosylation and for 
patients below 50 years of age an increased bisection.124
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In this thesis we will mainly focus on antibody-mediated diseases in pregnancy (FNAIT 
and HDFN). In that respect IgG glycosylation patterns in pregnancy are also of importance. 
In pregnancy, total IgG-galactosylation and – sialylation are found to be increased, while –
bisection decreased.114-116

Regarding gender and age, galactosylation and sialylation were found to be increased in 
females at young age and decreased for both males and females with increasing age.91;126;127 
The most potent decrease in levels of galactosylation and sialylation in females, was around 
the menopause (age 45-60).127 Age-related glycosylation changes were more pronounced in 
individuals <57 years compared to individuals >57, and more pronounced in females than in 
males.127 Bisection was increased in younger individuals and came to a plateau at older age.127

Table 3 Overview of IgG-glycosylation patterns and their effects in disease-settings.

IgG-glycan Disease setting Affected-IgG Effect of IgG-glycan

G
al

ac
to

sy
la

tio
n

Rheumatoid Arthritis (RA) Total IgG Increased 114-116; increased in remission 
of RA in pregnancy 103;114;115;117, 
decreased during relapse of RA in 
pregnancy 117, inversely related with 
N-acetylglucosamine 118;119

Juvenile onset chronic arthritis Total IgG Inversely related with 
N-acetylglucosamine 118;119

Crohn’s disease Total IgG Inversely related with 
N-acetylglucosamine 119

Primary osteoarthritis Total IgG Decreased 120

Osteoarthritis Total IgG Parallel increase with with 
N-acetylglucosamine 119

Sjögren’s  Syndrome Total IgG Decreased 118. Parallel increase with 
with N-acetylglucosamine 119 

Tuberculosis Total IgG Decreased 121

Ovarian cancer Total IgG Decreased 122

Gastric cancer Total IgG Decreased 123

Lambert-Eaton myasthenic 
syndrome

IgG1-anti presynaptic 
voltage gated Ca2+-
channels

Decreased 124

Si
al

yl
ati

on RA Total IgG Increased in remission of RA in 
pregnancy 103;115

Gastric cancer Total IgG Decreased 123

Fu
co

se

Gastric cancer (stage II-III) Total IgG Increased 123

Infertile leukospermic patients Seminal IgG Decreased compared to normal, 
fertile normozoospermic patients 125

Bi
se

cti
ng

 
N

-a
ce

ty
l-g

lu
co

-
sa

m
in

e

Gastric cancer (stage II-III) Total IgG Decreased 123

Lambert-Eaton myasthenic 
syndrome (<50 years)

IgG1-anti presynaptic 
voltage gated Ca2+-
channels

Increased 124
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Looking at female sex hormones, estradiol was associated with IgG1 glycans, showing a 
decreased G0F, increased agalactosylation, decreased G0FN, increased G2F, increased 
digalactosylation, increased galactosylation and increased G2.128 Digalactosylated glycoforms 
correlated significantly higher with female sex hormones than monogalactosylated 
glycoforms. In the same study, no associations were found for afucosylation and sialylation 
as regards to estradiol and progesterone. The association of IgG glycans with progesterone 
was lessened compared to estradiol. However, progesterone was shown to the activate the 
oligosaccharyltransferase complex in the lumen of the endoplasmatic reticulum, resulting in 
increased IgG-N glycosylation. In addition, it was shown that IL-6 and progresterone could 
modulate the asymmetric glycosylation of Fabs.129-131 

In summary, Fc-coupled glycan structures are important for antibody-mediated 
immune responses, and it is also apparent that glycosylation profiles are tightly regulated by 
physiological, pathological and genetic factors.

In conclusion, several variables including FcγR polymorphisms, IgG titer and subclass, IgG-
glycosylation affect IgG-effector functions and clinical outcomes. Strong effector functions 
and high binding affinities can be associated with a “good” outcome in terms of protection 
against infectious diseases or antibody-mediated therapies. However, these can also turn out 
“bad” or even “ugly” in allo- and auto-immune mediated diseases. All these factors should be 
taken into consideration when looking into the biological response, both from a diagnostic as 
well as a therapeutic perspective. 

Scope of the thesis

The research described in this thesis focuses on diseases of antibody-mediated platelet 
destruction, in particular on FNAIT, and diseases of antibody-mediated red blood cell 
destruction, such as HDFN, in order to better understand the pathogenesis and clinical 
consequences of the diseases. Diagnostically, for HDFN laboratory tests are in place in order 
to predict risk for severe fetal RBC destruction and thereby initiate appropriate treatments. 
This test is sensitive, but has relatively low specificity. For FNAIT, no diagnostic laboratory 
test is currently available to predict severe fetal platelet destruction. For FNAIT it has been 
suggested that the decrease in platelet numbers is determined by the antibody titer, so the 
higher the antibody-titer, the lower the platelet counts.132-134 Also standardized MAIPA 
protocols were developed for the quantification of anti-HPA-1a antibodies.135 However, this 
correlation does not appear to be that strict, due to the presence of cases with low antibody 
titers which still caused severe platelet destruction (Figure 3). 
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Figure 3 Weighted mean of anti-HPA-1a antibodies vs platelet counts in the newborn in FNAIT.

Figure from Killie et al.133

 
This indicates that other factors, besides antibody-titer, are involved. We analyzed in Chapter 
2 if we could set up and optimize sensitive functional in vitro assays measuring antibody 
mediated platelet phagocytosis and phagocytic-respiratory burst. We then aimed to utilize 
these assays to identify possible novel factors, besides the antibody titer, involved in antibody-
mediated platelet destruction, and to investigate their working-mechanism, and if they are 
elevated in patient sera and to correlate to platelet counts and clinical disease severity.

FNAIT patients can be either asymptomatic or petechiae can occur, but also major organ 
bleedings or the most severe complication of intracranial hemorrhage can occur. As the titer 
is not strictly related to disease severity, we first wondered if the FNAIT disease severity 
might be influenced by glycosylation pattern of platelet allo-antibodies, so that laboratory 
monitoring of glycosylation patterns might be applied to identify high-risk cases with potent 
anti-HPA1a-Fc-receptor interaction. We therefore first analyzed antibody-glycosylation in 
a healthy pregnancy setting, comparing the glycosylation profile of total IgG between pairs 
of mother and fetus (Chapter 3), to test if these would differ from each other, as for IgG-
glycosylation measurements (FNAIT and HDFN) maternal serum samples will be utilized, 
but the destruction is directed against the fetus. Earlier reports have described significant 
differences in total glycosylation between fetal and maternal IgG, suggesting alternative 
maternal transport of IgG, as FcRn binding to IgG is not dependent on Fc-glycosylation. 
Whereas these early studies were performed by releasing N-glycans from total IgG, we chose 
for analysis of Fc-glycosylation at the glycopeptides level, in a Fc-and subclass specific manner, 
looking at galactosylation, sialylation, bisecting GlcNAc and fucosylation.

Hereafter, we aimed to isolate these anti-platelet alloantibodies from sera, followed by 
subsequent characterization of the Fc-glycosylation patterns, in a pilot study featuring 8 
sera with allo-antibodies against different platelet antigens from different diseases (FNAIT 
post-transfusion purpura and refractory thrombocytopenia) (Chapter 4). Then we aimed 

Figure 3
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to optimize our antibody-isolation technique from serum, if needed, and expand on anti-
HPA-1a antibody samples (~50 samples) for the purpose of evaluating glycosylation patterns 
of maternal platelet-alloantibodies and its relation with phagocyte effector functions and 
disease severity in FNAIT (Chapter 5). In the same chapter, we additionally questioned 
how the FNAIT glycosylation patterns would be compared to another disease of antibody-
mediated platelet destruction, such as refractory thrombocytopenia, in which anti-HLA class 
I antibodies are frequently implicated. This could shed light on the regulation of the observed 
glycosylation patterns in the sense of pregnancy vs non-pregnancy.

Similar to FNAIT for platelets, HDFN can occur for RBCs and as a comparison we aimed 
to investigate the Fc-glycosylation patterns of anti-D antibodies of pregnant women. In this 
way we could compare the glycosylation profiles of both diseases, as both of them are from a 
pregnancy setting, in both the target is blood cell, but the antigenic target is different. As for 
HDFN already tests for recognizing high risk patients are utilized in diagnostics (titer and 
monocyte-mediated ADCC), with high sensitivity but relatively low specificity, we also aimed 
to relate the glycosylation profiles to those tests and clinically to hemoglobin values, to see 
if glycosylation affects RBC destruction and thus monitoring could be of added value in the 
prevention of HDFN (Chapter 6).  

In Chapter 7 we expand on anti-D glycosylation in pregnancy, by investigating anti-D 
Fc-glycosylation from hyperimmunized male and female donors, from which anti-D 
immunoprophylactic products are generated and used to prevent immunizations in pregnancy. 
Is the glycosylation profile of male hyperimmunized donors similar that of pregnant women 
and female hyperimmunized donors? This well shed light on the requirement of a pregnancy 
setting for the observed glycosylation profile. In addition, we aim to investigate several 
commericial immunoprophylactic preparation as regards to anti-D glycosylation, based 
on the hypothesis that anti-D Fc-glycosylation may be an important factor in the working-
mechanism of anti-D immunoprophylaxis. Differences in anti-D glycosylation could therefore 
unmask variation in biological activity (despite the titer). Also the hyperimmunized anti-D 
(HID)-donor immunization history will be analyzed as regards to the glycosylation profile, as 
this could possibly lead to improvement in HID-donor selection and thus in the composition 
of the final immunoprophylactic product.

The key-findings will finally be discussed in Chapter 8.
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Abstract 

Immune-mediated platelet destruction can be caused by allo- or autoantibodies via Fcγ-
receptor (FcγR)-dependent phagocytosis. Disease severity can be predicted neither by 
antibody isotype nor by titer, indicating other factors to play a role. Here we show that the 
acute-phase protein C-Reactive Protein (CRP), a ligand for Fc-receptors on phagocytes, 
enhances antibody-mediated platelet destruction in vitro by human phagocytes, and in vivo 
in mice. Without anti-platelet antibodies, CRP was inert towards platelets, but bound to 
phosphorylcholine exposed after oxidation triggered by anti-platelet antibodies, enhancing 
platelet phagocytosis. Levels of CRP were significantly elevated in patients with allo- and 
autoantibody-mediated thrombocytopenias. Within a week, IVIg-treatment in children 
with newly diagnosed immune thrombocytopenia led to significant decrease of CRP levels, 
increased platelet numbers and clinically decreased bleeding severity. These data suggest 
CRP to amplify platelet destruction and explain the aggravation of thrombocytopenias upon 
infections. Hence, targeting of CRP could offer new therapeutic opportunities.
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Introduction

Fetal or neonatal alloimmune thrombocytopenia (FNAIT) and auto-immune thrombocytopenia 
(ITP) are both antibody-mediated disorders in which platelets are destroyed mainly through 
activating IgG-Fc-receptors on phagocytes in the spleen and liver, eventually resulting in 
thrombocytopenia.1 FNAIT is a potentially destructive disease in pregnancies, with intracerebral 
hemorrhage of the fetus or neonate as the most feared complication, resulting in perinatal death 
in 1-7% or in severe neurological impairments in 14-26% of affected pregnancies.2-5 FNAIT is 
caused by maternal IgG-platelet alloantibodies that cross the placenta and destroy the platelets 
of the fetus or newborn. In Caucasians these antibodies are mainly directed against anti-human 
platelet antigen (HPA)-1a, as found in about 85% of FNAIT-cases. Immunization against HPA-
1a occurs approximately in 1:450 random pregnancies, resulting in FNAIT in 1:1200 and in 
severe FNAIT (<50 x 109 platelets/L) in 1:1800 pregnancies.6-8 Similarly, ITP is characterized 
by a typical history of acute development of purpura and bruising in an otherwise healthy 
child, due to development of platelet autoantibodies, with an incidence of about 5 in 100,000 
children.9 Most children with newly diagnosed ITP will not suffer from serious bleedings and 
will recover within twelve months. In about 60% of ITP, there is a history of a prior infection.1;9;10

Although it has been suggested that platelet decrement is determined by the antibody titer 
in FNAIT,6;11;12 this correlation is not strict, as cases with low titers and very low platelet counts, 
as well as cases with high titers and yet with normal platelet counts, are frequently observed. 
Therefore, we investigated other potential co-factors playing a role in the pathogenesis of 
immune-mediated thrombocytopenia. Here we identified C-Reactive Protein (CRP), a member 
of the pentraxin family of highly conserved calcium-dependent ligand-binding proteins, to 
amplify IgG-mediated platelet destruction. CRP is composed of five identical, non-glycosylated 
206 amino acids protomers forming a non-covalently-linked annular symmetrical pentamer.13 
CRP was originally described by Tillett et al. in 1930 as a substance present in the sera of 
patients with acute inflammation, precipitatingwith cell-wall (C) polysaccharide (CWPS) of 
Streptococcus pneumonia.14 CRP is now well established as a major acute-phase protein and 
is utilized in daily clinical practice as a sensitive biomarker for infection and inflammation, 
with its level increasing from less than 0.05 mg/L to more than 500 mg/L after acute infections. 
CRP is produced by hepatocytes, in response to inflammatory cytokines such as IL-6 and IL-1, 
with serum concentrations rising above 5 mg/L after 6 hours, peaking after about 48 hours. In 
healthy young adult volunteer blood donors, the median concentration of CRP was found to 
be around 0.8 mg/L.13 

In the present paper we describe how CRP interacts directly with platelets, and functions 
as a novel pathogenic co-factor in IgG-mediated platelet destruction by phagocytes, ultimately 
leading to platelet destruction in patients that can, at least partially, be overcome by treatments 
aiming at lowering CRP levels. 
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Methods

Sera
The following sera were used in the study: maternal FNAIT sera (Sanquin, Amsterdam, 
The Netherlands), containing anti-human platelet antigen (HPA)1a alloantibodies, as 
determined by monoclonal antibody-specific immobilization of platelet antigens (MAIPA),  
neonatal FNAIT sera (Sanquin, Amsterdam, The Netherlands), cord blood sera, newly 
diagnosed childhood immune thrombocytopenia (ITP) sera, serum samples from healthy 
children, Normal Human Sera (NHS), type A+B+, from healthy donors, clinically tested and 
not containing any platelet-reactive antibodies, HIPA sera: sera of patients diagnosed with 
heparin-induced thrombocytopenia, containing antibodies directed against platelet factor 4 
(PF4) and heparin.

Antibodies and other reagents
Antibodies used in the study included: human monoclonal antibody against anti-HPA1a; 
B2G115 (kindly provided by Dr. W. Ouwehand and C. Ghevaert, University of Cambridge, 
NHS Blood and Transplant, Cambridge, UK), polyclonal anti-D antibody (K1120, Sanquin, 
Amsterdam, The Netherlands), monoclonal anti-human FcγRII (CD32) Fab antibody; 
clone 7.3 (Ancell corporation, Bayport, USA), mouse anti-human CRP (Roche, Roche 
Diagnostics GmbH, Mannheim, Germany), rat anti-mouse CD41; clone MWReg30 (BD 
Pharmingen), polyclonal goat anti-human IgG (Thermo Scientific, Rockford, IL, USA), 
polyclonal chicken anti-human C1q and monoclonal mouse Anti-human CRP antibody [C6] 
(Abcam, Cambridge, UK), anti-human CD16 IgG2a antibody GRM1 and isotype anti-TNP 
IgG2a antibody (Sanquin Diagnostics, Amsterdam, the Netherlands), both antibodies were 
conjugated to Pacific Blue by using the DyLight 405 Amine-Reactive Dye (Thermo Scientific, 
Waltham, MA), according to the manufacturer’s protocol. Purified CRP was purchased from 
Sigma-Alderich, Zwijndrecht, The Netherlands. Isotype human IgG1 used was recombinant 
TA99 anti mouse-GP75,16 cloned, produced and purified as described previously.17 

Other reagents: Diphenylene Iodonium (DPI), Glucose Oxidase from Aspergillus Niger 
and D+Glucose (Sigma-Aldrich, Zwijndrecht, The Netherlands).

Cell isolations 
Human platelets were obtained from a buffy coat (Sanquin, Amsterdam, The Netherlands) 
using platelet-rich plasma (PRP), obtained after centrifugation at 400 g for 10 minutes. The 
platelets were washed once in phosphate-buffered saline (PBS) containing EDTA as well 
as 100 ng/mL prostaglandin E1 (PGE1, Sigma-Aldrich, Zwijndrecht, The Netherlands) in 
order to minimize activation, and resuspended in 1*10

8
/ml PBS. Human PMN were isolated 

from peripheral blood obtained from healthy laboratory volunteers (Sanquin, Amsterdam, 
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The Netherlands) using a Ficoll 1.077 density gradient (Pharmacia Biotech) followed by 
hypotonic lysis of residual red blood cells on ice for several minutes. CD16+ monocytes were 
isolated from a buffy coat, lymphocyte-depleted using CD3- and CD19-microbeads (Miltenyi 
Biotech, Leiden, The Netherlands), and labeled with anti-human Pacific Blue-labeled anti-
CD16. Subsequently, CD16+ monocytes were purified on a FACSARIA II cell sorter (BD 
Biosciences, Erembodegem, Belgium).

Platelets were labeled with pHrodo by resuspending a platelet pellet in 0.23 mM pHrodo 
succinimidyl ester (100 μl/10

8
 platelets) (Invitrogen, Molecular Probes, Eugene, Oregon, 

USA), in 100 ng/mL PGE1, for 45 minutes in the dark at room temperature (RT). Finally, the 
platelets were washed twice and re-suspended in PBS/EDTA/PGE1 at 10

8
 platelets/ml.

Platelets were opsonized by resuspending a pellet of platelets with 100 µl serum or antibody 
solutions for every 10

8
 platelets, and subsequent incubation for 30 minutes at RT. Hereafter 

platelets were washed twice and resuspended at 108/ml in the indicated medium, in case of 
NHS, this was pre-diluted 1:3 in PBS. 

Phagocytosis and respiratory burst assays
Phagocytosis and respiratory burst experiments were carried out using freshly isolated 
human PMN, freshly isolated platelets or freshly sorted CD16+ monocytes. For phagocytosis 
experiments, platelets were labeled with pHrodo as described above, while for respiratory burst 
experiments unlabeled platelets were used. Equal volumes of 2.0*106/ml PMN and 1.0*108/
ml platelets were mixed in a total volume of 100 µl in 1.4 ml U-bottom tubes (Micronic, 
Lelystad, The Netherlands), for 20 minutes in a shaking incubator at 37°C. Respiratory burst 
experiments were carried out in exactly the same way, except that Dihydrorhodamine 123 
(Invitrogen, Molecular Probes, Eugene, Oregon, USA), at a final concentration of 1 µM was 
added to PMN before mixing with platelets, and the incubation at 37°C was carried out for 45 
minutes unless otherwise indicated. When platelets were used without pre-opsonization, they 
were incubated directly in the indicated media or 1:10 diluted sera. After the reaction, the cells 
were kept on ice and washed in cold PBS. Samples were measured in a flow cytometer (LSRII, 
BD Bioscience, San Jose, CA, USA) and analyzed using FacsDIVA software (BD Bioscience, 
San Jose, CA, USA). 

CRP addition, neutralization, depletion, measurement and NHS incubations
CRP present in NHS was neutralized by addition of cell wall polysaccharide (CWPS, 10 
µg/ml) from Streptococcus pneumoniae (Statens Serum Institut, Copenhagen, Denmark). 
CRP was depleted from NHS as described by Weiser et al 18. In short, NHS was incubated 
for 30 minutes at 4°C with an equal volume of immobilized phosphoryl choline-coupled 
agarose beads (Pierce Chemical Co, Thermo Scientific, Rockford, IL), which were washed 
in 0.02 M Tris (pH 7.2), 0.15 M NaCl, and 10 mM CaCl2. CRP was measured from sera 
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using an immunoturbidimetric assay according to the manufacturer’s protocol (Roche, Roche 
Diagnostics GmbH, Mannheim, Germany). In short, human CRP from serum samples is 
allowed to agglutinate when incubated with latex particles coated with monoclonal mouse 
anti-human CRP antibodies. Subsequently, the aggregates are determined turbidimetrically 
using the Cobas 8000 (Roche, Roche Diagnostics GmbH, Mannheim, Germany). 

Surface plasmon resonance (SPR) 
A pre-activated P-type sensor chip (Ssens bv, Enschede, The Netherlands) was spotted using a 
Continuous Flow Microspotter (Wasatch Microfluidics, Salt Lake City, UT, USA). Regarding 
the cell-flow based SPR experiments: CRP was spotted onto the sensor chip in 10 mM MES 
buffer, pH 6.0, in replicates at a concentration of 800 nM. For reference purposes bovine 
serum albumine (BSA) was spotted. Deactivation of the sensor chip was carried out with 
100 nM Ethanolamine, pH 8, and subsequently the system was loaded with HEPES/BSA 1%/
Ca2+ 2mM and the temperature was set to 25°C. The same buffer was used for the platelets. 
Three samples were made containing 1.0*109/ml platelets opsonized with B2G1 and also 
including CWPS (500 ug/ml), platelets opsonized with B2G1 but without addition of CWPS, 
and unopsonized platelets without any additions. The platelet-samples were loaded into the 
IBIS and at injection of the sample onto the sensor chip, the flow was stopped for 10 minutes, 
allowing specific binding to occur as described for red blood cell measurements 19. Slight 
refractive index changes (due to temperature or buffer composition) during the measurement 
can influence the sensorgram, therefore the readout of the BSA spots was set as a reference. 
For oxidation experiments, untreated platelets as well as platelets pre-treated with DPI (10 
µM) or Glucose oxidase (20 Units/ml oxidase in HEPES containing 60 mM D-glucose, 
pH 5.5, for 20 min at 37°C, followed by washing of cells with HEPES containing BSA and 
calcium at pH 7.4), were injected over the Easy2Spot P-type chip, containing spotted CRP at 
a concentration of 800 nM.

In order to test the binding of CRP to IgG, a pre-activated G-type sensor chip (Ssens bv, 
Enschede, Netherlands) was used, and measurements carried out in an IBIS MX96 (IBIS 
Technologies, Enschede, Netherlands) as described by de Lau et al 20. In total, 12 spots were 
created with both the B2G1 antibody. Additionally complement protein C1q, both in 5-fold 
dilutions (starting from 400 nM to16 nM) in 10 mM MES buffer, pH 6.0 was spotted. Positive 
and negative control spots contained anti-CRP antibody, anti-C1Q antibody, BSA and sodium 
acetate buffer as reference spot. Both anti-CRP and anti-C1q antibodies were spotted in 5-fold 
dilutions (starting from 100 nM to 4 nM in sodium acetate buffer pH 5). BSA was spotted 
with a concentration of 200 nM in 10 mM sodium acetate buffer pH 4. Subsequently, a series 
of CRP and C1q samples were injected over the chip surface and the multiplex interaction on 
the various spots were monitored simultaneously in the IBIS MX96. First 100 nM CRP was 
injected followed by a second injection of 100 nM C1q. Regeneration was carried out with 
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acid buffer (Gly-HCl, 10mM, pH 2.0) for 2 minutes. Hereafter, the analyses were repeated 
with a lower concentration of CRP (50nM). Subsequently, the order of injections was reversed 
by first injecting C1q and then CRP. Also a mixture of C1q and CRP was co-injected. The 
covalent coupling of B2G1 was confirmed by injecting anti-human IgG. 

CRP labeling for FACS 
CRP was labeled with FITC (Sigma-Aldrich, Zwijndrecht, The Netherlands) at a final molar 
ratio of FITC to protein of approximately 1.5, as described previously 21;22. PRP was incubated 
together with the opsonizing antibody for 30 minutes at 4°C, after which CRP-FITC was 
added to the cells in platelet-free plasma (PFP), supplemented with or without Ca2+, for 45 
minutes at either 4 or 37°C. Subsequently, cells were washed with PFP with or without Ca2+, 
followed by flow cytometry analysis.
	
Induction of thrombocytopenia in vivo
6-week old female BALB/c mice (strain BALB/cOlaHsd) were obtained from Harlan 
(Harlan, Netherlands) and were housed in our animal facility for one week, before initiating 
experiments. Thrombocytopenia was induced in the mice, based on our previously described 
model.23 Briefly, rat anti-mouse CD41; clone MWReg30, was injected intra-peritoneally. 
Blood was collected from the retro-orbital plexus 5 minutes prior to antibody-injection 
(t=0), and 16 hours after injection from cardiac puncture (t=16), into lithium-heparin tubes 
(Microvette, Sarstedt). Subsequently, the blood was diluted in PBS/EDTA and the number 
of platelets was immediately counted using the ADVIA 2120 haematology system using 
murine-BALB/c parameters (Siemens Medical Solutions Diagnostics, Erlangen, Germany). 
Following experiments were done with 0.75 ug/ml of antibody with co-injection of various 
concentrations of CRP and platelet counts were determined as mentioned.

Heparin induced platelet activation (HIPA) test
The HIPA test was performed as originally described in detail 24. In short, patient serum 
containing IgG-antibodies specific for platelet factor 4 (PF4) and heparin complex, was added 
to washed platelets together with heparin. Subsequently, the FcγRII (CD32)-response was 
recorded with and without prior incubation of platelets with an anti-CD32-Fab blocking 
antibody. Incubation with suspension buffer (Tyrode buffer: aquadest containing 2.5 ml 
bicarbonate buffer, 0.5 ml 10% glucose solution and 0.875 ml BSA 22%, 1 ml calciumchloride 
(0.196M) and 0.5 ml magnesiumchloride (0.212M)) was used as a negative control and 
collagen was used as a positive control. Data was measured using SpectraMax Plus384 
Absorbance Microplate Reader (Sunnyvale, California, USA).
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Patients included from clinical trial of IVIg treatment in newly diagnosed ITP in children 
Children aged 3 months to 16 years with newly diagnosed ITP, a platelet count below 20 
x 109/L and a bleeding score according to Buchanan et al25 based on the overall extent of 
bleeding ranging from 0 (no bleeding) to 5 (life-threatening or fatal). Patients with a bleeding 
score of less than 4 were eligible for inclusion in the Treatment with or without IVIG in Kids 
with acute ITP (TIKI) study. Patients were excluded if they had received immunomodulating 
drugs within one month before diagnosis or suffered from conditions with a contraindication 
for IVIg. Within 72 hours after diagnosis, patients were randomized to receive either a single 
infusion of IVIg (0.8 g/kg) or careful observation and treatment to raise platelet count only 
in case of severe bleeding. At diagnosis, after 1 week, 1 month, 3 months, 6 months and 12 
months laboratory studies were performed and clinical data were gathered. At each time point, 
the highest bleeding score since the last study visit was noted by the patients’ pediatrician and 
entered in a webbased case record form (CRF).

Study approval
All use of human material was in compliance with the local medical ethical committee, and 
the use of experimental animals was conducted after examination and approval by the local 
animal ethic committee. The TIKI study was approved by the institutional review board of 
the University Medical Center Utrecht and the Competent Authority of The Netherlands. 
Patients were recruited by pediatricians from 60 participating Dutch hospitals. All parents 
and patients aged 12 years and older gave written informed consent before inclusion. The 
study was registered in the Dutch Trial register (www.trialregister.nl; study ID number NTR 
TC1563) and conducted in accordance with Good Clinical Practice guidelines. 

Statistical analysis
Statistical analysis was performed using GraphPad Prism 5.01 software for Windows 
(GraphPad Software, San Diego, CA). P-values less than 0.05 were considered statistically 
significant. 

Results

A factor in normal human serum (NHS) is required for phagocyte responses towards IgG-
opsonized platelets
In vitro handling of platelets (e.g. labeling for phagocytosis experiments) can lead to platelet 
activation, resulting in phagocytosis of non-opsonized platelets (Supplementary Fig. 1). 
By measuring respiratory burst (nicotinamide adenine dinucleotide phosphate, NADPH, 
oxidase activity) of neutrophils by flow cytometry, and thereby minimizing platelet 
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handling, we observed minimal background signals originating from normal human serum 
(NHS) or buff ered saline solutions, whereas platelets opsonized with anti-Human Platelet 
Antigen-1a (anti-HPA-1a) IgG1-containing FNAIT serum, displayed a strong and specifi c 
phagocyte response (Fig. 1a). We then tested whether the phagocyte responses observed with 
HPA1a-specifi c FNAIT sera could be simulated with a human recombinant HPA1 a-specifi c 
monoclonal IgG1 antibody (B2G115). No respiratory burst was observed, unless NHS was 
added during the assay (Fig. 1b). 

Figure 1 Normal human sera contain a factor required for phagocyte responses towards IgG-opsonized 
platelets. 

(a) Respiratory burst acti vity of PMN towards platelets in NHS or anti -HPA-1a anti body-containing FNAIT sera or 
saline soluti ons, analyzed by the conversion of dihydrorhodamine-1,2,3 to fl uorescent rhodamine-1,2,3, measured 
by FACS. (b-c) PMN-respiratory burst acti vity towards IgG-opsonized platelets was only observed in NHS. (b) 
Platelets were opsonized with the human monoclonal anti -HPA1a IgG1 anti body; B2G1, subsequently washed, and 
resuspended in either PBS, HEPES or NHS together with PMN to initi ate phagocyte responses. (c) Platelets were 
pre-incubated with either NHS (unopsonized) or opsonized with FNAIT serum, washed with PBS and re-suspended 
in the indicated media before additi on to PMN, then the respiratory burst was measured aft er 45 minutes at 
37°C. Data are representati ve of three independent experiments, showing mean ± standard deviati on. Stati sti cal 
comparisons were performed as follows: (a) one-way ANOVA with Tukey’s post-test, for (b) and (c) a two-way 
ANOVA with Bonferroni post-test. ***: p≤0.001.
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Th e same was true for platelets washed aft er opsonization with maternal FNAIT sera 
containing anti-HPA-1a antibodies, as no antibody-dependent respiratory burst was observed, 
unless NHS was added aft er washing (Fig. 1c). Th is indicated that, besides platelet-specifi c 
antibodies, a factor present in NHS was required for antibody-mediated phagocyte activity.

Th e serum factor is heat-resistant, found at variable levels i n NHS and requires Ca2+ for 
platelet-binding
To investigate whether this serum factor was complement, sera were heat-inactivated at 56 ºC 
for 30 minutes. Th is had no signifi cant eff ect, ruling out the requirement of complement (Fig. 
2a, Supplementary Fig. 2). 

Figure 2 Enhancing eff ect of serum is not complement, varies between NHS, requires divalent cati ons 
for interacti on with platelets. 

(a) Respiratory burst acti vity of PMN towards B2G1-opsonized platelets in NHS was not diminished aft er heat-
inacti vati on of complement. NHS, defi cient in mannan-binding lecti n (MBL) was also capable of enhancing 
phagocyte responses to B2G1-opsonized platelets. NHS served as a negati ve control. (b) The respiratory burst 
acti vity of PMN towards B2G1-opsonized platelets was enhanced by some, but not all 14 diff erent NHS compared 
to unopsonized platelets. (c) Chelati on of calcium from NHS with EDTA (5 mM), ablates the ability of serum to 
induce respiratory burst of PMN triggered by B2G1-opsonized platelets. (d) The serum factor, enhancing IgG-
specifi c PMN respiratory-burst acti vity towards platelets binds directly to platelets in a calcium-dependent manner. 
Platelets were pre-incubated with NHS or anti -HPA-1a FNAIT sera, washed with HEPES with or without Ca

2+
, and 

resuspended in HEPES with or without Ca
2+ 

as indicated. Data are representati ve of three independent experiments, 
showing mean ± standard deviati on. Stati sti cal comparisons were performed as follows: (a) one-way ANOVA with 
Tukey’s post-test, (b) paired t-test, (c) and (d) two-way ANOVA with Bonferroni post-test. *: p≤0.05; **: p≤0.01; 
***: p≤0.001.
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Also, B2G1-opsonized platelets still demonstrated the serum-enhancing effect in NHS deficient 
for mannan-binding lectin (NHS MBL -/-) (Fig. 2a). When testing 14 different healthy donors, 
we observed a variable degree of serum-dependent respiratory burst activity towards B2G1-
opsonized platelets (Fig. 2b), also evident in a time-dependent fashion (Supplementary Fig. 
3), suggesting the responsible serum component to be present at different levels in NHS. Next, 
we tested whether this factor required divalent cations for its function. Addition of EDTA to 
NHS completely abolished the serum-enhancing effect on B2G1-mediated respiratory burst 
(Fig. 2c). No IgG-specific respiratory burst was observed when the opsonizing FNAIT serum 
was washed away without Ca2+, even if Ca2+ was re-added after washing during the respiratory 
burst. An IgG-specific anti-platelet response was only observed if Ca2+ was present during 

Figure 3 C-reactive protein (CRP) enhances phagocyte responses of PMN towards IgG-opsonized 
platelets. 

(a) B2G1-specific respiratory burst activity of 14 NHS correlates significantly with the CRP concentrations in the 
sera. (b) Both CRP and calcium were required to induce IgG-specific respiratory burst. B2G1-opsonized platelets 
were incubated in HEPES supplemented with or without calcium and in the presence or absence of CRP, before 
addition of PMN to measure the respiratory burst. (c) Depletion from NHS with phosphocholine-coated beads 
neutralized its ability to enhance IgG1-mediated respiratory burst towards B2G1-opsonized platelets, but re-
supplementing CRP restored this capacity. (d) CRP addition to NHS with low CRP (0.07 mg/L) rendered the serum 
capable of inducing IgG-specific respiratory burst towards B2G1-opsonized platelets. (e) Serial increments of CRP to 
the same sera resulted in increasing respiratory burst response that correlated significantly with the amount of CRP 
added. Data are representative of three independent experiments, showing mean ± standard deviation. Statistical 
comparisons were performed as follows: (a) and (e) Pearson correlation, (b-d) two-way ANOVA with Bonferroni 
post-test, *: p≤0.05; **: p≤0.01; ***: p≤0.001.
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the washing step (Fig. 2d), indicating that the responsible serum factor reacts directly and 
reversibly with anti-HPA-1a-opsonized platelets in a calcium-dependent manner. 

Identification of CRP as the unknown serum factor
Due to the variable presence of the unknown serum factor in different NHS and its calcium 
dependency, we hypothesized that CRP could be this factor Further analysis of the previously 
tested 14 NHS indeed demonstrated a significant correlation between the IgG-specific 
respiratory burst activity and CRP concentration of the NHS (Fig. 3a). We then tested 
whether addition of CRP and calcium enabled phagocyte responses towards B2G1-opsonized 
platelets. Only with both CRP and calcium (either component alone was not sufficient) did 
we observe enhanced respiratory burst towards IgG-opsonized platelets (Fig. 3b). Depletion 
of CRP from NHS using phosphorylcholine beads (Fig. 3c) also resulted in reduction of the 
B2G1-induced respiratory burst activity. After re-adding purified CRP to the CRP-depleted 
NHS, the B2G1-specific effect was restored (Fig. 3c). Also, addition of CRP to NHS with very 
low CRP levels (0.07 mg/L), resulted in a significant increase of the respiratory burst (Fig. 3d), 
in a concentration-dependent manner (Fig. 3e). These data indicate that CRP in the serum 
was responsible for enhancing phagocyte responses toward IgG-opsonized platelets.

Platelet activation exposes CRP ligands, recognized by CRP phosphorylcholine-binding 
site
We then investigated whether the binding of anti-HPA-1a antibody led to platelet activation 
and exposure of CRP ligands after co-crosslinking with platelet-FcγRIIa (the Kurlander 
phenomenon26). Blocking anti-FcγRII (clone 7.3)-Fab had no effect on respiratory 
burst induced by platelets opsonized with FNAIT-derived IgG (Fig. 4a) or with B2G1 
(Supplementary Fig. 4). FcγRIIa-blocking capacity of 7.3-Fab was verified in the FcγRIIa-
dependent Heparin-Induced Platelet Activation (HIPA) assay24,27 (Supplementary Fig. 5). We 
next sought to determine whether CRP bound directly to IgG-opsonized platelets as suggested 
by Fig. 2d. When FITC-labeled CRP was incubated with B2G1-opsonized platelets, weak but 
significant binding of CRP was observed at 37°C in the presence of calcium, but not at 0°C or 
in the absence of calcium (Fig. 4b). This indicated the calcium-dependent binding domains of 
CRP were involved in the binding to the platelets, but also platelet-activation to be required. 
Furthermore, CRP did neither bind IgG1 directly, as detected by SPR (Supplementary Fig. 6a), 
nor did the C1q binding to spotted IgG1 facilitate an additional CRP binding (Supplementary 
Figure 6b-c). Captured C1q by spotted anti-C1q antibodies also did not provide a platform 
for CRP binding (Supplementary Fig. 6b-c), suggesting an alternative ligand for CRP to be 
exposed on the IgG-opsonized platelets. To determine the binding site of CRP on platelets, 
NHS was pre-incubated with pneumococcal CWPS, providing native calcium-dependent 
phosphorylcholine-ligand for CRP.28 This resulted in a reduced IgG-specific respiratory burst 
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Figure 4 Cellular activation exposes phoshorylcholine after oxidation, enabling CRP binding and 
phagocytosis. 

(a) Platelet-FcγRIIa was not involved in the opsonization of platelets with FNAIT serum. Platelets were pre-treated 
with blocking anti-CD32-Fab antibody (clone 7.3), opsonized with anti-HPA-1a-containing FNAIT sera (NHS as 
negative control), washed and resuspended in PBS (negative control) or NHS. Thereafter, the platelets were added 
to PMN and the respiratory burst was measured. (b) CRP-FITC bound directly to B2G1-opsonized platelets and 
this process required both calcium and platelet activity at 37 °C, as measured in the FACS. (c) Neutralization of 
CRP with pneumococcal cell wall polysaccharide (CWPS) in NHS disabled CRP-induction of the respiratory burst 
towards B2G1-opsonized platelets. (d) Binding of opsonized platelets to CRP was further investigated by cellular 
surface plasmon resonance (SPR) imaging(21), with CRP spotted to three sensor surface spots and three BSA 
control spots. A specific response was observed for platelets to the CRP spots, which was enhanced if the platelets 
were opsonized with anti-HPA-1a B2G1, but blocked by CWPS, indicating that platelet-phosphorylcholine is the 
ligand for CRP. (e) Binding of platelets to CRP was inhibited by diphenylene iodonium (DPI), an NADPH oxidase 
inhibitor. (f) Conversely, stimulation of platelet oxidation by glucose and glucose oxidase enhanced platelet binding 
to CRP. Each line in (d-f) represents the average sensorgrams and standard deviation from three spots monitored 
simultaneously in real time. Statistical comparisons were performed as follows: (g) The CRP enhancement of 
IgG-mediated phagocytosis of platelets by neutrophils was inhibited by DPI. Data are representative of three 
independent experiments, showing mean ± standard deviation. (a) and (c-f) one-way ANOVA with Tukey’s post-
test, (b,g) two-way ANOVA with Bonferroni post-test. *: p≤0.05; **: p≤0.01; ***: p≤0.001. 
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(Fig. 4c). To investigate the binding of CRP to platelets more closely, we developed a new and 
sensitive cellular label-free multiplex surface plasmon resonance (SPR) method for platelets, 
as we recently described for red blood cells.19 B2G1-opsonized, and to a lesser extent non-
opsonized platelets, bound to CRP-conjugated spots, but not to control BSA-conjugated 
spots (Fig. 4d). The interaction of opsonized platelets with spotted CRP was blocked with 
CWPS (Fig. 4d), which bound to the CRP spots (Supplementary Figure 7). Taken together, 
the data suggest CRP to bind membrane phosphorylcholine residues on IgG-opsonized 
platelets exposed after platelet activation through GPIIbIIIa-triggering with HPA-1a-specific 
antibodies.

Platelet-oxidation exposes CRP ligands 
As oxidized Low-Density Lipoprotein (LDL) particles and apoptotic cells have been shown 
to expose phosphatidylcholine residues,29;30 and because anti-GPIIIa (containing the HPA-
1a epitope, the target of the FNAIT sera as well as the B2G1 antibody, used in this study) 
antibodies have been shown to induce oxidation of platelets,31 we investigated whether platelet-
oxidation contributed to CRP binding. Pre-treatment of platelets with diphenylene iodonium 
(DPI), inhibiting NADPH-oxidase, resulted in less binding of opsonized platelets to CRP 
compared to untreated opsonized platelets (Fig. 4e). In addition, stimulation of oxidation 
of opsonized platelets after treatment with glucose oxidase (Fig. 4f), resulted in enhanced 
binding of opsonized platelets to CRP spots compared to untreated opsonized platelets. 

As CRP also enhanced antibody-mediated phagocytosis, measuring complete ingestion 
of B2G1-opsonized platelets (Fig. 4g), we were able to investigate the role of oxidation in 
antibody-mediated platelet ingestion. In agreement with the finding that oxidation was 
required for binding of CRP to platelets, CRP-mediated enhancement of phagocytosis was 
completely inhibited by DPI-treatment (Fig. 4g). Curiously, although CRP clearly enhanced 
phagocytosis, we also noticed that B2G1 was able to mediate phagocytosis without CRP (Fig. 
4g), unlike for the respiratory burst where CRP seemed to be indispensable for the IgG-specific 
response (Fig. 3b), underlining the different thresholds and different cellular mechanisms 
required for activation of these different processes. 

CRP is elevated in FNAIT and newly diagnosed ITP patients, is associated with platelet 
counts, and clinical bleeding severity 
To examine the relevance of CRP in patient sera, we measured the CRP concentration in 
neonatal FNAIT patient samples and in sera from children with newly diagnosed ITP, and 
compared this to normal cord blood or sera of healthy children, respectively. CRP levels were 
increased in both FNAIT and newly diagnosed ITP patient populations compared to control 
samples (Fig. 5a). To further investigate if the level of CRP affects the bleeding tendency in 
these patients, we made use of the ongoing “Treatment with or without IVIG in Kids with acute 
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ITP” (TIKI) trial. In this trial patients with newly diagnosed immune thrombocytopenia were 
randomized upon diagnosis to the observation arm or to those receiving 0.8 g/Kg IVIg and 
followed in time. At inclusion all patients had <20*109 platelets/L. One week after receiving 
IVIg, most patients had normalized their number of platelets, while this was not the case 
for the observation group (Supplementary Figure 8). The elevated CRP levels seen in these 
patients (Fig. 5a) also became significantly lower in the IVIg group, but not in the control 
group (Fig. 5b-c). Both the number of platelets and their bleeding tendencies correlated 
significantly with the CRP levels in these patients (Fig. 5d-e, respectively). For both groups as 
a whole, those individuals who had normalized their number of platelets to the international 

Figure 5 CRP levels are elevated in immune thrombocytopenic patients, decreased by IVIg treatment, 
resulting in normalization of platelet counts and reduction of clinical bleeding severity. 

(a) In humans, CRP levels were also elevated in neonatal FNAIT sera compared to healthy cord blood samples (both 
n=21) and sera from newly diagnosed ITP patients compared to age-matched healthy controls (both n=19). (b-e) 
78 Newly diagnosed ITP pediatric patients, all with less than 20*109 platelets/L were randomized for observation 
or to receive 0.8 g/Kg IVIg. (b) CRP levels did not change significantly in the observation group. (c) However, 
IVIg treatment caused significant reduction in CRP levels. (d) IVIg treatment also resulted in increased numbers 
of platelets, which correlated significantly with CRP levels. (e) Similarly, CRP levels correlated significantly with 
bleeding tendencies, ranging from 0 to 5 (0, no bleeding to 5, life threatening) according to Buchanan et al25. The 
symbol key for panels (d-e) is: black circles: patients when enrolled in the study (diagnosis); red squares: untreated 
arm one week later (one week observation); and blue triangles: IVIg treated arm week later (one week IVIg). 
Statistical comparison was performed with (a) two-tailed Mann-Whitney test, (b) two-tailed paired Wilcoxon, (d-e) 
One-tailed Spearman’s rank correlation. **: p≤0.01; ***: p≤0.001.
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consensus level (>100*109 /L)32 also had significantly lower CRP levels compared to those 
with thrombocytopenia (<100*109 /L, Supplementary Figure 9). This suggests CRP to be an 
important amplifier of antibody-mediated platelet destruction in immune thrombocytopenic 
patients. 

CRP enhances anti-platelet IgG-mediated destruction of platelets in	vivo
We next investigated if the elevated CRP levels observed in the immune thrombocytopenic 
patients, could indeed contribute to platelet degradation in vivo. As monocytes and 
macrophages have been generally proposed to be more relevant effector cells for clearance 
of the platelets in the spleen, we first tested whether CRP also enhances monocyte-mediated 
phagocytosis of platelets. In line with the results described above, monitoring the respiratory 
burst and phagocytosis by PMN, we found CRP also to stimulate phagocytosis of B2G1-
opsonized platelets by monocytes (Fig. 6a). We next examined whether the observed effects 
of CRP in antibody-mediated platelet destruction also occurred in vivo, using our previously 
established mouse model for immune-mediated thrombocytopenia23. Co-administration 
of 200 μg CRP, together with a limiting dose of 0.75 µg of anti-platelet IgG, significantly 
decreased the mean platelet counts compared to injection of 0.75 µg of anti-platelet IgG alone, 
while administration of 200 μg CRP alone had no effect on platelet counts (Fig. 6b). Co-
administration of a lower amount of CRP (20 μg) did not result in a significant difference 
between platelet counts in these mice. Taken together, we conclude that CRP can potentiate 
the degree of thrombocytopenia induced by anti-platelet antibodies in vivo.

Figure 6 CRP enhances antibody-mediated platelet destruction in vitro and in vivo. 

(a) Phagocytosis of pHrodo-labeled platelets opsonized with either isotype control or B2G1-antibody for 20 minutes 
at 37°C, for CD16+ monocytes. (b) BALB/c mice developed thrombocytopenia 16 hours after intra-peritoneal 
injection of the platelet- and megakaryocyte-specific rat anti-mouse CD41 IgG at 0.75 µg. Co-injection of 200 µg 
CRP with 0.75 µg rat anti-mouse CD41 IgG resulted in aggravated thrombocytopenia after 16 hours, while 200 µg 
CRP alone had no effect. Statistical comparisons were performed by one-way ANOVA with Tukey’s post-test, *: 
p≤0.05; **: p≤0.01; ***: p≤0.001.
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Discussion

In this study, we describe a previously unrecognized role for CRP in IgG-mediated cellular 
destruction. 

We observed that anti-HPA-1a antibodies induce exposure of CRP-ligands on platelets due 
to oxidative damage. This is in agreement with studies showing that anti-GPIIIa antibodies, the 
glycoprotein expressing the HPA-1a epitope, induce cellular activation through oxidative damage 
initiated by the platelet NADPH-oxidase31;33;34. More importantly, this is also in line with studies 
describing oxidation-dependent lipid changes of both LDL, as well as apoptotic cells, to expose 
phosphatidylcholines to the extracellular milieu for recognition by anti-PC antibodies and 
CRP29;35. Choline-containing CWPS blocked binding of CRP to platelets and prevented CRP-
mediated enhancement of anti-platelet antibody-mediated respiratory burst and phagocytosis. 
Moreover, NADPH-oxidase inhibition reduced binding of CRP to opsonized platelets. Conversely, 
stimulation of platelet oxidation increased binding to CRP. While the platelet NADPH oxidase 
is apparently capable of inducing CRP deposition, suggesting at least the initial oxidation to be 
platelet-derived, it is likely that the more powerful NADPH-oxidase system of the phagocyte also 
provides for additional oxidized CRP-ligands, further enhancing platelet phagocytosis. 

These results might seem in contrast with a previous study, showing that CRP inhibits ITP 
in a mouse model36. However, this effect was shown to be indirect, caused by ex vivo interaction 
of CRP with macrophage/monocyte FcγR, leading to upregulation of the inhibiting FcγRIIb. 
In contrast to our study, CRP was washed away before the injection of the antibody and was 
therefore not present together with CRP. Here, we investigated a completely different mechanism, 
namely the direct interaction of CRP with platelets leading to enhanced phagocytosis. 

Infections, viral or bacterial, are known to promote the initiation of ITP or enhance platelet 
clearance, but the exact underlying mechanisms are unknown. Previously, one of the possible 
mechanism suggested is the molecular mimicry between platelet antigens and various viral 
and bacterial antigens, giving rise to cross-reactive autoantibodies34;37-39. The gram-negative 
bacterial endotoxin lipopolysaccharide (LPS) has also been shown to enhance FcγR-mediated 
phagocytosis of IgG-opsonized platelets in vitro40, and to exert a strong synergistic effect in 
vivo41. LPS may therefore be one factor explaining why in ITP patients the thrombocytopenia 
worsens during gram-negative infections, but also why symptoms are alleviated after the 
infection is resolved. Although the mechanisms of this LPS effect remains unknown, it has 
been suggested that LPS triggers either phagocyte- and/or platelet- toll-like receptor 4 (TLR4), 
inducing synergistic signaling through FcγR, and thereby enhanced platelet clearance42;43. The 
work presented here provides an alternative explanation, suggesting endotoxin exposure to 
increase CRP levels through the acute phase responses. The endotoxin itself, low levels of anti-
platelet antibodies, or the combination, may lead to platelet activation, followed by oxidation and 
subsequent phosphorylcholine exposure, providing a binding platform for CRP. Low-level IgG-
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opsonization of platelets, not sufficient to initiate phagocytosis on its own, can then be enhanced 
by CRP, providing a ligand for additional phagocyte FcγR, but also FcαRI (the IgA receptor), 
as both receptor types have been shown to bind CRP44-50, further marking it for phagocyte 
destruction. These observations are also in line with recent reports indicating that oxidative stress 
correlates with prognosis in ITP patients51. Curiously, we found that a widespread treatment used 
in ITP, IVIg, which has been proposed to exert its action through numerous ways52, also induced 
reduction in the CRP levels – and those levels significantly correlated with both the number of 
platelets as well as clinical bleeding severity. A more direct evidence for the causality between 
increased CRP levels and enhanced platelet degradation was obtained in mice, where CRP alone 
was inert against platelets, but enhanced thrombocytopenia together with anti-platelet antibodies 
–also in line with results obtained from phagocytosis of platelets.

In summary, we conclude that CRP functions as a previously unknown pathogenic co-factor 
that contributes to antibody-mediated platelet destruction (a model is provided in Supplementary 
Figure 10). CRP levels dropped after IVIg-treatment, accompanied by normalization of platelet 
counts and decreased clinical bleeding severity. As such, CRP sheds light on why relapses occur 
on the onset of infections in ITP, indicating that CRP may serve as an important biomarker for 
severities of IgG-mediated thrombocytopenias. Importantly, FNAIT and/or ITP patients may 
benefit from interventions aimed at reducing CRP levels or inhibiting its function53.
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Supporting Information
Supplementary figures

Supplementary Figure 1 Phagocyte responses towards IgG-opsonized platelets. 
Phagocytosis of platelets by PMN using pHrodo-labeled platelets (only fluorescent at acid pH found in phagosomes), 
in PBS, HEPES, Normal Human Sera (NHS), or sera from fetal or neonatal alloimmune thrombo-cytopenia (FNAIT). 
Phagocytosis of platelets was measured by FACS and expressed as mean fluorescent intensities (MFI) of PMN’s. 
Statistical comparison: one-way ANOVA with Tukey’s post-test, **: p≤0.01; ***: p≤0.001. 

Supplementary Figure 2 Complement has no effect on respiratory burst towards platelets opsonized 
with FNAIT sera. 
Respiratory burst activity of PMN towards platelets opsonized with FNAIT sera, either without treatment or heat-
inactivated. No significant effect was observed by heat inactivation. Data are representative of three independent 
experiments, showing mean ± standard deviation. Statistical comparison: one-way ANOVA with Tukey’s post-test, 
**: p≤0.01; NS: non-significant. 

Supplementary Figure 3 Enhanced respiratory burst towards IgG1-opsonized platelets was not 
observed with all sera, independent of time. 
Respiratory burst of PMN towards anti-HPA-1a IgG1 (B2G1)-opsonized platelets – an example of two sera at 
different times after initiation of the respiratory burst. NHS 1 and 2 correspond to NHS 1 and 2 from Fig. 2b, 
respectively. Data are representative of three independent experiments, showing mean ± standard deviation. 
Statistical comparison: two-way anova with Bonferroni post-test . *: p≤0.05; **: p≤0.01. 
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Supplementary Figure 4 Platelet FcγRIIa does not prime platelets through co-crosslinking of anti -
HPA1a. 

Platelets, with or without pre-incubati on with anti -CD32-Fab anti bodies, and aft er subsequent washing, were 
opsonized with B2G1-anti body, washed and resuspended in NHS or PBS (negati ve control) together with PMN 
to monitor the respiratory burst. Data are representati ve of three independent experiments, showing mean ± 
standard deviati on. Stati sti cal comparison: one-way ANOVA with Tukey’s post-test, **: p≤0.01; NS: non-signifi cant. 

Supplementary Figure 5 Blocking anti -FcγRIIa Fab inhibits FcγRIIa-dependent platelet aggregati on. 

The heparin induced platelet acti vati on (HIPA) test24 was used for assessment of the anti -CD32 Fab (clone 7.3) 
blocking functi on. Pati ent serum containing IgG-anti bodies specifi c for platelet factor 4 (PF4) and heparin complex, 
was added at diff erent diluti ons to platelets together with heparin, which normally results in co-crosslinking of 
FcγRIIa, leading to aggregati on, and platelet-response was monitored using an absorbance microplate reader. (a) 
The platelets were fi rst incubated with suspension buff er (Tyrode buff er, see materials and methods) or collagen, 
inducing aggregati on as measured by the absorbance microplate reader (b) The same experimental setup, but with 
blocking FcγRIIa-Fab, indicati ng no FcγRIIa-involvement for platelets through the collagen receptor (GPVI). Pati ent 
sera, however, caused massive aggregati on (c) that was completely blocked by the anti -FcγRIIa Fab (d). 

5 

Kapur et al, Supplementary Fig. 5 

Supplementary Figure 5. Blocking anti-FcγRIIa Fab inhibits FcγRIIa-dependent platelet 
aggregation. The heparin induced platelet activation (HIPA) test1 was used for assessment 
of the anti-CD32 Fab (clone 7.3) blocking function. Patient serum containing IgG-antibodies 
specific for platelet factor 4 (PF4) and heparin complex, was added at different dilutions to 
platelets together with heparin, which normally results in co-crosslinking of FcγRIIa, leading to 
aggregation, and platelet-response was monitored using an absorbance microplate reader. 
(a) The platelets were first incubated with suspension buffer (Tyrode buffer, see materials and 
methods) or collagen, inducing aggregation as measured by the absorbance microplate 
reader (b) The same experimental setup, but with blocking FcγRIIa-Fab, indicating no 
FcγRIIa-involvement for platelets through the collagen receptor (GPVI). Patient sera, 
however, caused massive aggregation (c) that was completely blocked by the anti-FcγRIIa 
Fab (d). 

1.     Greinacher,A., Michels,I., Kiefel,V., & Mueller-Eckhardt,C. A rapid           
and sensitive test for diagnosing heparin-associated            
thrombocytopenia. Thromb. Haemost. 66, 734-736 (1991). 
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Supplementary Figure 6 CRP does not directly interact with IgG. 

Human IgG1 (B2G1 anti-HPA1a epitope), anti-C1q, and anti-CRP were coupled to the biosensors array on different 
spots and binding of CRP and C1q to those spots monitored as indicated by the different sensorgrams. CRP was 
injected before C1q (panel A), after C1q (panel B) and together with C1q (panel C). (a-c) As expected, C1q clearly 
bound human IgG1 (B2G1, blue lines), and CRP (red lines). A slight binding of C1q was observed to anti-CRP (b, 
red line), probably due to incomplete regeneration from a previous run as this was not observed on fresh sensor 
chips (data not shown). However, no binding of CRP to IgG1 was detected (blue lines, a-c), despite ample spotting 
confirmed by specific binding after injection of anti-human IgG (d). Data are representative of three independent 
experiments, showing mean ± standard deviation. 

Supplementary Figure 7 CWPS binds to CRP. 

CRP was spotted with the CFM to the Easy2Spot P-type chips at a concentration of 800nM. Both anti-CRP and 
CWPS, injected over the sensor chip at different concentrations, bound to the spotted CRP. Data are representative 
of three independent experiments, showing mean ± standard deviation. 
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Supplementary Figure 8 Normalization of platelet counts in newly diagnosed ITP patients one week 
after treatment with IVIG.

78 Newly diagnosed ITP patients were randomized to observation or to IVIg-treatment (0.8 g/Kg). One week after 
treatment, most patients receiving IVIg, displayed an elevated number of platelets, to more than 100*109/mL. 
Statistical comparion was made using student t- test. ***: p<0.0001 

Supplementary Figure 9 CRP levels were significantly decreased in individuals that had normalized 
their platelet counts (>100*109 platelets/L) after one week of diagnosis in newly diagnosed ITP 
patients. 

Statistical comparion was made using student t- test. *: p<0.05 
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Supplementary Figure 10 Illustrati on of the proposed role for CRP in IgG-mediated platelet destructi on. 

Anti -platelet IgG-anti bodies from serum bind to platelets (1). Platelet oxidati on results in phosphorylcholine exposure, 
independently from FcγRII (2). Subsequently CRP, present in the serum, binds to platelet-phosphorylcholine in a 
calcium-dependent manner (3). This potenti ates the uptake and degradati on of the platelets via Fc-receptors of the 
phagocyte (4). CRP alone is insuffi  cient to mediate this response (see main text). 

Kapur et al, Supplementary Fig. 9 

8 

Supplementary Figure 10. Illustration of the proposed role for CRP in IgG-mediated 
platelet destruction. Anti-platelet IgG-antibodies from serum bind to platelets (1). Platelet 
oxidation results in phosphorylcholine exposure, independently from FcγRII (2). Subsequently 
CRP, present in the serum, binds to platelet-phosphorylcholine in a calcium-dependent manner 
(3). This potentiates the uptake and degradation of the platelets via Fc-receptors of the 
phagocyte (4). CRP alone is insufficient to mediate this response (see main text). 
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Abstract

Human immunoglobulin G (IgG) molecules are composed of two Fab portions and one 
Fc portion. The glycans attached to the Fc portions of IgG are known to modulate its 
biological activity as they influence interaction with both complement and various cellular 
Fc receptors. IgG glycosylation changes significantly with pregnancy, showing a vast increase 
in galactosylation and sialylation and a concomitant decrease in the incidence of bisecting 
GlcNAc. Maternal IgGs are actively transported to the fetus by the neonatal Fc receptor 
(FcRn) expressed in syncytiotrophoblasts in the placenta, providing the fetus and newborn  
with immunological protection. Two earlier reports described significant differences in total 
glycosylation between fetal and maternal IgG, suggesting a possible glycosylation-selective 
transport via the placenta. These results might suggest an alternative maternal transport 
pathway, since FcRn binding to IgG does not depend on Fc-glycosylation. These early studies 
were performed by releasing N-glycans from total IgG. Here, we chose for an alternative 
approach analyzing IgG Fc glycosylation at the glycopeptide level in an Fc-specific manner, 
providing glycosylation profiles for IgG1 and IgG4 as well as combined Fc glycosylation profiles 
of IgG2 and 3. The analysis of ten pairs of fetal and maternal IgG samples revealed largely 
comparable Fc glycosylation for all the analyzed subclasses. Average levels of galactosylation, 
sialylation, bisecting GlcNAc and fucosylation were very similar for the fetal and maternal 
IgGs. Our data suggest that the placental IgG transport is not Fc glycosylation selective.
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Introduction

Human immunoglobulin G (IgG) represents the most abundant class of immunoglobulins 
in the circulation with typical concentrations in the range of 10 mg/ml.1 These B-cell derived 
immunoglobulins are soluble forms of the B cell receptor, formed after encounter between 
antigen-specific B cells and its cognate antigen, antigen processing and activation through 
helper T cells, leading to affinity maturation and class switching to one of the γ-encoding 
genes of the heavy-chain locus, forming IgG.1;2 IgGs occur in different subclasses (IgG1, 
IgG2, IgG3, and IgG4), named in order of decreasing abundance.1 They are formed from two 
heavy chains and two lights chains which together from two fragment antigen binding (Fab) 
portions and one fragment crystallisable (Fc) portion, which is distinct between the subclasses, 
and influences their specific function through specific interaction with complement, Fc-
gamma receptors (FcγR) and FcRn.3;4 The Fab portions contain the (hyper-)variable parts of 
the molecule which define its binding properties to antigens including pathogen molecular 
patterns, and are therefore unique for each clonally derived antibody.2 The Fc portions of all 
four subclasses of IgG are known to be glycosylated at asparagine 297.5

The Asn297-linked glycans of IgG are biantennary complex-type structures which are 
predominantly core-fucosylated and are in part modified by a bisecting N-acetylglucosamine 
(GlcNAc).5-8 Antennae are partially truncated varying in their degree of galactosylation and 
may carry a sialic acid residue. The Fc glycans of IgG are involved in the interaction with all FcγR 
besides the neonatal Fc receptor (FcRn).9;10 In addition to direct interaction of the Fc glycan to 
FcγRs11 glycan-glycan interactions have recently been shown to modulate the affinity of IgG1 
Fc portions to the FcγR, and in particular to FcγRIIIa, with the lack of core-fucose on the 
IgG1 Asn297 N-glycan promoting high-affinity interaction with the Asn162 N-glycan of the 
receptor.10;12 The high-affinity interaction of afucosylated IgG1 with FcγRIIIa has been shown 
to form the molecular basis of the enhanced efficacy of afucosylated therapeutic antibodies 
in killing cancer cells,13;14 and design of the glycosylation during product development may 
represent an attractive way of increasing efficacy in new therapeutic IgGs.15;16 The reduced 
fucosylation of IgG1 may also be important in pathological situations, e.g. during pregnancies 
complicated with the formation of maternal IgG against fetal platelets, which we found to be 
highly skewed towards the afucosylated kind.17

Recently, Fc sialylation of IgG has received increased attention, as it has been reported 
that increased sialylation makes IgGs anti-inflammatory agents.18;19 In murine models it has 
been shown that sialylated IgGs bind to DC-SIGN receptors of immune cells and leads to the 
upregulation of inhibitory FcγRIIb on macrophages.19-21

Human serum IgG glycosylation is known to change with various physiological and 
pathological conditions. Both galactosylation and sialylation show a pronounced age and sex 
dependence with a higher galactosylation and sialylation of IgG in females than in males at 
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young age, and a decrease in galactosylation and sialylation for both sexes with increasing 
age.22;23 In addition, various autoimmune and infectious diseases have been shown to result in 
decreased IgG galactosylation.24-26 In contrast, pregnancy is known to be associated with an 
increase in galactosylation and sialylation of IgG Fc N-glycans, with a concomitant decrease 
in the incidence of bisecting GlcNAc.27-29 These glycosylation changes may be typed as anti-
inflammatory18, and one may speculate that these adaptations contribute to suppressing 
alloimmune reactions during pregnancy.30

Human IgG is actively transported across the placenta via FcRn into the circulation of the 
fetus, and this IgG provided by the mother is considered to contribute to the immunological 
protection of the fetus and newborn during the first months after birth.31 The infant starts 
producing its own IgG in the first weeks after birth,32 but IgGs produced by the infant are still 
found at low levels until 8 months of age, when only IgG1 and sometimes IgG3, but not IgG2 
and IgG4 can reach similar levels found for adults.33

Two studies in 199534 and 199635 compared the IgG glycosylation of maternal and fetal IgG. 
The studies analyzed total glycosylation of IgG and described a lower level of agalactosylated 
structures34;35 and higher percentages of galactosylated N-glycan structures35 for fetal as 
compared to maternal IgG. These data indicated that there is a preferential transport of 
galactosylated IgG to the fetus. However, these studies analyzed total IgG glycosylation, thus 
including both Fc glycans and glycans of the IgG variable parts, found in approximately 
30% of all immunoglobulins36-38. If the reported increase was due to Fc galactosylation with 
a possible concomitant increase in sialylation, it may be expected to influence the effector 
functions of fetal IgG. We, therefore, decided to study the specific glycosylation features of 
fetal IgG in more detail, focusing only on the Fc glycosylation. These results would also give us 
insight into whether there are other receptors, besides FcRn, involved in placental transport 
favouring transport of certain Fc glycoforms. To this end, we chose to analyse only the IgG 
Fc glycosylation of paired fetal and maternal samples in a site-specific and subclass-specific 
manner. For this purpose, IgG was purified from plasma by protein G affinity chromatography 
followed by tryptic cleavage. Fc N-glycopeptides were analyzed by mass spectrometry resulting 
in glycosylation profiles of IgG1 and IgG4 as well as combined Fc glycosylation profiles of 
IgG2 and 3.29 The analysis of all sample pairs revealed very similar levels of galactosylation, 
sialylation, fucosylation, and bisecting GlcNAc for IgG between fetus and mother.

Methods

Patient samples and IgG isotype analysis
The pairs of plasma samples from mothers and umbilical cord of the new-born were collected 
right after delivery (average gestation time 37.8 weeks, range 36-39 weeks). All women had 
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an uncomplicated pregnancy and neonatal outcomes for all children were optimal. Signed 
informed consent was obtained from all women, and the collection of blood samples and 
clinical data recieved approval by the Ethics Committee of the Leiden University Medical 
Center (P02-200).

The analysis of total IgG and IgG isotypes were performed using the Siemens nephelometer 
BNII.

Purification of IgG 
IgGs were affinity captured from total human plasma as described previously.39 Protein G 
SepharoseTM Fast Flow beads (GE Healthcare, Uppsala, Sweden) were washed three times 
with 10 volumes of PBS. 15 mL of beads in 150 μL PBS were incubated with 2 μL of serum in a 
96-well filter plate (Multiscreen Solvinert, 0.45 µm pore-size low-binding hydrophilic PTFE; 
Millipore, Billerica, MA) on a shaker for 1 hour. Beads were thoroughly washed 4 times with 
200 mL of PBS and then 3 times with 200 mL of water under vacuum (pressure reduction to 
approximately 900 mbar). IgG was eluted into a 96-well V-bottom plate using 100 mL formic 
acid (100 mM). Samples were dried by vacuum centrifugation.

IgG digestion with trypsin
IgGs were digested with trypsin as described previously.8 A 20 mg aliquot of trypsin 
(sequencing grade; Promega, Leiden, The Netherlands) was dissolved in 4 mL of 25 mM 
ammonium bicarbonate. Within 1 min after preparation, 40 mL of this mixture was added 
per well to the dried purified antibodies. Samples were shaken (1 min), incubated overnight 
at 37°C, and stored at -20°C until usage.

Fast nano-reverse phase-LC-ESI-MS
Nano-reverse phase-LC-ESI-MS was performed as described previously.29 Briefly, analysis was 
achieved on a Ultimate 3000 HPLC system (Thermo Fisher, Waltham, MA), equipped with a 
Acclaim PepMap100 C18 (5 mm x 300 μm i.d.; Thermo Fisher) solid phase extraction (SPE) 
trap column and Ascentis Express C18 nano-LC column (50 mm x 75 μm i.d., 2.7 μm HALO 
fused core particles; Supelco, Bellefonte, USA). Samples were centrifuged at 4000 rpm for 5 
min and aliquots of 500 nL were applied to the trap column for 1 min at 25 µl/min. Separation 
was achieved with the following gradient of mobile phase A (0.1% trifluoroacetic acid; Fluka, 
Steinheim, Germany) and mobile phase B (95% acetonitrile; Biosolve BV, Valkenswaard, the 
Netherlands): 0 min 3 % B, 2 min 5% B, 5 min 20% B, 6 min 30% B, 8 min 30% B, 9 min 
0% B, and 14 min 0% B. After 8 min the SPE was switched off-line and washed by three full 
loop injections containing 5 µL 5% isopropanol (IPA) + 0.1% formic acid (FA) and 5 µL 
50% IPA + 0.1% FA. The HPLC was interfaced to a quadrupole-TOF-MS mass spectrometer 
(micrOTOF-Q; Bruker Daltonics, Bremen, Germany) with a standard ESI source (Bruker 
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Daltonics) and a sheath-flow ESI sprayer (capillary electrophoresis ESI-MS sprayer; Agilent 
Technologies, Santa Clara, USA) applying the UV outlet tubing (20 µm i.d., 360 µm o.d.) as 
sprayer needle. A sheath-flow of 50% IPA, 20% propionic acid and 30% water was applied 
at 2 μL/min to support ESI spray formation and reduce TFA ion suppression. To improve 
mobile phase evaporation a nitrogen stream was applied as dry gas at 4 L/min with a nebulizer 
pressure of 0.4 bar. Scan spectra were recorded from 300 to 2000 Da with 2 average scans at a 
frequency of 1 Hz. Quadrupole ion energy and collision energy of the MS were set at 2 and 4 
eV, respectively. The total analysis time per sample was 16 min. 

Data processing
Data processing was performed as described previously.29 Briefly, LC-MS datasets were 
calibrated internally using a list of known glycopeptides and were exported to the open 
mzXML format by Bruker DataAnalysis 4.0. Each dataset was then aligned to a master dataset 
of a typical sample (containing many of the (glyco-)peptide species shared between multiple 
samples) using msalign2.40 Glycopeptide species which were pre-defined as peak maxima in 
specific mass and retention time windows and were extracted from each dataset using the in-
house developed software “Xtractor2D”. The software and ancillary scripts are freely available 
at www.ms-utils.org/Xtractor2D. The complete sample-data matrix was finally evaluated 
using Microsoft Excel.

Structural assignment of the detected glycoforms was performed on the basis of literature 
knowledge of IgG N-glycosylation.6-8;23;41;42. Relative intensities of the glycopeptide species 
(Table 1) derived from IgG1 (20 glycoforms), IgG4 (10 glycoforms), and IgG2 (20 glycoforms) 
were obtained by integrating and summing three isotopic peaks of the triple protonated as 
well as the double protonated species followed by normalization to the total IgG subclass 
specific glycopeptide intensities. 

In addition, the levels of 4 major glycoforms of IgG1, IgG2/3 and IgG4 glycopeptides with 
one missed cleavage site were monitored as triple and quadruple charged species (Table 2) in 
order to judge the efficacy of the tryptic digest.

On the basis of the normalized intensities of IgG Fc glycopeptides the level of galactosylation, 
sialylation, bisecting N-acetylglucosamine, and fucosylation were calculated according to the 
following formulas: Galactosylation = (G1F + G1FN + G1FS + G1FNS + G1 + G1N + G1S) 
* 0.5 + G2F + G2FN + G2FS + G2FNS + G2 + G2N + G2S. Agalactosylated structures = 
G0F +G0FN +G0 + G0N. Digalactosylated structures = G2F + G2FN + G2FS + G2FNS + 
G2 + G2N + G2S. Sialylation = G1FS + G2FS + G1FNS + G2FNS + G1S + G2S. Bisecting 
GlcNAc = G0FN + G1FN + G2FN + G1FNS + G2FNS + G0N + G1N + G2N. Fucosylation 
= G0F + G1F + G2F + G0FN + G1FN + G2FN + G1FS + G2FS. The non-fucosylated species 
of IgG4 remained below the limit of detection and were, therefore, not included in the IgG4 
calculations.



68

| Chapter 3

Table 1 Theoretical m/z values of human IgG Fc glycopeptides detected by nano-LC-ESI-MS

Glycan species IgG1
P01857b

IgG2/3
P01859b / P01860, 

VAR_003892b

IgG4
P01861b

[M+2H]2+  [M+3H]3+ [M+2H]2+  [M+3H]3+ [M+2H]2+  [M+3H]3+

G0Fc 1317.527  878.687 1301.532  868.024 1309.529  873.356a1

G1F 1398.553  932.705 1382.558  922.042 1390.556  927.373a2

G2F 1479.580  986.722 1463.585  976.059 1471.582  981.391
G0FN 1419.067  946.380 1403.072  935.717 1411.069  941.049a3

G1FN 1500.093  1000.398 1484.098  989.735 1492.096  995.066a4

G2FN 1581.119  1054.416 1565.125  1043.752 1573.122  1049.084
G1FS 1544.101  1029.737 1528.106  1019.073 1536.104  1024.405a5

G2FS 1625.127  1083.754 1609.133  1073.091 1617.130  1078.423
G1FNS 1645.641  1097.430 1629.646  1086.767 1637.643  1092.098
G2FNS 1726.667  1151.447 1710.672  1140.784 1718.670  1146.116
G0 1244.498  830.001 1228.503  819.338 n.d. n.d.
G1 1325.524  884.019 1309.529  873.356a1 n.d. n.d.
G2 1406.551  938.036 1390.556  927.373a2 n.d. n.d.
G0N 1346.038  897.694 1330.043  887.031 n.d. n.d.
G1N 1427.064  951.712 1411.069  941.049a3 n.d. n.d.
G2N 1508.090  1005.730 1492.096  995.066a4 n.d. n.d.
G1S 1471.072  981.051 1455.077  970.387 n.d. n.d.
G2S 1552.098  1035.068 1536.104  1024.405a5 n.d. n.d.
G1NS 1572.612  1048.744 1556.617  1038.081 n.d. n.d.
G2NS 1653.638  1102.761 1637.643  1092.098 n.d. n.d.

a1 – a5 isomeric glycopeptide species of IgG4 and IgG2.
b SwissProt entry number
c glycan structural features are given in terms of number of galactoses (G0, G1, G2), fucose (F), bisecting 
N-acetylglucosamine (N), and N-acetylneuraminic acid, sialic acid (S) 
n.d., not detected.

Table 2 Theoretical m/z values of human IgG Fc glycopeptides with 1 missed cleavage site.

Glycan species IgG1
P01857a

IgG2/3
P01859a / 

P01860, VAR_003892a

IgG4
P01861a

[M+3H]3+  [M+4H]4+ [M+3H]3+  [M+4H]4+ [M+3H]3+  [M+4H]4+

G0Fb 1039.453 779.842 1028.789 771.844 1034.121 775.843
G1F 1093.470 820.355 1082.807 812.357 1088.139 816.356
G2F 1147.488 860.868 1136.825 852.870 1142.156 856.869
G2FS 1244.520 933.642 1233.856 925.644 1239.188 929.643

a SwissProt entry number; the peptide moieties of IgG1, IgG2/3 and IgG4 are TKPREEQYNSTYR ([M+H]+ 1671.809), 
TKPREEQFNSTFR ([M+H]+ 1639.819), TKPREEQFNSTYR ([M+H]+ 1655.814), respectively.
b Glycan structural features are given in terms of number of galactoses (G0, G1, G2), fucose (F), bisecting 
N-acetylglucosamine (N), and N-acetylneuraminic acid, sialic acid (S).
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In addition, we calculated from the isotype-specific IgG G0 levels the overall IgG G0 levels for 
both fetus and mother, in order to facilitate the comparison of our results with those obtained 
by others.34;35 Calculations were performed according to the following formula: Overall IgG 
G0 = (IgG1 G0 + IgG1 G0F + IgG1 G0FN + IgG1 G0N) x relative abundance IgG1 + (IgG2/3 
G0 + IgG2/3 G0F + IgG2/3 G0FN + IgG2/3 G0N) x (relative abundance IgG2/3) + (IgG4 G0F 
+IgG4 G0FN) x relative abundance IgG4. 

Results and Discussion

IgG was purified from 20 plasma samples of maternal and umbilical vein blood (fetus) using 
Protein G Sepharose. IgG was subjected to tryptic cleavage, and resulting IgG Fc glycopeptides 
were analyzed using a recently established nano-LC-MS method employing a sheath-flow 
ESI sprayer.29 IgG1 Fc glycopeptides were found to elute at approximately 7 min, IgG4 Fc 
glycopeptides at 7.5 min, and IgG2/3 Fc glycopeptides at 8 min (Figure 1A, B). IgG2 and IgG3 
tryptic Fc glycopeptides have the identical peptide moieties8 and, therefore, these IgG isotypes 
were registered together. Glycan structures were assigned on the basis of literature knowledge 
of IgG glycan structures6;23;41;42 and the established elution orders of IgG Fc glycopeptides in 
reverse phase-LC-MS.7;8

All 20 samples were checked for the completeness of the tryptic digest by monitoring the 
IgG1 and IgG2 Fc glycopeptides with one missed tryptic cleavage site, according to Stadlmann 
et al.7 (Table 2). Miss-cleaved glycopeptides were found in only a minority of samples. When 
observed, the signal intensities of miss-cleaved glycopeptides were found to be at least 200 
times lower than those of the fully cleaved glycopeptides, and the signal-noise ratio was low 
throughout. Due to their low abundance the signal of miss-cleaved glycopeptides were not 
included in the quantitative analysis.

Fetal and maternal IgG showed very similar chromatographic profiles as evidenced by extracted 
ion chromatograms of the major IgG1, IgG2/3, and IgG4 Fc glycopeptides (Fig. 1A, B). For all the 
10 fetal and 10 maternal IgG1 samples Fc glycosylation profiles were obtained (see Fig. 1C and D 
for an example). Signals obtained for the triple protonated IgG1 Fc glycopeptides were observed 
in the range of m/z 800 to 1200 (Fig. 1C, D), whilst the signals of double protonated species were 
registered in the range of m/z 1200 to 1800 (see Table 1).29 The double and triple charged signals 
were integrated and summed for all the 20 registered IgG1 Fc glycopeptide species. The sum of 
all IgG1 Fc glycopeptides species was set to 100%, and the degree of galactosylation, sialylation, 
bisecting N-acetylglucosamine, and fucosylation were determined. Similarly, 20 IgG2/3 Fc 
glycopeptides and 10 IgG4 Fc glycopeptides were analyzed (Figure 1E-H). While IgG2/3 Fc 
glycopeptides were analyzed for all 10 fetal and maternal IgG pairs, only seven of the fetal and 
maternal IgG4 Fc glycopeptide clusters showed sufficient intensity for glycopeptide analysis. 
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Figure 1 Nano-LC-ESI-MS of tryptic digests of IgG obtained from fetal and maternal blood. 

Extracted ion chromatograms of the triple- and double-protonated glycopeptide species G0F, G1F, G2F and G2FS of 
IgG1, IgG2/3, and IgG4 are displayed for fetus (A) and mother (B). Integration ranges for the MS signals are indicated 
by horizontal bars. The corresponding mass spectra showing the triple protonated IgG1 (C, D), IgG2/3 (E, F), and IgG4 
(G, H) glycopeptide species are shown for fetus (C, E, G) and mother (D, F, H). Blue square, N-acetylglucosamine; red 
triangle, fucose; green circle, mannose; yellow circle, galactose; purple diamond, N-acetylneuraminic acid.

The level of galactosylation reflects the percentage of antennae which are decorated with a 
galactose residue. Therefore, monogalactosylated and digalactosylated glycans were weighed 
differently to reflect their different degree of galactosylation. While the percentage of 
digalactosylated structures was fully included in the galactosylation term, monogalactosylated 
structures were only weighed half, due to the fact that they carry a galactosylated as well 
as a non-galactosylated antenna (see Methods for the equation). Maternal IgG1 showed 
average levels of galactosylation of 73.8%. This value represents elevated levels of IgG 
galactosylation as they have been described for advanced pregnancies. The determined 
galactosylation level is very much in line with the average IgG1 Fc galactosylation levels of 
70.7% recently analyzed for 26 pregnant women during the third trimester.29 Overall, the 
tendency is that IgG galactosylation peaks at delivery and normalizes a few months after. 
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IgG galactosylation levels at 3 as well as 6 months after delivery were found to be 61.2% and 
61.9%, respectively, representing the non-pregnant levels of IgG galactosylation. Similarly, 
the IgG2/3 galactosylation levels of 66.4% observed in this study are in line with previously 
determined values of 63.2% for the third pregnancy trimester, and are significantly higher 
than the values of 52.1% observed 6 months after delivery (non-pregnant status). For IgG4, 
the average galactosylation level observed here (68.4%) are significantly higher than those 
observed before for the third trimester of pregnancy (54.7%) and 6 months after delivery 
(46.4%).29 One may assume that this difference is linked to the slightly different sampling time 
points (third trimester versus at delivery). The possible physiological role of such an increased 
IgG4 Fc galactosylation at the end of the pregnancy is unclear.

The mean levels of Fc galactosylation of fetal and maternal IgG1 were found to be 74.6% 
versus 73.8% (Table 3; Figure 2A). Likewise, IgG2/3 of fetus and mother showed very similar 
levels of galactosylation (average for the 10 analyzed pairs of 67.1% and 66.4%, respectively). 
For the seven pairs of fetal and maternal IgG4 average galactosylation values were found 
to be 69.5% and 68.4%, respectively. These results indicate no significant differences in Fc 
galactosylation between fetal and maternal IgG for the major isotypes (IgG1 and IgG2/3; 
Table 3). 

Table 3 Comparison of the Fc glycosylation features of fetal and maternal IgG. 

Mean relative abundance ± standard deviation (%)

Glycosylation feature Subclass Fetus Mother Fetus - Mother t-test

Galactosylation IgG1 Fc 74.6 ± 3.9 73.8 ± 4.7  0.8 ± 1.3 (0.4) p = 0.10
IgG2/3 Fc 67.1 ± 5.8 66.4 ± 5.0  0.7 ± 2.4 (0.8) p = 0.38
IgG4 Fc 69.5 ± 3.2 68.4 ± 3.7  1.1 ± 1.2 (0.4) p = 0.04

Sialylation IgG1 Fc 26.4 ± 2.9 25.4 ± 3.1  1.0 ± 2.0 (0.6) p = 0.14
IgG2/3 Fc 27.4 ± 4.4 27.0 ± 3.4  0.4 ± 2.0 (0.6) p = 0.59
IgG4 Fc 36.7 ± 3.7 35.9 ± 3.4  0.7 ± 0.9 (0.3) p = 0.06

Bisecting GlcNAc IgG1 Fc 12.9 ± 2.5 12.8 ± 2.6  0.1 ± 0.7 (0.2) p = 0.72
IgG2/3 Fc 13.0 ± 2.3 13.2 ± 2.2  -0.2 ± 0.7 (0.2) p = 0.33
IgG4 Fc 12.7 ± 2.8 12.5 ± 2.6  0.2 ± 0.7 (0.3) p = 0.38

Fucosylation IgG1 Fc 89.7 ± 4.3 89.7 ± 4.5  0.0 ± 0.2 (0.1) p = 0.90
IgG2/3 Fc 96.9 ± 0.8 96.9 ± 1.1  -0.0 ± 0.3 (0.1) p = 0.84

Mean values ± standard deviation are given. The standard error of the mean is given in parentheses.

In order to facilitate the comparison of our results with those of Williams et al.34 and Kibe 
et al.35, we calculated the relative abundances of agalactosylated as well as digalactosylated 
structures. For the IgG1, IgG2/3 and IgG4 subclasses, we found that the levels of agalactosylated 
structures were very similar for fetal and maternal samples. There was a tendency of slightly 
lower levels of galactosylation of fetal IgG, but the mean differences in agalactosylated 
species between fetal and maternal IgG1, IgG2/3 and IgG4 were only 0.1%, 0.4%, and 0.8%, 
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respectively (Table 4). In contrast, Williams et al.34 described significantly lower levels of 
agalactosylated structures for IgG of the fetus (mean value of 13.1%) as compared to maternal 
IgG (mean value of 16.7%; difference of 3.6% is statistically highly significant; p = 0.000012; 
see Table 4). Likewise, Kibe et al.35 analyzed 26 sets of paired samples revealing lower levels of 
agalactosylated structures for fetal as compared to maternal IgG (10% versus 12%; Table 4). 

Table 4 Comparison of the results on fetal and maternal IgG glycosylation from this study and two 
previous studies. 

Agalactosylated structures (%)  

Sample pairs  Fetus Mother Fetus - Mother t-test Source
n = 10 IgG 13.1 ± 5.6 16.7 ± 5.9  -3.6 ± 1.3 p = 0.000012 Williams et al. 1995 34

n = 26 IgG 10.0 ± 2 12 ± 2  -2.0 p = 0.0015 Kibe et al. 1996 35

n = 10 IgG1 Fc 8.0 ± 2.4 8.4 ± 3.1  -0.4 ± 1.1 (0.36) p = 0.27 this study
n = 10 IgG2/3 Fc 14.6 ± 4.4 14.7 ± 3.5  -0.1 ± 2.8 (0.87) p = 0.87 this study
n = 7 IgG4 Fc 14.4 ± 2.3 15.2 ± 2.6  -0.8 ± 0.8 (0.31) p = 0.04 this study

Digalactosylated structures (%)  

Sample pairs  Fetus Mother Fetus - Mother t-test Source
n = 26 IgG 61 ± 4 58 ± 4  3.0 p = 0.007 Kibe et al. 1996 35

n = 10 IgG1 Fc 57.3 ± 5.5 56.3 ± 6.3  1.0 ± 1.5 (0.46) p = 0.05 this study
n = 10 IgG2/3 Fc 49.4 ± 7.3 48.2 ± 6.7  1.2 ± 2.3 (0.74) p = 0.14 this study
n = 7 IgG4 Fc 53.4 ± 4.5 52.0 ± 5.1  1.4 ± 1.5 (0.57) p = 0.05 this study

Mean values ± standard deviation are given. The standard error of the mean is given in parentheses. 

Comparison of the levels of digalactosylated structures also revealed some differences with 
literature: Kibe et al.35 found mean levels of digalactosylated structures to be 3% higher on 
fetal as compared to maternal IgG (p = 0.007). In our study, mean differences were much 
lower, or around 1%, none reaching the level of significance.

However, the conceptual, as well as methodological differences between the two previous 
studies and our current study should be noted. In the previous studies, the N-linked 
glycans were released from IgG by hydrazinolysis34 and PNGase A treatment.35 Glycans 
were radioactively labeled by Williams et al.34, and the levels of agalactosylated structures 
were assessed by gel permeation chromatography after simplifying the oligosaccharide 
mixture by employing a cocktail of exoglycosidases (a-sialidase, a-fucosidase and b-N-
acetylhexosaminidase). Kibe et al.35 analyzed the oligosaccharides by reverse phase HPLC 
profiling after fluorescent labelling with 2-aminopyridine and enzymatic desialylation. In both 
cases, total N-glycans were registered, i.e., thus both Fc glycosylation, and Fab glycosylation. 
As our study indicates that Fc glycosylation of all the IgG subclasses is remarkably similar 
in fetal and maternal IgG, one may speculate about the cause of the differences observed in 
earlier studies. First, the changes in overall IgG glycosylation profiles as observed by Williams 
et al. and Kibe et al. may in part have been caused by differences in subclass ratios.34;35 This 
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is a possibility because the levels of Fc galactosylation tend to be higher for IgG1, than for 
IgG2/3 and IgG4 (Table 3). In addition, the analysis of the IgG isotype distribution indicated 
that the portion of IgG1 is elevated in cord blood (72.3%) as compared to maternal blood 
(64.8%; paired t-test p=0.0000015; Table 5). On the other hand, the relative IgG2 abundances 
are lower for the fetus than for the mother (22.0% versus 28.4%; paired t-test p=0.0000065), 
and the same holds true for IgG3 (2.7% versus 3.8%; paired t-test p=0.0022). In the present 
study, glycosylation analysis was performed in a subclass-specific manner, and therefore not 
influenced by the ratio of subclasses. To compare our results with the previous studies,34;35 we 
used the information on the relative isotype distribution and calculated the overall levels of 
IgG Fc agalactosylated structures by taking the isotype ratios into account (see Methods for 
details). The average overall levels of IgG Fc agalactosylated species were calculated to be 9.7% 
for the fetus versus 10.6% for the mother. Hence, for the specific set of 10 paired mother/child 
IgG samples analyzed in this study, the observed Fc glycosylation profiles, together with the 
changes in relative abundances of IgG subclasses, result in a 0.9% decrease of overall IgG Fc 
agalactosylated structures. Therefore, the difference in subclass ratios seems to only partly 
explain the pronounced differences in overall galactosylation reported previously.34;35

The IgG isotype concentrations of our samples are at the lower range compared to normal 
adult standard values (Table 5), which is in line with the known decrease to 60-70% for both 
IgA (not transported to the fetus) and IgG in pregnant women at term.43 Notably the average 
IgG concentrations found by us (7.65 mg/ml fetal IgG and 5.67 mg/ml maternal IgG) were 
significantly lower than those found by Kibe et al.35 (13.15 mg/ml fetal IgG and 19.70 mg/ml 
maternal IgG), the reason for this discrepancy being unknown. 

Lastly, differences in Fab glycosylation between fetal and maternal IgG may explain why 
previous studies found the markedly increased levels of overall galactosylation of fetal IgG. If 
true, this would indicate either a preferential transport of Fab-galactosylated IgG or retention 
of a Fab-agalactosylated IgG, possibly by an unknown receptor either actively involved in, 
or interfering with, IgG transport. This needs to be investigated in more detail. It has to be 
noted, however, that robust and straight-forward methods with reasonable throughput for the 
specific Fab glycosylation analysis of polyclonal human IgG are still lacking and, therefore, 
such analyses are scarce and performed on only very small numbers of samples.38;44

Next to IgG Fc galactosylation, the levels of sialylation of IgG1, IgG2/3 and IgG4 were 
assessed in our study. Similar to the observations for IgG Fc galactosylation, we found no 
significant changes in the levels of Fc sialylation for fetal as compared to maternal IgG (Table 
3). Interestingly, sialylation levels were found to be higher for maternal IgG4 (35.9%) as 
compared to IgG1 (25.4%) and IgG2/3 (27.0%) (Table 3). The subclass with the highest levels 
of galactosylation (IgG1) is not the one with the highest levels of sialylation, indicating a 
differential regulation of galactosylation and sialylation between IgG subclasses. 
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Table 5 Concentrations of total IgG and IgG isotypes of fetus and mother. 

Mother / Child 
couple

Fetus Mothera

IgG1 IgG2 IgG3 IgG4 total IgG1 IgG2 IgG3 IgG4 Total

1 3.86 (54.8) 2.44 (34.6) 0.15 (2.1) 0.60 (8.5) 7.05 1.97 (46.2) 1.78 (41.8) 0.12 (2.8) 0.39 (9.2) 4.26
2 6.09 (75.8) 1.69 (21.0) 0.21 (2.6) 0.04 (0.5) 8.02 5.99 (68.5) 2.43 (27.8) 0.31 (3.5) 0.01 (0.1) 8.72
3 3.36 (73.5) 1.00 (21.9) 0.20 (4.4) 0.01 (0.2) 4.57 2.60 (66.2) 1.06 (27.0) 0.26 (6.6) 0.01 (0.3) 3.92
4 3.62 (68.8) 1.39 (26.4) 0.13 (2.5) 0.12 (2.3) 5.25 2.82 (58.8) 1.71 (35.6) 0.15 (3.1) 0.12 (2.5) 4.79
5 5.02 (60.5) 2.48 (29.9) 0.33 (4.0) 0.47 (5.7) 8.30 2.33 (49.3) 1.90 (40.2) 0.22 (4.7) 0.28 (5.9) 4.73
6 6.01 (81.0) 1.24 (16.7) 0.16 (2.2) 0.01 (0.1) 7.41 3.93 (73.0) 1.30 (24.2) 0.14 (2.6) 0.01 (0.2) 5.37
7 8.26 (82.8) 1.13 (11.3) 0.15 (1.5) 0.44 (4.4) 9.98 5.63 (79.0) 1.07 (15.0) 0.13 (1.8) 0.30 (4.2) 7.11
8 8.40 (75.5) 2.40 (21.6) 0.18 (1.6) 0.14 (1.3) 11.12 4.20 (70.0) 1.60 (26.7) 0.12 (2.0) 0.08 (1.3) 6.00
9 6.40 (76.4) 1.60 (19.1) 0.26 (3.1) 0.12 (1.4) 8.38 2.80 (68.6) 1.00 (24.5) 0.22 (5.4) 0.06 (1.5) 4.08
10 4.70 (74.0) 1.08 (17.0) 0.22 (3.5) 0.35 (5.5) 6.35 5.20 (68.1) 1.60 (20.9) 0.42 (5.5) 0.42 (5.5) 7.64
Average 5.57 (72.3) 1.65 (22.0) 0.20 (2.7) 0.23 (3.0) 7.65 3.75 (64.8) 1.55 (28.4) 0.21 (3.8) 0.17 (3.1) 5.67

a Reference standard values IgG1: 4.9-11.4; IgG2: 1.50-6.4; IgG3: 0.20-1.10; IgG4: 0.080-1.40
Concentrations are given in mg/ ml. Percentages are given in parentheses.
The table is extended to the next page.

Notably, in our previous study sialylation levels of IgG4 were found to be 26.4% in the third 
pregnancy trimester (on average 9 weeks before delivery), whilst the values of IgG4 sialylation 
were down to 21.1%, 19.9% and 20.1% at 6 weeks, 3 months, and 6 months after delivery, 
respectively 29. 

Figure 2 Fc glycosylation analysis of IgG from paired cord blood (fetus, F) and maternal blood (M).

Galactosylation (A), sialylation (B), bisecting GlcNAc (C), and fucosylation (D) were compared for trytpic Fc 
glycopeptides of IgG1, IgG2/3 and IgG4.
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Table 5 Concentrations of total IgG and IgG isotypes of fetus and mother. 

Mother / Child 
couple

Fetus Mothera

IgG1 IgG2 IgG3 IgG4 total IgG1 IgG2 IgG3 IgG4 Total

1 3.86 (54.8) 2.44 (34.6) 0.15 (2.1) 0.60 (8.5) 7.05 1.97 (46.2) 1.78 (41.8) 0.12 (2.8) 0.39 (9.2) 4.26
2 6.09 (75.8) 1.69 (21.0) 0.21 (2.6) 0.04 (0.5) 8.02 5.99 (68.5) 2.43 (27.8) 0.31 (3.5) 0.01 (0.1) 8.72
3 3.36 (73.5) 1.00 (21.9) 0.20 (4.4) 0.01 (0.2) 4.57 2.60 (66.2) 1.06 (27.0) 0.26 (6.6) 0.01 (0.3) 3.92
4 3.62 (68.8) 1.39 (26.4) 0.13 (2.5) 0.12 (2.3) 5.25 2.82 (58.8) 1.71 (35.6) 0.15 (3.1) 0.12 (2.5) 4.79
5 5.02 (60.5) 2.48 (29.9) 0.33 (4.0) 0.47 (5.7) 8.30 2.33 (49.3) 1.90 (40.2) 0.22 (4.7) 0.28 (5.9) 4.73
6 6.01 (81.0) 1.24 (16.7) 0.16 (2.2) 0.01 (0.1) 7.41 3.93 (73.0) 1.30 (24.2) 0.14 (2.6) 0.01 (0.2) 5.37
7 8.26 (82.8) 1.13 (11.3) 0.15 (1.5) 0.44 (4.4) 9.98 5.63 (79.0) 1.07 (15.0) 0.13 (1.8) 0.30 (4.2) 7.11
8 8.40 (75.5) 2.40 (21.6) 0.18 (1.6) 0.14 (1.3) 11.12 4.20 (70.0) 1.60 (26.7) 0.12 (2.0) 0.08 (1.3) 6.00
9 6.40 (76.4) 1.60 (19.1) 0.26 (3.1) 0.12 (1.4) 8.38 2.80 (68.6) 1.00 (24.5) 0.22 (5.4) 0.06 (1.5) 4.08
10 4.70 (74.0) 1.08 (17.0) 0.22 (3.5) 0.35 (5.5) 6.35 5.20 (68.1) 1.60 (20.9) 0.42 (5.5) 0.42 (5.5) 7.64
Average 5.57 (72.3) 1.65 (22.0) 0.20 (2.7) 0.23 (3.0) 7.65 3.75 (64.8) 1.55 (28.4) 0.21 (3.8) 0.17 (3.1) 5.67

a Reference standard values IgG1: 4.9-11.4; IgG2: 1.50-6.4; IgG3: 0.20-1.10; IgG4: 0.080-1.40
Concentrations are given in mg/ ml. Percentages are given in parentheses.
The table is extended to the next page.

Notably, in our previous study sialylation levels of IgG4 were found to be 26.4% in the third 
pregnancy trimester (on average 9 weeks before delivery), whilst the values of IgG4 sialylation 
were down to 21.1%, 19.9% and 20.1% at 6 weeks, 3 months, and 6 months after delivery, 
respectively 29. 

Figure 2 Fc glycosylation analysis of IgG from paired cord blood (fetus, F) and maternal blood (M).

Galactosylation (A), sialylation (B), bisecting GlcNAc (C), and fucosylation (D) were compared for trytpic Fc 
glycopeptides of IgG1, IgG2/3 and IgG4.

Hence, the high levels of IgG4 sialylation found in the present study may point to a transient 
increase in IgG4 sialylation with delivery. The comparison of the levels of bisecting GlcNAc 
revealed mean levels between 12.5% and 13.2% for fetal and maternal IgG of all analyzed 
subclasses (Table 3). No differences in the level of bisecting GlcNAc were found between fetal 
and maternal IgG (Figure 2; Table 3).

Finally, a comparison of the levels of fucosylation was performed for both IgG1 and IgG2/3. 
No differences in core-fucosylation were detected between fetal and maternal IgG. IgG1 
fucosylation levels were found to be in the range of 80% to 95%, while IgG2/3 fucosylation 
levels were between 94% and 98% for all the analyzed paired samples of fetus and mother. 
Interestingly, no correlation was observed between IgG1 and IgG2/3 fucosylation levels (not 
shown), indicating that Fc fucosylation in IgG-secreting B cells are likely to be regulated largely 
independently between subclasses – perhaps as a result of differential stimulation. This might 
be explained by the preferential class switching to IgG2 induced by T-helper independent 
antigens, compared to T-cell dependent antibody responses where IgG1 dominates.45

We therefore conclude that trans-placental transport of human IgG does not favor certain 
Fc glycoforms. This is in line with reports demonstrating that FcRn, the receptor proposed 
to be solely responsible for placental transport and in vivo half life, rescues glycosylated and 
aglycosylated forms of IgG equally well.46 This also fits with the structural requirements for 
FcRn binding to IgG, which does not involve the Fc glycans.9 These results also exclude a 
significant role for FcγR isoforms that do display discriminatory binding activities to different 
glycoforms.10;12;18
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Conclusion

Previous findings found a higher degree of N-glycan galactosylation of total fetal IgG as 
compared to maternal IgG. In contrast, when analyzing IgG Fc glycosylation in a subclass-
specific manner, we did not detect skewing of glycosylation profiles in general, also not for the 
level of galactosylation levels. This indicates that the materno-fetal IgG transport is not Fc-
glycosylation-selective in healthy pregnancies. These results lend support to the commonly 
held belief that FcRn is the only contributing receptor to the placental transport of antibodies 
to the fetus. However, results of previous studies indicate that alternative mechanisms may be 
in place for Fab-glycosylated IgG.
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Abstract

Various biological activities of immunoglobulin G (IgG) including antibody-dependent 
cellular cytotoxicity (ADCC) are modulated by the structural feature of the N-glycan in the Fc 
part. In this study, we describe a population of IgG1 alloantibodies which are formed during 
pregnancy against human platelet antigens (HPA) of the fetus, causing fetal or neonatal 
alloimmune thrombocytopenia. By analyzing the Fc-glycosylation of the pathogenic, affinity-
purified IgG1 alloantibodies at the glycopeptide level using mass spectrometry, we found 
markedly decreased levels of core-fucosylation as well as increased levels of galactosylation 
and sialylation as compared to glycosylation patterns of total serum IgG1 of the same patients. 
Because IgG1 Fc-core-fucosylation is known to influence ADCC activity, modulation of 
core-fucosylation may have a profound effect on disease severity and prognosis. Studies in 
large patient cohorts will have to be performed to establish such correlations. Moreover, 
experiments in animal models as well as in vitro immunological tests will be needed to 
unravel the mechanisms regulating IgG Fc glycosylation.
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Introduction

Antibodies are heterogeneous in various respects: first, antibodies vary in their antigen 
specificity and affinity. Second, antibodies can undergo class switching, forming classes 
and subclasses, which vary in multivalency, distribution, turnover, and effector functions. 
Interestingly, additional complexity is achieved for immunoglobulin G4 (IgG4) in the form 
of bispecific antibodies.1 Third, the glycosylation of antibodies contributes to antibody 
diversity.2-4

Antibody glycosylation diversity has been best studied for human IgG.4 These antibodies 
share a conserved N-glycosylation site within the CH2 domain of their Fc-moieties and may 
in part contain additional N-glycosylation sites in the Fab-moieties, with both sites being 
predominantly occupied by biantennary N-glycans. Fab-glycosylation differs, however, 
markedly from Fc-glycosylation: Fab N-glycans are often highly galactosylated and sialylated, 
whereas truncated structures lacking sialic acid are predominantly found within the Fc 
moiety.5-10

Changes in IgG glycosylation have been shown to be associated with various physiological 
and pathological determinants. Interestingly, the degree of galactosylation shows an age 
dependency as evidenced by population studies: children show a high percentage of non-
galactosylated IgG with almost 30% IgG-G0 (no galactosylation) in the first years of life. 
At age 25 galactosylation reaches its peak, which is associated with a decrease of IgG-G0 to 
approximately 20%. Galactosylation decreases again with higher age, with IgG-G0 reaching 
approximately 30% at age 70.11-13 Moreover, decreased galactosylation has been shown for 
patients with rheumatoid arthritis2;14 as well as other inflammatory diseases including 
tuberculosis.4 Recently, IgG from ovarian cancer patients has also been shown to exhibit 
decreased galactosylation.15 Interestingly, IgG galactosylation increases also in pregnancy4;16 
and is correlated with remission of arthritis in pregnant rheumatoid arthritis patients.17

Next to changes in galactosylation, variations in IgG sialylation have recently been reported 
in a mouse study.18 These changes were induced by an antigenic challenge and may provide a 
switch from innate anti-inflammatory activity in the steady state to generating adaptive pro-
inflammatory effects.18 The occurrence and role of such specific changes in sialylation still has 
to be shown for humans.

Galactosylation, sialylation and fucosylation have been shown to modulate the biological 
activity of IgG. This may occur via the direct interaction of the Fc N-glycans with carbohydrate-
binding proteins such as binding of IgG-G0 glycoforms to the mannose-binding lectin (MBL) 
which has been suggested to contribute to chronic inflammation in rheumatoid arthritis.14 In 
addition, Fc glycosylation influences the conformation of the IgG Fc-part, and can directly 
participate in the binding of IgG and FcγR.19 Modified glycosylation may also sterically 
interfere with this binding and modulate the affinity of IgG to the various Fcg-receptors and 
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consequently also the activity of IgG in antibody-dependent cellular cytotoxicity (ADCC) 
assays.18;20;21 An increased expression of bisecting N-acetylglucosamine on complex-type Fc 
N-glycans of IgG1 has been shown to be associated with enhanced ADCC.22;23 In contrast, 
the relevance of galactosylation of the Fc N-glycans for ADCC activity is less clear.24 The 
most critical glycosylation feature regarding ADCC activity, however, seems to be core-
fucosylation: a humanized IgG1 monoclonal antibody (mAb) with low core-fucosylation on 
its complex-type N-glycans showed a more than 50-fold higher ADCC than the same mAb 
expressed with a high percentage of core-fucosylation on its complex-type N-glycans.24 In 
line with this observation, non-fucosylated IgG1 shows a 50-times increased binding to Fcg-
receptor IIIA compared to fucosylated IgG1.20 The therapeutic potential of non-fucosylated 
IgG1 has recently been pointed out by Iida et al., who showed a particularly large difference 
in ADCC activity between anti-CD20 IgG1 with and without core-fucose in a whole blood 
matrix.21;25

Based on these findings, modulation of core fucosylation in human IgG populations 
represents a simple mean for controlling ADCC activity. To our knowledge, the human 
IgG from various body fluids has consistently been found to exhibit a high degree of core 
fucosylation,4 and it has never been investigated whether the level of core-fucosylation is 
regulated in vivo.

Antibodies against human platelet antigens (HPAs) can be formed in patients, sometimes 
accompanied by an anti-HLA response, after transfusion with incompatible platelets, or 
during pregnancy. Unlike anti-HLA antibodies, HPA-specific antibodies cross the placenta 
and play a role in fetal-maternal alloimmune thrombocytopenia (FMAIT). FMAIT occurs 
in approximately 1 in 1200 live births, causing mild to disabilitating or life threatening 
fetal/neonatal thrombocytopenia due to intra-cranial-hemorrhage or other hemorrhagic 
complications.26-28 In this study, we compared IgG1 Fc-glycosylation features including core-
fucosylation, galactosylation, sialylation, and the incidence of bisecting N-acetylglucosamine 
for both total serum IgG1 and antigen-specific IgG1 formed against platelets during 
pregnancy or after platelet transfusion. We observed that clinically relevant anti-platelet IgG1 
antibodies were markedly skewed towards decreased core-fucosylation as well as increased 
galactosylation and sialylation compared to total serum IgG1. These data strongly suggest the 
biological activity of pathogenic IgG to be regulated in humans via Fc glycosylation.
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Methods

Characterization of serum alloantibodies 
The characterization of the platelet specific antibodies was investigated in the Monoclonal 
Antibody Immobilization of Platelet Antigens assay (MAIPA) performed according to Kiefel 
and colleagues.29

Isolation of anti-human platelet antigen alloantibodies 
Platelets of known human platelet antigen (HPA) specificity were isolated from peripheral 
blood using platelet-rich plasma, obtained after centrifugation, and brought to a final 
concentration of 1*108/ml. 500 µl were centrifuged and the supernatant was replaced with 
500 µl of patient anti-HPA serum. Platelets were resuspended followed by incubation for 
30 minutes at room temperature. Platelets were subsequently washed 3 times in phosphate-
buffered saline (PBS) containing EDTA and 0.1% BSA. Bound antibodies were then eluted 
from the platelets by incubation with 250 µl of citrate-phosphate acidic buffer of pH 2.8 (76 mM 
citrate, 93 mM NaCl, 7 mM Na2HPO4, 7 mM NaH2PO4) for 7 minutes at room temperature. 
Antibodies were recovered from the supernatant after centrifugation of the platelets. The pH 
of the supernatant was neutralized by addition of 250 µl of basic TRIS-phosphate buffer (214 
mM TRIS, 22 mM Na2HPO4) and BSA was added to a final concentration of 1.6%.

IgG purification with Prot A beads 
Protein A-Sepharose beads (GE Healthcare, Eindhoven, The Netherlands) were washed three 
times with 10 volumes of PBS. Fifteen ml of beads per well were applied to a 96-well filter plate 
(Multiscreen Solvinert, .45 mm pore-size low-binding hydrophilic PTFE; Millipore, Billerica, 
MA). Two ml of serum or 100 ml of eluates from the anti-HPA alloantibody purification were 
applied per well. Each series of samples was accompanied by a standard serum from a healthy 
control person. The volume of the samples was brought to 150 ml with PBS. The plate was 
sealed with tape and incubated on a shaker for 1 h. The beads were washed 5x with 200 ml PBS 
under vacuum (pressure reduction to approximately 900 mbar). After washing 2x with 200 ml 
water, immunoglobulins (IgG1, IgG2, and IgG4) were eluted with 100 ml of 100 mM formic 
acid into a V-bottom microtitration plate (Nunc, Roskilde, Denmark). Samples were dried by 
vacuum centrifugation. 

IgG digestion with trypsin
A 20 mg aliquot of trypsin (sequencing grade; Promega, Leiden, The Netherlands) was 
dissolved in 4 ml of 25 mM ammonium hydrogencarbonate. Within 1 min after preparation, 
40 ml of this mixture was added per well to the dried purified antibodies. Samples were shaken 
(1 min), incubated overnight at 37°C, and stored at -20°C until usage.
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Nano-LC-ESI-ion trap-MS
Prior to analysis, microtitration plates containing tryptic digests of IgG were subjected 
to centrifugation (10 min at 3000 g). 0.2 ml aliquots of trypsinized Protein A eluates 
(corresponding to IgG1, IgG2, and IgG4 from 10 nl of serum) and 2 ml aliquots of trypsinized 
samples obtained from anti-HPA alloantibody purification were applied to a reverse-phase 
column (C18 PepMap 100Å, 3 mm, 75 mm x 150 mm; Dionex/LC Packings, Amsterdam, 
the Netherlands) using an Ultimate nano-LC, a Famos autosampler, and a Switchos trap-
column system (Dionex/LC Packings). The column was equilibrated at room temperature 
with eluent A (0.1% formic acid in water and 0.4% acetonitrile) at a flow rate of 150 nL/min. 
After injection of the samples, a gradient was applied to 25% eluent B (95% acetonitrile, 5% 
water containing 0.1% formic acid) in 15 min and 70% eluent B at 25 min followed by an 
isocratic elution with 70% eluent B for 5 min. The eluate was monitored by UV absorption 
at 215 nm. The LC system was coupled via an online nanospray source to an Esquire HCT 
ultra ESI-IT-MS (Bruker Daltonics, Bremen, Germany) equipped with an electron transfer 
dissociation module (PTM Discovery SystemTM) and was operated in the positive ion mode. 
For electrospray (1100-1250 V), capillaries (360 mm OD, 20 mm ID with 10 mm opening) 
from New Objective (Cambridge, MA, USA) were used. The solvent was evaporated at 165°C 
employing a nitrogen stream of 7 L/min. Ions from m/z 600 to m/z 1800 were registered. 
When operated in the auto MS/MS mode, each MS scan was followed by the acquisition of 
MS/MS spectra of up to 3 of the most abundant ions in the MS spectrum. For glycosylation 
profiling, the mass spectrometer was used in the MS mode. For both the neutral and the 
acidic glycopeptides of each IgG subclass, average mass spectra were generated over a 1 min 
elution range. In order to check the reproducibility of the nano-LC-MS method, 4 of the 
8 eluate samples were re-analyzed after three months, giving almost identical results with 
standard deviation in the range of a few percent. Reproducibility of the nano-LC-MS method 
for the present analyses was, therefore, the same as determined earlier for this method.4;16

Results

Anti-platelet alloantibodies from eight patients with different types of anti-HPA alloantibodies 
(see Table 1) were affinity-isolated from donor sera using for antibody capturing fresh platelets 
expressing the corresponding HPA (Fig. 1). 

IgG was eluted from the platelets under acidic conditions and purified from the eluates 
using Protein A Sepharose beads, which bind human IgG1, IgG2, and IgG4 30. Total serum 
IgG1, IgG2, and IgG4 was also purified from the same patient sample using this method. 
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Figure 1 Schematic representation of anti-HPA IgG1 purification followed by mass spectrometric Fc 
glycosylation analysis at the glycopeptide level.

IgG eluted from the Prot A Sepharose beads was cleaved with trypsin. The resulting IgG 
(glyco-)peptides were analyzed by nano-LC-ESI-ion trap-MS(/MS), which allowed the 
determination of Fc glycosylation profiles of the anti-HPA alloantibodies. A dominant IgG1 
anti-platelet response was observed for these patients, and both total serum IgG1 and anti-
HPA specific IgG1 antibodies were analyzed in details for the eight patients (Table 1). 

Purified and trypsinized anti-platelet IgG1 alloantibodies of patient A characterized by the 
presence of HPA-1a antibodies were analyzed by LC-MS/MS as shown in Fig. 2. Tandem mass 
spectra were registered in the automatic mode, and obtained MS/MS data were searched for 
glycosylation marker ions (oxonium ions; B-ions) of composition Hex2HexNAc1 ([M+H]+ at 
m/z 528) and Hex1HexNAc1NeuNAc1 ([M+H]+ at m/z 657; Fig. 2). 
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Table 1 Sera included in this study.

Serum 
sample

Specificity anti-HPA 
antibodya

Clinical characteristics 

A Anti-HPA-1a FMAITb after first pregnancy, followed by rapid normalization. After second 
pregnancy again FMAIT, with unknown clinical symptoms.

B Anti-HPA-1a FMAIT with intracerebral hemorrhage and petechiae.
C Anti-HPA-1a Post transfusion purpura patient

D Anti-HPA-2a IgM anti HPA-2a and aspecific platelet-reactive IgG from patient with transfusion 
refractoriness (no increment after transfusion).

E Anti-HPA-3a Severe FMAIT (platelets < 10 x 109/L), no major bleeding. Treated with typed 
platelet transfusion. Earlier child was neurologically damaged because of an 
intracranial hemorrhage.

F Anti-HPA-3a FMAIT with petechiae, no major hemorrhage, treated with Intravenous 
immunoglobulin (IVIg). 

G Anti-HPA-5b FMAIT after second pregnancy, with purpera and hematoma over entire body, 
without intracerebral hemorrhage.

H Anti-HPA-5b FMAIT with petechiae, no major bleeding.

a The antibodies were specified in the Monoclonal Antibody Immobilization of Platelet Antigens assay (MAIPA).29

b Fetomaternal alloimmune thrombocytopenia; also called fetal or neonatal alloimmune thrombocytopenia 
(FNAIT).

The marker ion of m/z 528 high-lighted a group of glycopeptides with neutral N-glycan 
chains eluting at approximately 4.5 min (Fig. 2). The marker ions at m/z 366 and m/z 690 were 
likewise suitable to monitor glycopeptides with neutral N-glycan chains (not shown). Based 
on the tandem mass spectra, these glycopeptides were assigned to the IgG1 Fc part (peptide 
mass 1189.5 Da corresponding to tryptic IgG1 peptide E293EQYNSTYR301). The marker ion of 
m/z 657 high-lighted IgG1 Fc glycopeptides with acidic N-glycan chains (Fig. 2). 

Figure 2 Analysis of a tryptic digest of anti-HPA-1a alloantibodies of patient A by nano-LC-MS(/MS). 

Tryptic (glyco-)peptides of anti-HPA-1a alloantibodies were seperated by reverse phase-nano-LC-MS/MS with 
electrospray-ion trap-MS. Observed MS-signals were subjected to automatic MS/MS for glycopeptide identification 
and characterization. Extracted ion chromatograms (EIC) of m/z 528 and m/z 657 of the MS/MS data indicated 
the neutral IgG1 glycopeptides (N) and acidic IgG1 glycopeptides (A), respectively. BPC, base peak chromatogram.
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Figure 3 Fc glycosylation analysis of total serum IgG1 and anti-human platelet antigen (anti-HPA) IgG1 
from three individuals. 

Profiles were registered for total serum IgG1 (A, C, E) and for affinity-purified anti-HPA IgG1 alloantibodies (B, D, F) 
from patient A with anti-HPA-1a alloantibodies (A, B), patient D with anti-HPA-2a alloantibodies (C, D), and patient E 
with anti-HPA-3a alloantibodies (E, F), Mass spectrometric signals are shown for the triple protonated glycopeptides 
with neutral N-glycan chains (left panels) and acidic N-glycan chains (right panels). Signals representing a fucosylated 
glycoform are labeled with an orange triangle, whilst signals of non-corefucosylated glycoforms are labeled with 
a blue triangle. Square, N-acetylglucosamine; yellow circle, galactose; green circle, mannose; red triangle, fucose; 
purple diamond, sialic acid; pep, peptide moiety; *, non-glycopeptide signal or irrelevant adduct.

Figure starts on previous page (A-D) and is continued on this page (E-F).

The sum mass spectra of the total and anti-HPA-1a IgG1 Fc N-glycopeptides are shown in 
Fig. 3A and 3B, respectively. No glycopeptides were detected in a parallel experiment using 
a normal control serum, indicating that anti-platelet alloantibodies were specifically purified 
and detected using this method.

Interestingly, the affinity-purified anti-platelet alloantibodies showed prominent peaks 
for non-core-fucosylated glycoforms (indicated by blue triangles; Fig. 3B), whilst analysis 
of the total serum IgG1 from the same patient revealed a normal Fc glycosylation pattern 
with predominantly core-fucosylated N-glycans (indicated by orange triangles; Fig. 3A). 
Tandem mass spectrometry confirmed the correct assignment of a non-fucosylated, 
monogalactosylated biantennary N-glycan and a non-fucosylated, a-galacto biantennary 
N-glycan to the peaks detected at m/z 884.1 and m/z 830.1, respectively (Fig. 3B). 
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Figure 4 Tandem mass spectrometric analysis of two non-core-fucosylated tryptic glycopeptides from 
anti-HPA-1a patient A. 

Double protonated tryptic glycopeptides observed at (A) m/z 1325.6 (corresponding to the triple charged species at 
m/z 884.1 in Fig. 3B) and (B) m/z 1244.5 (corresponding to the triple charged species at m/z 830.1 in Fig. 3B) in the 
anti-HPA-1a sample (Fig. 3B) were analyzed by tandem mass spectrometry using collision-induced fragmentation, 
which confirmed the IgG1 origin of the glycopeptides (characteristic peptide mass of m/z 1189.5) as well as the 
lack of core-fucosylation. Peaks connected by double-headed arrows differ in composition by one hexose residue. 

The major signal of both tandem mass spectra was observed at m/z 1392.7 and corresponded 
to the peptide moiety retaining a single N-acetylglucosamine (Fig. 4), which is the result of 
the preferred chitobiose cleavage in glycopeptide MS/MS analysis.30 

Additional signals at m/z 1595.7 and m/z 1757.8 revealed the chitobiose core structure 
carrying the b-linked mannose. No fucosylated counterparts of these ions were observed 
which is in accordance with the lack of core-fucose on these glycoforms of anti-HPA-1a IgG1. 
The relative expression levels of the 14 detected glycoforms are summarized in Fig. 5 for 
patient A. 

The data are represented in a more concise manner in Fig. 6A, where the relative incidences 
for six structural features are summarized for total and platelet-specific IgG1. The most 
marked differences were found for the core-fucosylation as only 8% of the glycoforms of total 
IgG1 missed the core-fucose, while this number increased to 58% for the anti-platelet IgG1. 
Moreover, the incidence of bisecting GlcNAc was lower while the degree of galactosylation 
was higher for the specific IgG1 compared to total IgG1. Notably, the degree of Fc N-glycan 
sialylation was almost identical for the two IgG1 populations in this patient.
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Figure 5 Relative expression levels of glycoforms of IgG1 from total serum and anti-platelet IgG1 of 
patient A. 

Relative intensities are given for the triple-charged ions of the various glycoforms (Fig. 3A and B).

Next, we analyzed IgG1 profiles of two other patients with anti-HPA-1a antibodies were 
analyzed (Fig. 6B, C; Table 1). Similar to patient A, the latter two patients (6B, and 6C) showed 
a higher degree of non-core-fucosylated Fc N-glycans for the IgG1 eluted from platelets 
compared to total serum IgG1. Notably, regarding the degree of galactosylation, the eluted 
IgG1 did not differ from total serum IgG1 for patients B and C, in contrast to patient A. 
Moreover, the incidences of bisecting GlcNAc and sialic acid were similar for the two IgG1 
samples.

Unlike the other patients, patient D was found to have anti-HPA-2a IgM alloantibodies and 
anti-platelet IgG of unknown specificity (Table 1). We observed a pronounced difference in 
the degree of galactosylation between total and platelet specific IgG1 for this patient (Fig. 3C 
and D, Fig. 6D). 

The markedly elevated galactose levels for the platelet IgG1 was also significantly associated 
with a high incidence of sialic acid (p=0.009). Core-fucosylation was very high in both 
specific and total IgG1. Moreover, the incidence of bisecting N-acetylglucosamine seemed to 
be slightly higher in specific than in total IgG1.

For patients E and F, both with anti-HPA-3a alloantibodies, galactosylation as well as 
sialylation was higher in specific IgG1 than in total IgG1 (Fig. 3 E and F; Fig. 6E and F). 
Regarding the degree of core-fucosylation, however, the two sera differed markedly from each 
other: for patient E, but not for patient F, specific IgG1 showed a much higher incidence of 
non-core-fucosylated Fc N-glycans than total IgG1.

Finally two sera from patients G and H with anti-HPA-5b alloantibodies were analyzed for 
total IgG1 and platelet-specific IgG1 alloantibodies (Fig. 6 G and H). Both patients showed 
only minor differences between total and specific IgG1 in the incidence of bisecting GlcNAc, 
galactosylation, and sialylation. The incidence of non-core-fucosylated IgG1 Fc N-glycans, 
however, was markedly increased in specific IgG1 compared to total IgG1.
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Figure 6 Relative expression levels of glycoforms with specific structural features for both total and 
antigen-specific IgG1 from eight different patients. 

Results for patients A to H are given in panels A to H, respectively. Signals of glycoforms which share specific 
structural features were added as indicated in Fig. 5.

In summary, Fc glycosylation of IgG1 alloantibodies was analyzed for eight different patients 
with anti-HPA-1a (3 patients), anti-HPA-2a (1 patient), anti-HPA-3a (2 patients) and 
anti-HPA-5a (2 patients). Specific differences were observed between the platelet specific 
alloantibodies and the total serum IgG1 in the degree of N-glycan galactosylation, sialylation, 
and core-fucosylation: one of the sera (patient E) showed both a lower incidence of core-
fucosylation and a higher incidence of galactosylation and sialylation for anti-HPA IgG1 than 
for total IgG1. Another serum (patient A) showed a lower incidence of core-fucose as well 
as a higher degree of galactosylation for specific compared to total IgG1. Four sera (patients 
B, C, G, and H) showed a lower incidence of core-fucose but no or only small differences in 
galactosylation and sialylation for specific compared to total IgG1. Two sera showed a higher 
incidence of galactosylation and sialylation of specific IgG1 compared to total IgG1, whilst the 
degree of fucosylation remained unchanged. Moreover, some differences in the incidence of 
bisecting GlcNAc were observed between total and specific IgG1.
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Discussion

Here, we describe differences in IgG Fc-glycosylation, i.e. core-fucosylation, galactosylation 
and sialylation, between total serum IgG and affinity-purified alloantibody subpopulations. 
Most of these differences were pronounced and could be measured unequivocally using the 
nano-LC-MS method which had a good precision with low relative standard deviations (data 
not shown), which is in accordance with previous observations.4;16

Only recently, Mehta et al. described a low degree of Fc galactosylation for anti-Gal IgG in 
Hepatitis C Virus infected individuals with fibrosis and cirrhosis.31 The IgG1 alloantibodies 
studied by us, in contrast, exhibited a higher degree of galactosylation than total serum 
IgG1, and/or a lowered degree of core-fucosylation. In combination, these data show that 
Fc glycosylation may differ significantly between IgG produced in different B cells within a 
single individual. Although the total serum IgG glycosylation pattern was remarkably similar 
between patients, the antigen specific-IgG profiles proved markedly different. It remains to be 
seen whether this was due to individual differences, the nature of the antigen or the nature or 
phase of the immune response.

Interestingly, our data indicate that antenna galactosylation and sialylation might be 
modulated in a concerted way: the alloantibodies of patients D, E, and F did show a high degree 
of galactosylation as well as sialylation. Regarding the underlying biosynthetic regulation 
in antibody-producing B-cells, increased galactosylation and sialylation are possibly both 
caused by a higher expression of b4-galactosyltransferases: the more efficient galactosylation 
may then result in a higher degree of sialylation, even without higher expression of the 
sialyltransferases, merely based on the higher level of available acceptor structures. In 
accordance with this we observed increased galactosylation to be positively correlated with 
similar increment in sialylation. In contrast to the possibly indirect modulation of antibody 
Fc-sialylation as observed in this study, the selective down-regulation of terminal sialic acid 
has been described for murine IgG on antigenic challenge, without significant changes in 
antibody galactosylation.18;32

In contrast to the seemingly concerted changes in galactosylation and sialylation, we 
observed the core-fucosylation of the IgG to be independently regulated. The low degree of 
core-fucosylation of IgG1 alloantibodies of 6 of the 8 patients (A, B, C, E, G, H) may be 
caused by a down-regulation of the corresponding fucosyltransferase in B cells. Hence, 
the glycosylation machinery of B-cells seems to be highly regulated, yet the regulatory 
mechanisms, including the possible influence of other immunological factors and immune 
cells, still need to be unraveled.

The low degree of Fc core-fucosylation of the IgG1 alloantibodies has some functional 
and clinical implications as the lack of core fucose has been shown to result in a strikingly 
increased affinity for FcγR and ADCC efficacy.20;24 The anti-platelet IgG1 antibodies of patient 
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A, which lack core fucose on the majority of their Fc N-glycans, are therefore predicted 
to exhibit a stronger binding to cellular FcγR as well as ADCC activity. These anti-platelet 
antibodies are profoundly different from that of alloantibodies with a high degree of core-
fucosylation (e. g. patients D, and F). 

In summary, we document that glycosylation of human IgG appears to be highly regulated 
during (allotypic) immune responses. Fc glycosylation and in particular the degree of core-
fucosylation represent important immunological parameter which may have a profound 
influence on disease severity and prognosis. Studies in well defined large patient cohorts will 
have to be performed to investigate such correlations in more details. Moreover, future studies 
may aim to modulate IgG core-fucosylation in human immune responses: enhanced effector 
functions (low core-fucosylation) may be desired when fighting infectious diseases, while a 
decrease in effector functions (elevated core-fucosylation) should minimize complications in 
allo- and autoimmune diseases. 
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Key points

1.	 Antibodies	causing	fetal	or	neonatal	alloimmune	thrombocytopenias	have	decreased	Fc-
fucosylation,	unlike	in	refractory	thrombocytopenia

2.	 Decreased	Fc-fucose	increases	affinity	to	FcγRIIIa/b,	enhances	platelet-phagocytosis	and	
correlates	with	increased	disease	severity

Abstract 

Immunoglobulin G (IgG) formed during pregnancy against human platelet antigens (HPA) 
of the fetus mediates fetal or neonatal alloimmune thrombocytopenia (FNAIT). As antibody 
titer or isotype does not strictly correlate with disease severity, we investigated by mass 
spectrometry variations in the glycosylation at Asn297 in the IgG-Fc, as the composition of 
this glycan can be highly variable, affecting binding to phagocyte IgG-Fc receptors (FcγR). 
We found markedly decreased levels of core fucosylation of anti-HPA-1a-specific IgG1 from 
FNAIT patients (n=48), but not in total serum IgG1. Antibodies with low amount of fucose 
displayed higher binding affinity to FcγRIIIa and FcγRIIIb, but not to FcγRIIa, compared with 
antibodies with high amount of Fc-fucose. Consequently, these antibodies with low amount 
of Fc-fucose showed enhanced phagocytosis of platelets using FcγRIIIb+ PMN or FcγRIIIa+ 
monocytes as effector cells, but not with FcγRIIIa- monocytes. In addition, the degree of anti-
HPA-1a fucosylation correlated positively with the neonatal platelet counts in FNAIT, and 
negatively to the clinical disease severity. In contrast to the FNAIT patients, no changes in core 
fucosylation were observed for anti-HLA antibodies in refractory thrombocytopenia (RT, 
post-platelet transfusion), indicating that the level of fucosylation may be antigen dependent 
and/or related to the immune milieu defined by pregnancy.
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Introduction

Fetal or neonatal alloimmune thrombocytopenia (FNAIT) is a potentially life-threatening 
disease where the fetal platelets are targeted by maternal anti-platelet IgG alloantibodies 
crossing the placenta. This leads to FcγR-mediated uptake by phagocytes in the fetal 
spleen and liver, finally resulting in thrombocytopenia.1 Clinical outcome may differ from 
asymptomatic, to petechiae, or intracerebral hemorrhage. The strength of the interaction 
between IgG and FcγR depends on several factors, including the IgG subclass formed during 
the immune response, their relative affinity to FcγRs, the expression levels of FcγR allotypes, 
FcγR copy number variation, cytokines (influencing the expression of FcγR) but also the IgG 
Fc glycosylation pattern.2 

IgG antibodies are glycoproteins containing a branched sugar moiety attached to the 
asparagine (Asn)297 residue in the Fc part. This glycan is essential for the maintenance of 
a functional structure and for binding of IgG with FcγR.3-5 In addition, the Asn297-linked 
glycans are substituted with variable amounts of galactose, sialic acid and may additionally 
carry a bisecting N-acetylglucosamine (GlcNAc) and core fucose. Variation in this composition 
influences antibody affinity to FcγR and thus antibody effector activity. IgG galactosylation 
has been found to be decreased in several inflammatory diseases (primary osteoarthritis, 
rheumatoid arthritis, tuberculosis)6;7 as well as in ovarian cancer.8 Interestingly, increase 
in galactosylation correlates with remission of arthritis in pregnant rheumatoid arthritis 
patients.7;9;10 The degree of IgG galactosylation has been shown to depend on age and gender, 
as IgG-galactosylation is higher in females at young age, and decreases for both males and 
females with increasing age.11;12 In addition, an increase for total IgG-galactosylation has been 
observed in pregnancy.7;9;10;13 Recently, an anti-inflammatory activity of immune complexes 
containing highly Fc-galactosylated mouse IgG1 was reported to enhance the association of 
FcγRIIb with dectin-1.14 

Changes related to age, gender and pregnancy have also been described for IgG sialylation. 
Sialylation slightly reduces the affinity of IgG to FcγRs, but enhances the binding to Dendritic 
Cell-Specific Intercellular adhesion molecule-3-Grabbing Non-integrin (DC-SIGN), thereby 
leading to an anti-inflammatory response due to increased expression of the inhibitory 
FcγRIIb.15;16 17

Importantly, a lack of core fucose has been demonstrated to result in a stronger binding 
affinity to FcγRIIIa and FcγRIIIb, due to glycan-glycan interactions between Asn162 found 
only in FcγRIII and Asn297 in IgG1.18,5;19 Curiously, although non-fucosylated antibodies 
clearly enhance the binding to FcγRIIIa and FcγRIIIb, this only results in enhanced antibody 
dependent cellular cytotoxicity (ADCC) on mononuclear cells through FcγRIIIa,3,20-24 but not 
through the GPI linked FcγRIIIb on polymorphonuclear (PMN) cells.18;25 The therapeutic 
anti-cancer potential of antibodies with decreased fucosylation however, has been well 
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recognized and their power is currently being harnessed in clinical trials.18;20-24;26-30

In Caucasians, the main antibodies causing FNAIT are the anti-human platelet antigen 
(HPA)-1a antibodies, found in about 85% of the cases and in approximately 1:1500 
pregnancies.31-33 The HPA-1a epitope resides in the GPIIIa protein of the GPIIb/IIIa complex, 
and is missing in individuals with a single nucleotide polymorphism (SNP) resulting in a L 
to P change at position 33 in the mature protein.31 In a previous study we reported a reduced 
fucosylation, an increased galactosylation and sialylation of various anti-platelet IgG1 for a 
small series of FNAIT sera (including two samples with anti-HPA-1a antibodies).32 We now 
expand this to a cohort of 48 FNAIT anti-HPA-1a samples. Furthermore, we compare the 
glycosylation of IgG formed during immune responses against platelets in pregnancy to that 
of IgG formed against HLA after platelet transfusion or pregnancies. Our main findings 
show that Fc-fucosylation is decreased in FNAIT, but not in refractory thrombocytopenia 
(RT), based on Fc-analysis of anti-HPA-1a antibodies as well as anti-HLA class I antibodies, 
respectively, indicating that Fc-fucosylation is regulated. Decreased Fc-fucosylation increased 
the IgG affinity to FcγRIIIa and FcγRIIIb and also increased platelet-phagocytosis by both 
monocytes and neutrophils, a key process in the pathogenesis of FNAIT.

Methods

Patient samples 
Anti-HPA-1a platelet alloantibodies were diagnosed at Sanquin, Amsterdam, Netherlands 
(n=39), at University Hospital North Norway, Tromsø, Norway (n=5) and at NHSBT, Bristol, 
UK (n=4), from maternal FNAIT sera using a monoclonal antibody immobilization of platelet 
antigens assay (MAIPA), performed as described by Kiefel et al.33 The HLA-class I antibodies 
were all diagnosed at Sanquin, Amsterdam, Netherlands (n=13) and detected in serum from 
RT-patients (refractory for platelet transfusions), using the Lifescreen Luminex HLA-class I 
antibody screening method.34 Patient characteristics for all samples included in the study are 
listed in Supplementary Table 1. 

Purification of anti-platelet antibodies from sera 
HPA-1a-specific alloantibodies were purified in a similar way as we described previously32, 
but now instead of eluting from platelets, we increased the specificity by eluting the antibodies 
with formic acid from antigen-coated plates (PAK12, Immucor GTI Diagnostics, Waukesha, 
WI, USA). Same plates were used for purification of anti-HLA class I antibodies. Further 
details are described in the Supplementary methods.
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Mass spectrometric IgG Fc glycosylation analysis
Nano liquid chromatography-tandem mass spectrometry (LC-MS/MS) was performed as 
described in the Supplementary methods. 

Production of recombinant anti-TNP IgG1 antibodies with low and high amounts of  
Fc-fucose
The variable regions of the heavy and light chains (VH, VL) of the mouse IgG1 anti-2,4,6-
trinitrophenol (TNP) hapten antibodies were cloned onto human IgG1 or kappa backbone, 
respectively, as described previously,35 and produced in the HEK-293F FreeStyle cell line 
expression system (Life technologies, Paisley, UK), but now in the presence or absence of 
2-deoxy-2-fluoro-L-fucose (2F; Carbosynth, Compton, Berkshire, UK), to control the level 
of fucosylation.36 Antibodies were purified on a protein A (WT IgG1) HiTrap HP column 
(GE Healthcare Life Sciences, Little Chalfont, UK) using the Acta Prime Plus system (GE 
Healthcare Life Sciences) and dialyzed against PBS overnight. IgG-Fc glycosylation was 
determined by mass spectrometry.

Surface Plasmon Resonance (SPR)
Surface Plasmon Resonance (SPR) measurements were performed with the Biacore 3000 
system (Biacore AB, Breda, The Netherlands) at 25°C. Anti-Histidine antibody (GE 
Healthcare, The Netherlands), 25 μg/ml in sodium acetate buffer pH 4.5 (GE Healthcare), was 
coupled covalently to a CM5 chip (GE Healthcare) following activation with 1-ethyl-3-(3-
dimethylaminopropyl)-carbodiimide (EDC, Sigma-Aldrich, Zwijndrecht, The Netherlands) 
0.4 M in water and N-hydroxysuccinimide (NHS, Sigma-Aldrich) 0.1 M. To measure binding 
of monoclonal IgG to FcγRs, 20 ng human recombinant polyHisTag FcγRIIa or 10 ng human 
recombinant polyHisTag FcγRIIIa (Novoprotein, NJ USA) or 5 ng human recombinant 
polyHisTag FcγRIIIb (NA2, Sino Biologicals Inc., China), diluted in 0.01 M HEPES pH 7.4, 
0.15 M NaCl, 3 mM EDTA, 0.005% v/v Surfactant P20 (HBS-EP buffer, GE Healthcare), was 
injected followed by the injection of anti-TNP IgG at different concentration. Further details 
are described in the supplemental methods. 

Cell isolations, TNP-haptenization, labeling and antibody opsonization
Human platelets, PMN and monocytes were isolated freshly, and platelets were haptenized 
with TNP, as described in the supplemental methods.

Hereafter, platelets were labeled with pHrodo by resuspending a platelet pellet in 0.23 
mM pHrodo succinimidyl ester (100 μl/10

8
 platelets) (Invitrogen, Molecular Probes, Eugene, 

Oregon, USA), in 100 ng/mL Prostaglandin E1 (PGE1), for 45 minutes in the dark at room 
temperature. Then, the platelets were washed twice and re-suspended in PBS/EDTA/PGE1 at 
10

8 
platelets/ml.



107

5

A prominent lack of IgG1-Fc fucosylation of platelet-alloantibodies in pregnancy | 

The haptenized and pHrodo-labeled platelets were opsonized by resuspending a pellet of 
platelets with 100 µl of 10 µg/ml anti-TNP antibody low/high fucose or isotype antibody for 
every 10

8
 platelets, and subsequent incubation for 30 minutes at room temperature. Hereafter 

platelets were washed twice with PBS/BSA and resuspended at 108/ml in Normal Human 
Serum (NHS). 

Similarly, unhaptenized and pHrodo-labeled platelets were opsonized by resuspending a 
pellet of platelets with 100 µl FNAIT-anti-HPA-1a serum diluted to 35 Arbritrary units (AU) 
of anti-HPA-1a antibody (using a human anti-HPA-1a standard, 100 AU, NIBSC code: 03/152, 
Hertfordshire, UK), for every 10

8
 platelets. NHS was used as isotype control. Hereafter, the 

platelets were incubated for 30 minutes at room temperature, washed twice with PBS and 
resuspended at 108/ml in NHS.

Platelet-phagocytosis using anti-TNP antibodies or FNAIT-anti-HPA-1a sera
Phagocytosis was carried out using freshly isolated human PMN or CD16+/CD16- (FcγRIIIa+/ 
FcγRIIIa-) sorted peripheral monocytes (effector cells). Equal volumes of 2.0*106/ml effector 
cells and 1.0*108/ml opsonized platelets were mixed in a total volume of 100 µl in 1.4 ml 
U-bottom tubes (Micronic, Lelystad, The Netherlands), for 20 minutes in a shaking incubator 
at 37°C. After the reaction, the cells were kept on ice and washed in cold PBS. Samples were 
measured with a flow cytometer (LSRII, BD Bioscience, San Jose, CA, USA) and analyzed for 
colored events using FacsDIVA software (BD Bioscience, San Jose, CA, USA). Phagocytosis 
data was eventually compared to the degree of Fc-fucosylation as determined by mass 
spectrometry, as described previously.

Results 

Fc-glycosylation of anti-HPA-1a antibodies formed in FNAIT 
Total IgG and anti-HPA-1a antibodies were purified from 48 maternal anti-HPA-1a-FNAIT 
sera by affinity absorption and elution on HPA-1a containing immunosorbent plates, 
subjected to tryptic digestion, and the resulting IgG1 Asn297-Fc glycopeptides analyzed by 
mass spectrometry. No IgG-Fc glycopeptides were detected when NHS (without anti-HPA-
1a antibodies) was subjected to the anti-HPA-1a purification procedure (data not shown). 
Likewise, no IgG glycopeptides were detected when anti-HPA-1a FNAIT sera were applied 
to immunosorbent matrixes containing irrelevant antigens. Together, these experiments 
demonstrate the specificity of the anti-HPA-1a IgG1 purification procedure. A total of 14 
different IgG1 Fc glycopeptides were monitored (Table 1). 
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Table 1 Theoretical mass-to-charge ratios (m/z) of human IgG1 Fc glycopeptides detected by nano-
liquid chromatography–electrospray ionization-mass spectrometry (LC-ESI-MS). 

Glycan species Structural Scheme Theoretical glycopeptide m/z

G0    830.00

G0F   878.69

G1  884.02

G1F   932.71

G2   938.04

G0FN   946.38

G2F   986.72

G1FN   1000.40

G2FN   1054.42

G1FS   1029.74

G2S  1035.07

G2FS   1083.75

G1FNS   1097.43

G2FNS   1151.45

The observed tryptic IgG 1 Fc glycopeptides have a common peptide moiety (p) of E293EQYNSTYR301 (SwissProt entry 
number P01857). The m/z values of the triple protonated species are given. Glycan structural features are given in 
terms of number of galactoses (G0, G1, G2), fucose (F), bisecting N-acetylglucosamine (N), and N-acetylneuraminic 
acid, sialic acid (S). Blue square, N-acetylglucosamine; green circle, mannose; yellow circle, galactose; purple 
diamond, N-acetylneuraminic acid (sialic acid); red triangle, fucose.

For some patients, only small differences in glycosylation profiles of total IgG1 and anti-
HPA-1a IgG1 were observed (example of full glycoprofiles in Fig. 1A and B), while marked 
differences were observed for others (example in Fig. 1C and D): For total IgG1, the Fc 
glycosylation profile were always dominated by fucosylated glycan structures (G0F, G1F, G2F 
and G2FS; Fig. 1 A,C), while the major glycoforms registered for anti-HPA-1a IgG1, often 
(Fig. 1D), but not always (Fig. 1B), lacked core fucose (G1, G2 and G2S;).
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Figure 1 Mass spectrometric analysis of Fc glycopeptides of total IgG1 and anti-HPA-1a IgG1 from two 
pregnant women. 

One person showed high degrees of fucosylation for total IgG1 (97%; A) and anti-HPA-1a IgG1 (86%; B). The other 
also showed a high degree of fucosylation for total IgG1 (86%; C), yet a low degree of fucosylation for anti-HPA-
1a IgG1 (9%; D). Major fucosylated glycoforms are labeled in red, and non-fucosylated glycoforms are labeled in 
blue or unlabeled. Blue square, N-acetylglucosamine; red triangle, fucose; green circle, mannose; yellow circle, 
galactose; purple diamond, N-acetylneuraminic acid; pep, peptide moiety; asterisk, contaminant. Triple protonated 
glycopeptide signals were observed throughout. For the assignment of the glycopeptides signals see Table 1. The 
level of galactosylation, sialylation, bisection (bisecting N-acetylglucosamine) and fucosylation were calculated 
according to the following formulas: Galactosylation = (G1F + G1FN + G1FS + G1FNS + G1) * 0.5 + G2F + G2FN + 
G2FS + G2FNS + G2 + G2S. Agalactosylated structures = G0F +G0FN +G0. Digalactosylated structures = G2F + G2FN 
+ G2FS + G2FNS + G2 + G2S. Sialylation = G1FS + G2FS + G1FNS + G2FNS + G2S. Bisection = G0FN + G1FN + G2FN + 
G1FNS + G2FNS. Fucosylation = G0F + G1F + G2F + G0FN + G1FN + G2FN + G1FS + G2FS.

antibodies in HEK-293F FreeStyle cells in the absence or presence
of 2F, which has recently been described to deplete the level of
guanosine diphosphate fucose, the substrate of fucosyltransferases,
and thereby prevent fucose incorporation into proteins.36 In agree-
ment with those results, addition of 100, 200, and 400 mM resulted
in a dramatic reduction of core fucose incorporation into IgG,

dropping from 76% fucosylation to 14%, 8%, and 6%, respectively
(supplemental Figure 4). For the following experiments, the 76%
fucosylated sample was used as anti-TNP high fucose, and the 6%
fucosylated sample was used as anti-TNP low fucose. In accordance
with the unique presence of Asn162 in the human FcgRIII family,
required for glycan-glycan interaction of IgG and FcgR,5we observed

Figure 1. Mass spectrometric analysis of Fc glycopeptides of total IgG1 and anti-HPA-1a IgG1 from 2 pregnant women. One person showed high degrees of fucosylation

for total IgG1 (97%;A) and anti-HPA-1a IgG1 (86%;B). The other also showed a high degree of fucosylation for total IgG1 (86%; C), yet a lowdegree of fucosylation for anti-HPA-1a

IgG1 (9%; D). Major fucosylated glycoforms are labeled in red, and nonfucosylated glycoforms are labeled in blue or are unlabeled. Blue square indicatesN-acetylglucosamine; red

triangle, fucose; green circle, mannose; yellow circle, galactose; purple diamond, N-acetylneuraminic acid; pep, peptide moiety; and asterisk, contaminant. Triple-protonated

glycopeptide signals were observed throughout. For the assignment of the glycopeptides signals, see Table 1. The level of galactosylation, sialylation, bisection (bisecting

N-acetylglucosamine), and fucosylation were calculated according to the following formulas: Galactosylation5 (G1F1G1FN1G1FS1G1FNS1G1)3 0.51G2F1G2FN1

G2FS1G2FNS1G21G2S. Agalactosylated structures5G0F1G0FN1G0.Digalactosylated structures5G2F1G2FN1G2FS1G2FNS1G21G2S.Sialylation5G1FS1

G2FS1G1FNS1G2FNS1 G2S. Bisection5 G0FN1G1FN1G2FN1G1FNS1G2FNS. Fucosylation5 G0F1 G1F1G2F1G0FN1G1FN1G2FN1G1FS1G2FS.
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Systematic analysis of the Fc-glycosylation with regard to galactosylation, sialylation, 
presence of bisecting GlcNAc (bisection) and fucosylation, comparing the glycosylation 
of total IgG1 with that of anti-HPA-1a IgG1 in a pair-wise manner, revealed a slight but 
significant increase in the levels of Fc galactosylation (Fig. 2A). Similar, but less pronounced 
increases were observed for Fc-sialylation (Fig. 2B). As expected the level of sialylation 
correlated significantly with the level of galactosylation for both total IgG and specific HPA-1a 
antibodies (Supplementary Fig. 1), as the galactosylated structures form the substrate for the 
sialyltransferase (See Table 1, Fig.1). No significant differences were observed for the bisecting 
GlcNAc content of anti-HPA-1a antibodies compared to total serum IgG1 (Fig. 2C). However, 
while total IgG1 contained normal level of core fucose at Asn297, the majority of anti-HPA-1a 
antibody samples showed an overrepresentation of IgG1 without fucose (Fig. 2D). 

Figure 2 Anti-HPA-1a antibodies in FNAIT display a pronounced lowering of 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 48 FNAIT-anti-HPA-1a serum samples (A-D)., Serum populations were analyzed for Fc-galactosylation 
(A), sialylation (B), bisection (C) and fucosylation (D). The statistical outcome between two-tailed paired t-test 
analysis of total IgG1 Vs specific antibodies is listed in each panel. The diagonal, dotted line represents the equal 
ratio between total IgG1 and the specific antibody.
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Maternal IgG samples were taken within a time range of weeks to years after delivery. But also 
samples that were taken a prolonged period after delivery (N=7), still demonstrated a lowered 
degree of anti-HPA-1a fucosylation (specific IgG1 fucosylation minus total IgG1 fucosylation, 
Fig. 3).

Figure 3 FNAIT-anti-HPA-1a antibodies with decreased fucosylation are present years after delivery. 

The degree of anti-HPA-1a-Fc-fucosylation (specific IgG1 fucosylation minus total IgG1 fucosylation) is plotted 
against the time after delivery, for seven anti-HPA-1a FNAIT samples (period of 6 weeks to 7 years post-delivery). 

We hypothesized that this skewing in the IgG response against platelets in FNAIT patients may 
also affect other glycosylation features than fucosylation. We therefore investigated whether 
the degree of anti-HPA-1a fucosylation correlates with the degree of bisection, galactosylation 
and sialylation. We observed a weak but significant positive correlation between anti-HPA-
1a fucosylation and bisection (R2: 0.112) and a negative correlation between anti-HPA-1a 
fucosylation and galactosylation (R2: 0.200), while there was no significant correlation 
between anti-HPA-1a fucosylation and sialylation (Supplementary Fig. 2).

Fc-glycosylation of anti-HLA-antibodies 
To investigate whether the skewing of glycosylation seen in anti-platelet responses during 
pregnancies was due to a general anti-platelet response, or due to anti-HPA-1a related 
response in pregnancy, we also investigated the IgG responses formed against platelets in 
sera of 13 RT-patients (lack of adequate post-transfusion platelet-count increments, in which 
anti-HLA antibodies are frequently implicated). Similar to the anti-platelet responses in 
FNAIT, we found the anti-HLA Fc galactosylation in RT to be increased compared to total 
serum IgG1 levels (Fig. 4A). Unlike the FNAIT samples, no specific increases were observed 
for Fc sialylation (Fig. 4B), and the bisecting GlcNAc content of the anti-HLA antibodies 
was significantly decreased (Fig. 4C). Also, in contrast to the Fc-fucosylation of anti-HPA-
1a antibodies, the anti-HLA Fc-fucosylation did not show any changes compared to total 
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serum IgG1 (Fig. 4D). In addition, we investigated a FNAIT-anti-HPA-1a sample, which 
also contained anti-HLA antibodies. The anti-HPA-1a antibodies displayed a markedly 
lowered degree of fucosylation (43% as compared to 94% for total IgG1), while the anti-HLA 
antibodies from the same sample were not skewed in fucosylation (87%; Supplemental fig. 3).

Figure 4 Anti-HLA antibodies in RT do not display a pronounced lowering of 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 13 RT-anti-HLA class I serum samples (A-D). Serum populations were analyzed for Fc-galactosylation (A), 
sialylation (B), bisection (C) and fucosylation (D). The statistical outcome between two-tailed paired t-test analysis 
of total IgG1 vs specific antibodies is listed in each panel. The diagonal, dotted line represents the equal ratio 
between total IgG1 and the specific antibody.

IgG with low Fc-fucose have increased binding affinity to FcγRIIIa and FcγRIIIb
To test the biological influence of the lowered Fc-fucosylation of IgG antibodies in the clearance 
of platelets, we produced TNP-specific antibodies in HEK 293 Freestyle cells in the absence 
or presence of 2-Fluoro-fucose (2F). 2F has recently been described to deplete the level of 
GDP-fucose, the substrate of fucosyltransferases, and thereby prevent fucose incorporation 
into proteins.36 In agreement with those results, addition of 100, 200 and 400 µM resulted in 
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a dramatic reduction of core fucose incorporation into IgG, dropping from 76% fucosylation 
to 14%, 8% and 6%, respectively (Supplementary fig. 4). For following experiments the 76% 
fucosylated sample was used as anti-TNP high fucose, and the 6% fucosylated sample was 
used as anti-TNP low fucose. In accordance with the unique presence of Asn-162 in the 
human FcγRIII family, required for glycan-glycan interaction of IgG and FcγR,5 we observed 
that the lack of core fucosylation dramatically increased the binding affinity to FcγRIIIa and 
FcγRIIIb but not FcγRIIa (Table 2).

Table 2 Decrease Kd values for anti-TNP low fucose antibodies compared to anti-TNP high fucose 
antibodies with respect to FcγRIIIa and FcγRIIIb, but not for FcγRIIa. 

FcγRIIIa (Kd, µM) ± SD FcγRIIIb (Kd, µM) ± SD   FcγRIIa (Kd, µM)± SD   

Anti-TNP high fucose 0.12 ± 0.01 0.58 ± 0.11 0.22 ± 0.11

Anti-TNP low fucose 0.05 ± 0.02 0.08 ± 0.00 0.20 ± 0.08

Paired t-test anti-TNP high 
fucose Vs anti-TNP low fucose

0.001, *** 0.008, ** 0.2252, NS

SPR-analyses of anti-TNP antibodies with high fucose versus anti-TNP antibodies with low fucose, interacting with 
FcγRIIIa (n=3), FcγRIIIb (n=3), and FcγRIIa (n=4). Kd values (µM): the constant rate of dissociation of antibody from 
the receptors at equilibrium state, with standard deviation (SD) are shown. One-tailed paired-test outcome is 
depicted, **: p≤0.01; ***: p≤0.001, NS: non-significant.

Lack of IgG-core fucosylation increases platelet-phagocytosis
We next TNP-haptenized platelets, labelled them with pHrodo (only fluorescent in acid 
environment) and opsonized them with the anti-TNP antibody. For both PMN and CD16+ 
monocytes, expressing FcγRIIIb or FcγRIIIa, respectively, fucosylated antibodies resulted 
in low platelet ingestion, while low-fucosylated antibodies showed a significantly increased 
phagocytic response with both effector cell types (Fig. 5a-b). However CD16- monocytes 
showed no preference for low- or high- fucosylated antibodies for platelet phagocytosis, in 
accordance with their lack of FcγRIIIa expression (Fig. 5c).

Phagocytosis was also performed using anti-HPA-1a antibodies from 7 FNAIT sera. 
Platelets were labelled with pHrodo and opsonized with 35 AU of anti-HPA-1a antibody 
derived from maternal FNAIT sera, and subjected to phagocytosis by PMN. The degree of 
phagocytosis correlated significantly with degree of anti-HPA-1a Fc-fucosylation (P=0.023, 
R2=0.590, Figure 5d).
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Figure 5 Absence of IgG-Fc core fucose enhances platelet phagocytosis through FcγRIII on PMN and 
monocytes. 

Platelets were haptenized with TNP, labeled for phagocytosis with pHrodo and opsonized with either isotype 
antibody, anti-TNP low or high fucose antibodies, and subjected to phagocytosis by either (A) neutrophils (PMN), 
(B) FcγRIIIa+ monocytes or (C) FcγRIIIa- monocytes as effector cells, and expressed as anti-TNP-specific phagocytosis 
(Mean Fluorescence Intensity; MFI-anti-TNP minus MFI-isotype-IgG). Anti-TNP IgG1 antibodies with low fucose 
displayed increased phagocytosis compared to highly fucosylated anti-TNP antibodies using PMN or FcγRIIIa+ 
monocytes (A, B, respectively) as effector cells, but not with FcγRIIIa- monocytes (C). Platelets were labeled 
with pHrodo and opsonized with 35 AU of anti-HPA-1a antibodies from maternal FNAIT sera and subjected to 
phagocytosis by neutrophils (D). Phagocytosis was expressed as anti-HPA-1a specific phagocytosis (MFI-anti-HPA-
1a from maternal FNAIT sera minus MFI-isotype-IgG from NHS). Statistical analyses (A-C): one-tailed unpaired 
t-test, and (D): Pearson correlation. *: p≤0.05; **: p≤0.01; NS: non-significant.

A lowered anti-HPA-1a Fc-fucosylation correlates with decreased neonatal platelet counts 
and increased disease severity in FNAIT patients
We then investigated if core fucosylation of the HPA1a antibodies affected the disease 
outcome clinically. A significant correlation between neonatal platelet counts, obtained 
directly after delivery, and the degree of anti-HPA-1a fucosylation was found in the FNAIT 
patients, with lowered anti-HPA-1a-Fc-fucosylation corresponding to low neonatal platelet 
counts (Fig. 6a, P:0.043, ρ=0.32). We also found a significant correlation between the degree 
of anti-HPA-1a fucosylation and the clinical disease severity directly after delivery (ranging 
from asymptomatic, to mild symptoms such as petechiae, to moderate symptoms including 
organ bleedings, to severe symptoms such as intracranial hemorrhages, Fig. 6b, P: 0.020, ρ=-
0.377). A lowered degree of anti-HPA-1a fucosylation corresponded to more severe clinical 
disease severity, with all asymptomatic patients bearing high level of IgG-Fc core fucosylation 
(on average 85%, Fig. 6b). 
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Figure 6 Degree of fucosylation correlates with neonatal platelet counts in FNAIT and clinical severity. 

Degree of fucosylation was compared to neonatal platelet counts in FNAIT directly after delivery (A), as well as 
with the clinical disease severity score (B). The scores represent 0: no symptoms, 1: mild symptoms (petechiae), 2: 
moderate symptoms (other bleedings, including organ bleedings), 3: severe symptoms (intracranial hemorrhages) 
(B). Statistical analyses were performed using Spearman rank correlation, with a positive correlation in panel A (ρ: 
0.320), and a negative correlation in panel B (ρ: -0.377), *: p≤0.05. 

Discussion

In this study we analyzed a large FNAIT serum cohort consisting of 48 serum samples, all 
containing anti-platelet alloantibodies formed during pregnancy and directed against the 
most common immunogenic alloantigen on platelets, the HPA-1a epitope of glycoprotein IIb/
IIIa. The glycosylation patterns of anti-HPA-1a IgG1 antibodies were compared to those of 
total IgG1 antibodies within the same individual and to anti-platelet antibodies formed after 
platelet transfusion in RT-patients with anti-HLA antibodies. Antigen-specific antibodies 
were affinity-purified using surface immobilized antigen, and the tryptic-Fc glycopeptides 
of the pathogenic IgG1 as well as of total IgG1 were analyzed by mass spectrometry. The Fc-
glycosylation patterns of both FNAIT and RT cohorts of anti-platelet or anti-HLA antibodies 
displayed a slight, but significant, increase in the level of galactosylation. Only in the FNAIT 
group, we found anti-GPIIIa-antibodies with a slight but significant increase in the level of 
sialylation, and only in the RT-patient group we found a slight decrease in the level of bisecting 
GlcNAc of the anti-HLA antibodies. The main difference between the patient groups was 
observed for core fucosylation, with the majority of the FNAIT patients with anti-HPA-1a 
specific antibodies showing a markedly lowered IgG1-Fc fucosylation in pregnancy (levels 
down to 10% fucosylation), a very atypical form of IgG-Fc glycosylation, with normal values 
being higher than 90%.13;37 To our knowledge, a lowered fucosylation has only been found for 
HIV-specific antibodies in elite controllers of HIV infection, but unlike in our study, these 
also displayed agalactosylated- and asialylated glycans.38 

We further observed normal high levels of core fucosylation for anti-HLA class I antibodies 
(RT-patients), of which twelve of the thirteen patients were women who we cannot exclude 
to have been immunized already during a previous pregnancy. Our previous study also 
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featured patients (N=2) with anti-HPA-1a antibodies (normally observed in FNAIT patients) 
formed after transfusion and they also did not display a skewing in core fucosylation.32 
As other glycosylation patterns were affected as well, we hypothesize that this kind of IgG 
response must be governed by the very settings under which these antibodies are formed: 
either the Th2-dominant features of pregnancies,39 the anti-platelet response, the anti-HPA-
1a response, or a combination of these factors. We also investigated a FNAIT-anti-HPA-1a 
sample, which also contained anti-HLA antibodies, with lowered Fc-fucosylation for the anti-
HPA-1a antibodies, but not for the anti-HLA antibodies. Together with the data on normal 
fucosylation of anti-HLA antibodies from the RT-patients, this further lends support to the 
hypothesis that other factors besides pregnancy are involved in this type of IgG-fucosylation.

 Among the 48 FNAIT samples analyzed, 7 samples were taken in a period ranging from 
6 weeks to 7 years after delivery, whilst all the other samples were taken within two days after 
delivery. Surprisingly, the lower levels of IgG-fucose (specific values of relative abundance 
minus total values) seemed to persist for a prolonged period after delivery, indicating that the 
type of IgG glycosylation acquired during the onset of the immune response, is a subject of 
imprinting or due to long-lived plasma cells.

The increased levels of specific galactosylation of antigen-specific IgG1 compared to total 
IgG1 in the cohorts with anti-HPA-1a-antibodies developed after pregnancies and anti-HLA-
antibodies in platelet transfused patients appear to be, to our knowledge, the first disease 
settings in which this phenomenon is described. A high degree of galactosylation has been 
found to negatively affect IgG half-life in mice,40 suggesting that galactosylation may also 
influence the transport of IgG from mother to child because both half-life and transport of 
IgG is mainly mediated by the neonatal Fc-receptor FcRn.41 However, no such skewing for 
IgG transport across the human placenta was found in our previous study,42 in accordance 
with the fact that the Fc-glycans are not involved in binding to FcRn.43 The increased levels of 
galactosylation and sialylation observed for the anti-HPA-1a antibodies in FNAIT might also 
enable a downregulation of the immune response, opposing the stimulatory effect caused by 
a decreased anti-HPA-1a fucosylation. 

Various B-cell stimuli have been shown to modulate Fc glycosylation. Both the TLR9 ligand 
CpG oligodeoxynucleotide and IL-21 have been shown to increase Fc galactosylation and 
reduce bisecting GlcNAc levels. In contrast, all-trans retinoic acid decreases galactosylation 
and sialylation levels.44 Recently, also T-cell independent B cell activation has been shown 
to induce immunosuppressive sialylated IgG antibodies in mouse models.45 In the present 
study, we observed increased levels of galactosylation and lowered levels of fucosylation. This 
may perhaps be regulated via a higher expression of β4-galactosyltransferase and a down-
regulation of fucosyltransferase 8 (FUT8) in the anti-HPA-1a producing plasma cells in the 
FNAIT patients. For HIV-specific antibodies, which also displayed decreased fucosylation, 
FUT8 expression was found to be decreased in controllers and treated progressors compared 
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to untreated progressors, while the expression of the fucosidase FUCA2, was found to 
be increased in controllers and untreated subjects.38 Recently, the transcription factor 
Hepatocyte Nuclear Factor (HNF)1a and its downstream target HNF4a have been identified 
as transcriptional regulators of key fucosyltransferases and fucose biosynthesis genes.46 
However, the exact stimuli as well as the regulatory pathways have yet to be elucidated. Also, 
the degree of anti-HPA-1a fucosylation demonstrated a low but statistically significant positive 
correlation with the level of bisecting GlcNAc, as well as a negative correlation with the level 
of galactosylation. This indicates that the glycosylation of the IgG antibodies is dictated by the 
specific immune reaction, forming a differential spectrum of Fc glycosylated antibodies that 
depends on the nature of the immune response. 

FcγRIIIa is expressed either with valine or phenylalanine at position 158, with the 
V variant showing a stronger affinity for IgG1 and IgG3.47;48 The expression of the higher 
affinity form (V158) is associated with higher incidence of ITP, suggesting this receptor to 
be highly relevant for the clearance of platelets.49 In FNAIT, the decreased Fc-fucosylation 
of anti-platelet alloantibodies most likely contributes to enhanced platelet phagocytosis via 
increased Fc receptor interaction, as we confirmed by biosensor analysis and by phagocytosis 
of platelets. The increased affinity was seen only for FcγRIIIa, expressed on a subset of 
monocytes, macrophages and NK cells, and FcγRIIIb, expressed on granulocytes, but not 
for other FcγR-receptor types, as these do not express the glycan found at position 162 only 
found in both FcγRIII types.5 The glycan attached to Asn162 in FcγRIII has been shown 
to interact directly with the IgG-Fc glycan, which is critically influenced by the presence or 
absence of the core fucose. In the latter case, this also allows for binding of the Fc-protein 
moiety to FcγRIII, which does not take place when fucose is present.5 In accordance, both 
neutrophils and FcγRIII+ (~5% of peripheral) monocytes showed strong phagocytosis only 
with low-fucosylated IgG, while FcγRIII--monocytes, the majority of monocytes in peripheral 
blood, showed no preference for platelets opsonized with either highly- or low-fucosylated 
antibodies. In addition, we found the degree of FNAIT-anti-HPA-1a Fc-fucosylation to 
correlate significantly with the degree of platelet-phagocytosis, with sera containing less core 
fucosylation in their anti-HPA1a antibodies giving rise to stronger phagocytosis. In line with 
this, we also found the degree of anti-HPA-1a Fc-fucosylation to correlate positively with 
neonatal platelet counts directly after delivery.

The association of the functional SNP within FcγRIIIa with the higher incidence of ITP, 
which fits with data demonstrating that the spleen is the most important site for IgG-opsonized 
platelet clearance by residing splenic macrophages and/or monocytes (that uniformly express 
FcγRIIIa). This suggests fucosylation of anti-platelet antibodies to play an important role. 
In support of this, we found anti-HPA-1a Fc-fucosylation levels to correlate negatively with 
the clinical disease severity in FNAIT. Although our FNAIT cohort is limited by the fact that 
most asymptomatic anti-HPA-1a patients remain undiagnosed, our study did include few 
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patients who where asymptomatic directly after delivery. All of these asymptomatic patients 
demonstrated high levels of anti-HPA-1a Fc-fucosylation. Fucosylation-status of anti-platelet 
antibodies may therefore prove to be a useful diagnostic marker to evaluate disease severity. 
However, and perhaps somewhat remarkably, the function of the anti-HLA antibodies from 
RT-patients, all with normal fucosylation, seem less affected by their fucosylation as they 
apparently are fully capable of causing potent platelet destruction. However, other factors, 
such as titer, should also be taken into account, but also the FcγR most strongly involved in 
the destruction. For anti HPA-1a antibodies this appears to be FcγRIIIa, function of which 
is highly sensitive to core fucosylation, but for anti-HLA-class I antibodies this may be a 
different FcγR not sensitive for changes in core fucosylation. 

In conclusion, the Fc glycosylation of anti-platelet antibodies in FNAIT and RT are 
associated with a slightly increased level of Fc galactosylation that predisposes the IgG for 
further modification by the addition of sialic acid. In FNAIT, an additional IgG modification 
frequently appears in the form of a very pronounced decrease of Fc-fucosylation, resulting in 
increased binding affinity to FcγRIIIa and FcγRIIIb as well as increased platelet-phagocytosis 
by PMN or FcγRIIIa+ monocytes. This is also reflected by the positive correlation between 
the degree of anti-HPA-1a Fc-fucosylation and the neonatal platelet counts in FNAIT. In 
addition, lowered anti-HPA-1a Fc-fucosylation degree correlated significantly with more 
severe bleeding tendency. In contrast, we do not see this decreased fucosylation phenomenon 
for anti-HLA antibodies in RT, strongly suggesting that IgG glycosylation, and therefore its 
functional potential, is under a tight regulation in humans. 
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Supporting Information

Supplementary methods

Purification of anti-platelet antibodies from sera 
PAK12 plates were prewashed with wash buffer (GTI Diagnostics). For the purification of 
anti-HPA-1a antibodies, 50 µl sample diluent (GTI Diagnostics) and 50 µl serum sample were 
added to each well coated with the relevant antigen, which is GPIIb/IIIa for anti-HPA-1a 
alloantibodies. For the purification of these antibodies single wells coated with the relevant 
antigen were used, resulting in sufficient IgG quantities for mass spectrometric profiling. As 
a negative control, sample diluent and serum were likewise added to uncoated wells. For the 
purification of anti-HLA antibodies from refractory thrombocytopenia patients, samples 
were applied to HLA class I-coated wells, and as a negative control to wells coated with the 
irrelevant protein GPIb/IX of the PAK12 plate. Single wells coated with the relevant antigen 
were used for these purification, resulting in sufficient IgG for mass spectrometric profiling. 
When indicated, the purification of anti-HLA class I antibodies from the serum of an FNAIT 
patient, sera were applied to four HLA class I-coated wells in parallel and to 4 control wells. 
After an incubation of 1 hour at room temperature with gentle agitation, wells were washed 
three times with 300 µl wash buffer and 2x with 300 µl 25 mM ammonium bicarbonate. For 
the elution of bound antibodies, 100 µl 100 mM formic acid was added followed by 5 min 
of shaking. For the FNAIT patient for which serum incubations on anti-HLA class I-coated 
wells was performed in quadruplicate, the eluates were pooled, as were the eluates of the 
corresponding control wells, in order to obtain sufficient amounts of IgG1 antibodies for mass 
spectrometric analysis. Eluates were transferred to V-bottom plates and dried by vacuum 
centrifugation. Total IgG was prepared from 2 µl of serum using Protein G affinity purification 
in 96-well filter plates as described previously.50

For proteolytic cleavage the dried eluates were dissolved in 20 µl 25 mM ammonium 
bicarbonate followed by 10 min of shaking. Freshly prepared trypsin (200 ng; sequencing 
grade; Promega, Leiden, The Netherlands) in 25 mM ammonium bicarbonate was added, 
followed by 10 min shaking. Samples were incubated overnight at 37°C, and stored at -20°C 
until usage.

Mass spectrometric IgG Fc glycosylation analysis
Nano liquid chromatography-tandem mass spectrometry (LC-MS/MS) was performed using 
an Ultimate 3000 RSLC nanoLC system (Thermo Scientific, Sunnyvale, CA). Aliquots of the 
tryptic digests of total IgG (0.2 µl) and anti-HPA-1a antibodies, anti-HLA antibodies and anti-
GPIIb/IIIa autoantibodies (10 μl) were applied to a C18 PepMapTM 100 µm x 20 mm trapping 
column (5 µm, 100 Å; Thermo Scientific) and washed with 100% A (0.1% formic acid in water) 
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at 15 µl/min for 2 min. Following valve switching, tryptic (glyco-)peptides were separated 
on a reverse-phase column (Acclaim C18 PepMap; 75 µm×150 mm, 2 µm, 100 Å; Thermo 
Scientific) at a flow rate of 500 nl/min. The gradient applied was as follows: 0-25% eluent B 
(95% acetonitrile, 5% water) in 15 min and 25-70% eluent B in the next 10 min, followed by 
an isocratic elution with 70% eluent B for 5 min. The LC system was coupled via an online 
nanospray source to an Esquire HCT ultra ESI-ion trap-MS (Bruker Daltonics, Bremen, 
Germany) operated in the positive ion mode. For electrospray (1100-1250 V), stainless steel 
capillaries with an inner diameter of 30 μm (Proxeon, Odense, Denmark) were used. The 
solvent was evaporated at 170°C employing a nitrogen stream of 7 l/min. Ions from m/z 600 to 
m/z 1800 were registered. For glycosylation profiling, the mass spectrometer was used in the 
MS mode, while additional runs were performed in the auto-MS/MS mode for confirming 
glycopeptide identities. The HPLC method resulted in a resolution of the glycopeptides based 
on the peptide moiety with IgG1 glycopeptides eluting first, followed by IgG4 and IgG2 and 
3 glycopeptides.13;32;51 Moreover, glycopeptides with neutral glycan moieties tended to elute 
earlier than glycopeptides with antennae sialylation, as described before.51 For both the neutral 
and the acidic glycopeptides of each IgG subclass, average mass spectra were generated over a 
0.6 min elution range. Glycopeptides were assigned on the basis of mass, elution position and 
CID fragmentation pattern (Table 1), 13;32;51 and interference from Fab glycans as well as from 
other IgG subclasses and antibodies are excluded. We focused on IgG1, without analyzing 
IgG3 due to the interference of IgG2.32;51 Triple charged tryptic Fc glycopeptide signals were 
integrated and normalized to the subclass-specific sum of signals. 

On the basis of the normalized intensities of IgG1 Fc glycopeptides the levels of 
galactosylation, sialylation, bisection (bisecting N-acetylglucosamine) and fucosylation were 
calculated according to the following formulas: Galactosylation = (G1F + G1FN + G1FS + 
G1FNS + G1) * 0.5 + G2F + G2FN + G2FS + G2FNS + G2 + G2S. Agalactosylated structures 
= G0F +G0FN +G0. Digalactosylated structures = G2F + G2FN + G2FS + G2FNS + G2 + 
G2S. Sialylation = G1FS + G2FS + G1FNS + G2FNS + G2S. Bisection = G0FN + G1FN + 
G2FN + G1FNS + G2FNS. Fucosylation = G0F + G1F + G2F + G0FN + G1FN + G2FN + 
G1FS + G2FS.

Surface Plasmon Resonance (SPR)
The Kd value was measured at the equilibrium state for different concentrations of ligand 
(fucose or low fucose IgG). The concentrations of IgG (fucose and low fucose IgG) binding 
to CD16a  were: 0.5, 0.25, 0.125, 0.0625, 0.03125 and 0.0156 μM . The concentrations of IgG 
(fucose and low fucose IgG) binding to CD16b  were: 1, 0.5, 0.25, 0.125, 0.0625 and 0.03125 
μM. The concentrations of IgG (fucose and low fucose IgG) binding to CD32a  were: 1.5, 
0.75, 0.375, 0.187, 0.094, 0.05 μM. These anti-TNP antibodies were diluted in HBS-EP buffer. 
After each run, the chip was regenerated by injecting 5 μL of 0.1 M H3PO4. The amount of 
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Fc receptors was bound by the chip was observed directly as increased signal (RU as read 
out). The signal (RU) value was reproducible in every injection of receptor to assure the same 
condition for IgG binding (containing high- or low amount of fucose). The data was processed 
with BIAevaluation 3.2 RC1 software and the kinetics analysis was performed with GraphPad 
Prism 5.01 (La Jolla, CA) assuming 1:1 interaction between the IgG and FcγR. 

Cell isolations and platelet haptenization with TNP
Human platelets were freshly isolated form a buffy coat (Sanquin, Amsterdam, The 
Netherlands) using platelet-rich plasma (PRP), obtained after centrifugation at 400 g for 
10 minutes. The platelets were washed once in phosphate-buffered saline (PBS) containing 
EDTA as well as 100 ng/mL prostaglandin E1 (PGE1, Sigma-Aldrich) in order to minimize 
activation. Platelets were brought to a concentration of 1*10

8
/ml PBS. Human PMN were 

isolated from peripheral blood obtained from healthy volunteers using a Ficoll 1.077 density 
gradient (GE Healthcare, Uppsala, Sweden) followed by hypotonic lysis of residual red blood 
cells on ice for several minutes. CD16+ (FcγRIIIa) monocytes were isolated from a buffy coat, 
lymphocyte-depleted using CD3- and CD19-microbeads (Miltenyi Biotech, Leiden, The 
Netherlands), via labeling with anti-human CD16 IgG2a antibody GRM1, using isotype anti-
TNP IgG2a antibody as a negative control, and with both antibodies conjugated to Pacific Blue. 
Conjugation to Pacific Blue was performed by using the DyLight 405 Amine-Reactive Dye 
(Thermo Scientific, Waltham, MA), according to the manufacturer’s protocol. Subsequently, 
CD16+ as well as CD16- monocytes were separated and purified on a FACSARIA II cell sorter 
(BD Biosciences, Erembodegem, Belgium).
After platelet isolation, they were haptenized with TNP. For TNP haptenization of platelets, 
1.66 µmol of 2,4,6-Trinitrobenzenesulfonic acid solution (TNBS, Sigma-Aldrich) dissolved in 
cacodylate buffer (Na(CH3)2 AsO2 • 3H2O, pH 6.9) was added to 1*108 platelets, incubated 
for 25 minutes at RT and subsequently washed with PBS/EDTA. 

Statistical analysis 
Statistical analysis was performed using GraphPad Prism 5.01 (La Jolla, CA). Values of 
galactosylation, sialylation, bisecting and fucosylated structures of FNAIT samples were found 
to be normally distributed (D’Agostino-Pearson test) and, therefore, parametric testing was 
applied. Two-tailed, paired t-test was used to compare glycosylation of total IgG1 to specific 
IgG1. Analysis of correlations was performed using Pearson or Spearman correlation. SPR 
analysis was performed using a one-tailed paired t-test. Multiple comparisons were analyzed 
with a one-way ANOVA using Tukey’s post-test. Level of significance was set at p<0.05.
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Supplementary tables and fi gures

Supplementary Table 1 Pati ent serum sample characteristi cs (sample number, age, gender, clinical 
informati on) of all samples used in this study (65). 

Maternal anti -HPA1a FNAIT sera (A), anti -HLA platelet transfusion refractoriness sera (B). Pati ent age is defi ned as 
the age of the pati ent at ti me of sample collecti on. M: male, F: female, IUT: intrauterine transfusion. For the anti -
HPA1a FNAIT sera also therapy, clinical score (0: no symptoms, 0-NT: no symptoms and no thrombocytopenia, 1: 
mild symptoms (petechiae), 2: moderate symptoms (other bleedings, e.g. organs), 3: severe symptoms (intracranial 
hemorrhages)) and ti ming of sample collecti on other then directly aft er delivery (within two days), is listed. 
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Supplementary Table 1 Conti nued

Supplementary Figure 1 The degree of sialylati on depends on galactosylati on. 

The level of sialylati on correlates signifi cantly with the level of galactosylati on for both A) total IgG1 (positi ve 
correlati on, R2= 0.657, *** p<0.0001) and B) HPA1a specifi c IgG1 (positi ve correlati on, R2= 0.618, *** p<0.0001), 
indicati ng that the more substrate there is for sialyltransferase (galactosylated IgG), the more sialic acid can and 
was att ached to Asn297. 
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Supplementary Figure 2 anti-HPA1a IgG-Fc fucosylation correlates significantly with bisection and 
galactosylation in FNAIT. 

The relative degree of anti-HPA1a antibody fucosylation versus A) bisection (positive correlation, R2= 0.112, * 
p=0.02), B) galactosylation (negative correlation, R2= 0.200, ** p=0.002), and C) sialylation (R2= 0.025 non-significant; 
NS p=0.283). The relative degree of glycosylation was calculated from values of specific IgG1 glycosylation minus 
total IgG1 glycosylation as indicated. 
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Supplementary Figure 3 Mass spectrometric analysis of Fc glycopeptides of total IgG1, anti-HPA-1a 
IgG1, and anti-HLA class-I IgG1 from a pregnant woman. 

While the total IgG1 profile shows normal levels of fucosylation (94%; A), the and anti-HPA-1a IgG1 shows lowered 
fucosylation (43%; B). Notably, the corresponding anti-HLA class-I IgG1 (C) showed a glycosylation which was very 
different from both total IgG1 and anti-HPA-1a IgG1, with rather normal fucosylation (86%), but a low degree of 
galactosylation. Major fucosylated glycoforms are labeled in red, and non-fucosylated glycoforms are labeled in 
blue. Blue square, N-acetylglucosamine; red triangle, fucose; green circle, mannose; yellow circle, galactose; purple 
diamond, N-acetylneuraminic acid; pep, peptide moiety; asterisk, contaminant. Triple protonated glycopeptide 
signals were observed throughout. For the assignment of the glycopeptides signals see Table 1.
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Supplementary Figure 3: Mass spectrometric analysis of Fc glycopeptides of total IgG1,

anti-HPA-1a IgG1, and anti-HLA class-I IgG1 from a pregnant woman. While the total IgG1

profile shows normal levels of fucosylation (94%; A), the and anti-HPA-1a IgG1 shows lowered

fucosylation (43%; B). Notably, the corresponding anti-HLA class-I IgG1 (C) showed a

glycosylation which was very different from both total IgG1 and anti-HPA-1a IgG1, with rather

normal fucosylation (86%), but a low degree of galactosylation. Major fucosylated glycoforms

are labeled in red, and non-fucosylated glycoforms are labeled in blue. Blue square, N-

acetylglucosamine; red triangle, fucose; green circle, mannose; yellow circle, galactose; purple

diamond, N-acetylneuraminic acid; pep, peptide moiety; asterisk, contaminant. Triple

protonated glycopeptide signals were observed throughout. For the assignment of the

glycopeptides signals see Table 1.
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Supplementary Figure 4 Mass spectrometric IgG Fc glycosylation analysis of anti-TNP antibodies 
co-transfected with various concentrations of 2-Deoxy-2-fluoro-L-fucose (2F) reveals lowering of  
Fc-fucose. 

Anti-TNP antibodies were produced in the FreeStyle 293 expression system, using various concentrations of 2F (0, 
100, 200 and 400 µM, panel A-D respectively). Fc-fucosylation outcomes for panel A-D are depicted on the right 
(76%, 14%, 8% and 6% respectively). For the assignment of the glycopeptides signals see Table 1.
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Key points

1.  Anti-D alloantibodies causing HDFN have decreased but highly variable Fc fucosylation.
2.  Decreased Fc-fucose correlates with enhanced FcγRIIIa-mediated ADCC, as well as with 

more severe hemolysis.

Abstract 

Hemolytic disease of the fetus and newborn (HFDN) may occur when maternal anti-D IgG 
antibodies cross the placenta and mediate the destruction of D-positive red blood cells (RBCs) 
via phagocytic-IgG Fc-receptors (FcγR). Clinical severity is not strictly related to titer, but is 
more accurately predicted by functional antibody-dependent cellular cytotoxicity (ADCC), 
suggesting other factors to play a role. Since the composition of the N-linked glycan at 
position 297 in the Fc-region of IgG1 is critical for binding to FcγR, we analyzed IgG-derived 
glyco-peptides from anti-D IgG1 purified from plasma of alloimmunized pregnant women 
by mass spectrometry. Seventy pregnancy-induced anti-D samples, taken from different 
women, revealed a varied, but strong decrease in Fc-fucosylation in the majority of anti-D 
IgG1, but not in total IgG. The degree of anti-D fucosylation correlated significantly with 
CD16 (FcγRIIIa)-mediated antibody-dependent cellular cytotoxicity (ADCC) by NK-cells, in 
agreement with the increased affinity of defucosylated IgG to human FcγRIII. In addition, the 
degree of anti-D fucosylation correlated significantly with fetal-neonatal hemoglobin levels, 
suggesting IgG-fucosylation to be an important pathological feature in HFDN.
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Introduction

Hemolytic disease of the fetus or newborn (HFDN) arises due to maternal alloimmunization 
against paternally inherited fetal red blood cell antigens, most commonly Rh-D. These anti-D 
alloantibodies are transported across the placenta, bind to D-positive fetal red blood cells 
(RBCs) and subsequently engage with phagocytic-IgG Fc-receptors (FcγR), resulting in red 
blood cell clearance. Clinically, this can result in fetal anemia, jaundice, hydrops and stillbirth.1 
The administration of anti-D immunoprophylaxis to women at risk has greatly reduced the 
immunization rate.2 Furthermore, the occurrence of severe fetal/neonatal complications 
that despite prophylaxis occur in alloimmunized women is prevented in most developed 
countries thanks to nationwide red cell antibody screening programs.3 Once an alloantibody 
is recognized, the pregnant women are carefully monitored to start timely treatment. We have 
previously shown that the most sensitive laboratory test to predict fetal red cell destruction 
is the ADCC assay,4 and for that reason in the Netherlands all pregnant women with red 
blood cell alloantibodies are monitored using this assay and are only referred for Doppler 
flow measurement, when the ADCC assay is above a certain threshold. This suggests that the 
interaction of the antibody with phagocytic cells is an important factor determining the risk of 
the disease. The strength of the interaction between IgG and FcγR, and hence the strength of 
the phagocyte response, depends on several factors, including the IgG subclass involved, the 
FcγR polymorphic make up of the patient, but also on the IgG-Fc glycosylation.5 

IgG antibodies are glycoproteins harboring a branched sugar moiety attached to asparagine 
(Asn) 297 in the Fc domain. The glycan is important for the functional structure and is 
required for binding of IgG to FcγR. Furthermore, slight variations in this glycan composition 
modulate the affinity.6-8 Besides an invariant structure composed of N-acetylglucosamines 
(GlcNac) and mannoses present in this Asn297-linked glycan, galactose, sialic acid, bisecting 
N-acetylglucosamine (GlcNac) and fucose can be either absent or present. The relative 
abundance of these glycans has been found to be altered for total IgG in various clinical settings, 
including pregnancy,9-11 cancer,12;13 and autoimmunity9-11;14-19 and infectious diseases.20 For most 
of these glycan modifications, the reported changes for FcγR binding are modest, however, the 
lack of core fucose results in much stronger binding to human FcγRIII, due to glycan-glycan 
interactions between Asn297 in IgG1 and Asn162 found only in FcγRIIIa and FcγRIIIb.8;21;22 
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 FcγRIIIa/b, an enhanced platelet-
phagocytosis and a more adverse fetal or neonatal alloimmune thrombocytopenia (FNAIT).23 

Here we tested if similar low Fc-fucosylation can also be found in pregnancy-induced anti-D 
allo-IgG1 antibodies, and if skewed anti-D IgG1 fucosylation may explain the discrepancy 
between anti-D titer and clinical severity, which is observed in some cases. 
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Methods

Patient samples
Anti-D alloantibodies were diagnosed at Sanquin, Amsterdam, Netherlands (n=70) using 
the indirect antiglobulin test with the addition of PEG and the use of a polyclonal anti-IgG 
(Sanquin reagents, Amsterdam). The titer was determined with a two-fold dilution in a tube 
indirect antiglobulin test (no additions, incubation 30 minutes 37oC, 3 washings, polyclonal 
anti-IgG and monoclonal anti-C3d) against RBCs with a R2R2 (ccDEE) 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 incubation of the serum with D-positive 
RBC (500 µl serum for anti-D titer of 256 or lower, and for titer of 512, 250 µl of serum 
was used, all incubated with 500 µl packed D-positive RBC), for 1 hour 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 6 washings 
with cold PBS. Hereafter, antibodies were eluted from the RBC via addition of eluting buffer 
(low-pH glycine buffer of Gamma ELU-KITTM II, Immucor, Inc., Norcross, GA 30071, USA) 
and the pH of the antibody-containing eluate (supernatant) was neutralized by addition of 
250 μL of basic Tris-phosphate buffer (214 mM Tris, 22 mM Na2HPO4). The specificity of the 
eluate was confirmed by gelcards (DiaMed GmbH, Bio-Rad Laboratories, Inc., Hercules, CA, 
USA, 6 microtubes containing rabbit anti-human IgG within the gel matrix). The amount 
of IgG1 and IgG3 in the eluate was determined by ELISA on solid plates (NUNC-Immuno, 
Maxisorp, Sigma Aldrich, St Louis, MO, USA) coated with either mouse-anti-human IgG1 
Fc (clone MH161-1, Sanquin reagents, Amsterdam, The Netherlands) or with mouse-anti-
human IgG3 hinge (clone MH163-1, Sanquin reagents, Amsterdam, The Netherlands). For 
calculations of IgG1 and IgG3 concentrations, fully human recombinant antibodies (IgG1κ 
and IgG3 GDob124;25) were used as standard. Each eluate was only considered to contain 
purified anti-D IgG if all negative controls tested below threshold, and test samples contained 
IgG with a positive reaction to D-positive cells only. 

IgG Purification from eluates
IgG1 was isolated from plasma and eluates by subclass specific affinity chromatography using 
10 μL CaptureSelectTM IgG1 (Hu) affinity beads in 96-well plate format 0.7 ml/well filter plates 
(Orochem, Naperville, IL). Serum (2 μL) or affinity-purified anti-D antibodies (200-4000 ng 
as determined by ELISA) were applied to the affinity beads in 200 μL of PBS, followed by a 1 h 
incubation at RT with shaking. Then the IgG1 affinity beads were washed by filtration with 3 
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times 200 μL PBS and with 3 times 200 μL water. Bound IgG1 was eluted with 100 mM formic 
acid (100 μL; Fluka, Steinheim, Germany) and dried by vacuum centrifugation. The purified 
IgG1 was digested overnight at 37°C with 200 ng trypsin (Promega, Leiden, The Netherlands) 
in 40 μL 25 mM ammonium bicarbonate buffer (Fluka). Samples were stored at -20°C until 
further use.

Reverse-Phase Solid Phase Extraction (RP-SPE) 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, Düren, Germany). The C-18 
beads were activated by 80% acetonitrile (ACN) containing 0.1% trifluoroacetic acid (TFA; 
Fluka) and conditioned with 0.1% TFA. Tryptic IgG1 digests (40 μL) were added to 150 μL 
0.1% TFA, loaded onto C-18 beads, followed by 3 washes with 100 μL 0.1% TFA. Elution of the 
IgG glycopeptides were performed by 18% ACN containing 0.1% TFA to minimize coelution 
of interfering peptides. The purified glycopeptides were dried by vacuum centrifugation and 
stored at -20°C until mass spectrometric analysis. 

MALDI-TOF-MS of IgG Glycopeptides
Analysis of RP-SPE purified IgG1 Fc-glycopeptides was performed using MALDI-TOF-MS. 
Samples were dissolved in 40 μL of water, and 2 μL aliquots were spotted onto MTP 384 
polished steel target plates (Bruker Daltonics, Bremen, Germany) and allowed to dry at room 
temperature. Subsequently, 2 μL of 5 mg/mL 4-chloro-α-cyanocinnamic acid (Cl-CCA; 95% 
purity; Bionet Research, Camelford, Cornwall, U.K.) in 70% ACN was applied on top of each 
sample and allowed to dry. Glycopeptides were analyzed on an UltrafleXtreme MALDI-TOF/
TOF mass spectrometer (Bruker Daltonics), which was operated in the positive-ion reflectron 
mode. Ions between m/z 1000 and 3700 were recorded. To allow homogeneous spot sampling, 
a random walk laser movement with 100 laser shots per raster spot was applied, and each IgG 
glycopeptide sum mass spectrum was generated by accumulation of 2000 laser shots. Mass 
spectra were internally calibrated using a list of known glycopeptides (G0, G0F, G1, G1F, G2, 
G2F species, see Table 1). 

Data processing and evaluation were performed with FlexAnalysis Software (Bruker 
Daltonics) and Microsoft Excel, respectively. The data were baseline subtracted and the 
intensities of a defined set of 12 glycopeptides (6 glycoforms for IgG1 with core fucose and 
6 glycoforms for IgG1 without core fucose) were automatically defined for each spectrum.

Relative intensities of IgG Fc glycopeptides were obtained by integrating the first isotopic 
peaks followed by normalization to the total IgG1 specific glycopeptide intensities. The level 
of galactosylation was calculated from the relative intensities of various Fc N-glycopeptides 
according to the formula: (G1 + G1F+ G1FN + G1N)*0.5 + G2 + G2F + G2N + G2FN+G2NS. 
The prevalence of bisecting GlcNAc was determined by summing the relative intensities of 
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all bisected glycoforms (G0N, G0FN, G1N, G1FN, G2N and G2FN). The incidence of IgG1 
fucosylation was evaluated by summing all fucosylated IgG1 Fc N-glycoforms (G0F + G1F + 
G0FN + G2F + G1FN + G2FN).

NK-cell and monocyte based antibody-dependent cellular cytotoxicity (ADCC)
D-positive RBCs were labeled with radioactive chromium 51 (51Cr) and incubated with 
maternal serum containing anti-D antibodies at an equal titer of 128. Peripheral blood 
mononuclear 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 hour at 37°C, after which the non-adherent fraction was taken and allowed to 
adhere to plastic tissue culture flasks again for 1 hour at 37°C. The non-adherent cells were 
washed and re-suspended in RPMI with 20% human AB serum and incubated for 1.5 hours at 
37°C in triplicate in U-well microplates with 51Cr-labeled D-positive RBCs (3*106/ml, 150,000 
per well), in a total volume of 100 µl and an effector to target cell ratio of 15:1. Maximum 
lysis was obtained with the addition of 150 ml 5% saponine to 50 ml of RBCs and was used to 
calculate the degree of lysis (%). Similarly, the monocyte-ADCC was performed (as described 
previously)4, with 1.5*106/ml monocytes (75,000 per well and derived from a pool of 70-100 
donors, stored in liquid nitrogen). Cytotoxic lysis was assessed by counting the 51Cr-activity in 
the supernatant and by expressing it as a percentage of lysis produced by a pooled polyclonal 
anti-D standard according to a calibration curve.

Results

Fc-glycosylation of anti-D IgG1 in pregnancy
Total IgG and anti-D alloantibodies were purified from 70 maternal pregnancy-anti-D sera 
via acidic elution from D-positive RBCs, and tryptic IgG-derived peptides encompassing the 
Asn297-Fc glycan were subsequently analyzed by mass spectrometry (MALDI-TOF-MS). 
The quantity of 12 most abundant IgG1-Fc glycopeptides were examined (Table 1). 

For total IgG1, the Fc glycosylation profile was abundant in fucosylated glycan structures 
(G0F, G1F, G2F, Fig 1A), as described for normal human IgG1.11;23;26;27 In contrast, the anti-D 
specific IgG1-derived glycopeptides mostly consisted of glycoforms lacking core fucose (G1 
and G2, Fig. 1B). 

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-galactosylation 
were significantly increased (Fig. 2A) and the levels of Fc-bisection significantly decreased 
(Fig. 2B), when compared to total IgG1 (galactosylation: 61.92% and bisection 13.80% in 
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Table 1 Theoreti cal masses of trypti c glycopepti des of human IgG1. 

Glycan species Glycan structure IgG1 E293EQYNSTYR301
a

P01857b

[M+H]+

No glycan - 1190.5198

G0 2487.9880

G0F 2634.0459

G1 2650.0408

G1F 2796.0987

G0N 2691.0674

G0FN 2837.1253

G2 2812.0936

G2F 2958.1515

G1N 2853.1202

G1FN 2999.1781

G2N 3015.1730

G2FN 3161.2309

Glycan structural features are given in terms of number of galactoses (G0, G1, G2), fucose (F) and bisecti ng 
N-acetylglucosamine (N). a Trypti c IgG glycopepti de sequence. b Uniprot entry number

non-pregnancy setting).11 Strikingly, the levels of Fc-fucosylation were found to be variably 
decreased, with some cases with levels of core fucosylation down to 10%, while this was fairly 
constant for total IgG1 (on average 93.3% ± 4.6, Fig. 2C), which is comparable to the total 
IgG1-fucosylation in a non-pregnancy setting (92,86%).11 Furt hermore, we observed a weak 
but signifi cant negative correlation between anti-D IgG1-fucosylation and galactosylation 
(R2:0.06. P=0.023) and no signifi cant correlation between bisection and galactosylation or 
bisection and fucosylation (Supplementary Fig. 1)

Fc-fucosylation levels of pregnancy-induced anti-D IgG1 predict NK-cell mediated 
ADCC activity.
As monocyte ADCC is used to monitor anti-D activity for diagnostic purposes, since it is 
more predictive for disease severity of HDFN than the antibody titer4, we fi rst investigated 
if glycosylation of the anti-D IgG1 aff ected the biological activity of the anti-D. A very weak, 
albeit signifi cant, correlation between monocyte ADCC and the level of galactosyslation was 
found (Fig. 3A). No signifi cant correlation was found between monocyte ADCC and bisection 
or fucosylation. However, as IgG-Fc fucosylation only aff ects binding to FcγRIIIa which 
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Figure 1 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 serum of a pregnant 
woman, were measured by positive-ion reflectron mode MALDI-TOF-MS. G0, agalactosylated glycan without core 
fucose; G0F, agalactosylated glycan with core fucose; G1, monogalactosylated glycan without core fucose, etc. Blue 
square, N-acetylglucosamine; green circle, mannose; yellow circle, galactose; red triangle, fucose; pep, peptide 
moiety; *, contaminant. For the assignment of the glycopeptides signals see Table 1. 
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Figure 2 Anti-D IgG1 in pregnancy display a 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 analyzed 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 Vs. specific antibodies is listed in each panel. The diagonal, 
dotted line represents theoretical equal ratio between total IgG1 and anti-D IgG1. Normal total IgG1 values (non-
pregnancy setting): galactose (61.92%), bisection (13.80%) and fucose (92.86%)11 
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is hardly expressed on circulating monocytes (~5 % of cells show low expression), we also 
tested the functional capacity of some of these pregnancy-induced anti-D IgG1 antibodies to 
mediate RBC lysis through CD16+ (FcγRIIIa) through NK cells-mediated ADCC. For eleven 
samples sufficient material was available to perform this assay. With this set of samples we did 
not observe any significant correlation between anti-D IgG1 galactosylation or bisection and 
NK-cell ADCC (Fig. 3D-E, respectively), and also not with monocyte ADCC (Supplementary 
Fig. 2). However, in line with the strong FcγRIIIa 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 corresponding to an increased NK-cell mediated ADCC (Fig. 3F). 

Low fucosylation of IgG1 anti-D is associated with low neonatal hemoglobin levels at 
birth
IgG-opsonized RBCs are cleared quickly through FcγR-receptor mediated pathways in the 
liver and spleen.28 We therefore, as a pilot-study, tested if the hemoglobin levels in the fetus 
or neonate were associated with IgG1-anti-D fucosylation in these patients. All patients 
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Figure 3 Low anti-D IgG1-fucosylation induces stronger NK-cell mediated ADCC, but not monocyte-
ADCC. 

Monocyte ADCC (A-C), and NK cell ADCC (D-F) versus the levels of galactosylation (A, D), bisection (B, E) and 
fucosylation (C, D) found in IgG1-anti-D. For the monocyte-ADCC the data for all samples were plotted, but only 
those containing enough material and with anti-D titer of 1/128 for the NK-cell mediated ADCC. Statistical analyses 
were performed by two-tailed (A-E) and one-tailed (F) Pearson correlation.
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were included with dominantly IgG1-anti-D and of which the hemoglobin levels, before any 
IUT, were recorded (n=12). In agreement with lowered anti-D IgG1 core fucosylation and 
its increased affinity to FcγRIIIa23, we found the degree of IgG1-anti-D Fc-fucosylation to 
correlate significantly with the hemoglobin levels (Fig. 4, R2=0.289 and P: *, 0.037).

Discussion

In the current paper we investigated the IgG1-Fc-glycosylation patterns of 70 pregnancy-
induced anti-D antibodies. The glycosylation pattern of the anti-D specific IgG was compared 
to that of total IgG from the same patient. The antigen-specific IgG1-antibodies were first 
affinity purified from D-positive RBCs, and then using anti-IgG1 beads, after which trypsin 
digested glycopeptides were analyzed by mass spectrometry. Despite the presence of IgG3 
anti-D in some of the patients, we now 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, that have either identical mass to that of IgG2 
or IgG4 glycopeptides.25;29 In general, the anti-D IgG1 antibodies displayed elevated levels 
of galactosylation, lowered bisection, but most prominently, a decrease in core fucosylation 
was observed in many of the patients. Importantly, the affinity purification procedure using 
protein G Sepharose beads with acidic elution did not result in a noticeable change of IgG Fc 
glycosylation profiles. This was assessed by comparing the glycosylation profile of a highly 
core-fucosylated monoclonal antibody before and after protein G affinity purification (not 
shown).23;26 Besides, the changes observed were reproducible upon re-measuring,11 and highly 
variable between patients, with some patients showing no changes in anti-D glycosylation 
patterns.
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Figure 4 Anti-D IgG1 with lower core fucosylation induces more severe hemolysis. 

No significant correlation was found between anti-D titer and Hemoglobin levels (A). However, the degree of IgG1-
anti-D fucosylation in pregnancy correlated significantly with hemoglobin levels at birth. Statistical analyses were 
performed using one-tailed Pearson correlation. NS: non-significant.
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Recently, we described a similar decrease of IgG1-Fc fucosylation in anti-HPA-1a IgG1 
antibodies in FNAIT, which we did not observe for anti-HLA antibodies in platelet transfusion 
refractoriness (refractory thrombocytopenia, RT).23 Moreover, we found this decreased 
Fc-fucosylation to result in enhanced platelet-phagocytosis mediated by FcγRIIIa-positive 
monocytes or FcγRIIIb-positive PMN. Similarly, this kind of skewing of core fucosylation 
in antigen-specfic IgG has now also been described in one recent study on anti- HIV 
responses in elite controllers of HIV infection but unlike in our studies, these also displayed 
agalactosylated- glycans.30 

Besides a decrease in fucosylation of the anti-D-specific IgG1, we also found a decrease in 
bisecting GlcNac compared to total IgG, similar to what we found for anti-HLA antibodies 
in a cohort of patients who received platelet transfusions.23 However, this lowered level of 
bisection was not found in FNAIT-anti-HPA-1a IgG1,23 perhaps indicating a differentiation 
of the B cell responses depending on the context of the target antigen. Bisection was neither a 
predictor of NK nor monocyte ADCC activity towards red cells.

We also observed an increased Fc-galactosylation of both total IgG and more pronounced 
for D-specific IgG. This was not unexpected, as total IgG-galactosylation is known to be 
increased in pregnancy,9-11 and because we previously found that decrease in core fucosylation 
goes hand-in-hand with increased galactosylation in anti-HPA-1a IgG1 found in FNAIT.23  
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 IgG1.30 

Due to the fact we measured the samples in the mass spectrometer in positive-ion mode 
for increased sensitivity, we were unfortunately not able to obtain reliable data for sialylation. 
However, based on our previous analysis of patient’s anti-HPA1a antibodies, and in vitro 
generated antibodies, where we have found that increased galactosylation generally results 
in increased sialylation since the substrate for sialyltransferases adding α2-6 sialic acid are 
β1,4 galactose residues,31 a similar increase in sialylation of the anti-D specific IgG1 is to be 
expected. This fits with a recent report showing 16% sialylation of anti-D specific IgG compared 
to 8% for total IgG.32 Most importantly, addition of galactose to the ASN297 glycan in IgG has 
been shown to result in decreased binding to FcγR33 which is further reduced by addition of 
sialic acid.34 This is supported by a recent report showing that lack of galactosylation enhances 
the pathogenic activity of IgG1 anti-RBC autoantibodies.35 Together this makes it is very 
unlikely that the increased galactosylation we observe, with or without possible increased 
sialylation, will positively affect ADCC. Although the degree of galactosylation did correlate 
significantly with monocyte ADCC, the affect was marginal at best, with no such correlation 
being noted for the NK-cell mediated ADCC. However, we cannot exclude that a possible 
effect might be masked by the concomitant decrease in fucosylation that would be expected 
to have the opposite effect due the increased binding to FcγRIII.Similarly to the findings in 
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the FNAIT cohort, the most striking finding in the current study is the highly variable but 
potent lowering of the core fucose levels observed for anti-D IgG1 antibodies in pregnancy, 
with 34 out of 70 samples with a Fc-fucosylation degree <50%, whereas fucose levels in 
serum IgG have never been reported to be lower than 90%.11;23;26;27 Although both FNAIT and 
HDFN are antibody-mediated disorders in pregnancy, we have also observed a low anti-D 
Fc-fucosylation in male hyperimmunized anti-D (HID)-donors (Kapur et al, unpublished), 
indicating that the regulation of the Fc-fucosylation is not a pregnancy related phenomenon. 
In refractory thrombocytopenia patients, the HLA-class I antibodies did not display low 
Fc-fucosylation.23 Therefore, the production of low Fc-fucosylation seems to depend on the 
nature of the recognized antigen, hence, 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). The lowered core fucosylation of the antigen specific IgG1 antibodies is particularly 
interesting because we and others have found lowered Fc-fucosylation to facilitate stronger 
binding to FcγRIIIa6;22;23;36-40 and FcγRIIIb,22;23;38 but not other FcγR.23;38 This in agreement with 
the increased binding to FcγRIII to take place through glycan-glycan interaction through the 
glycan at position 162 unique to the human FcγRIII family.8;41 In addition, the V158-isoform of 
FcγRIIIa is also associated with a faster clearance of D-positive RBCs,42;43 supporting FcγRIIIa 
to be an important FcγR for IgG-opsonized RBC clearance. We therefore tested the functional 
effect of pregnancy-induced anti-D antibodies in a FcγRIIIa-mediated ADCC using sera with 
equal titers. We indeed found a significant correlation between IgG1-anti-D fucosylation and 
FcγRIIIa (NK-cell)-mediated ADCC, with lower degree of Fc-fucosylation corresponding to 
higher NK-cell mediated ADCC. No correlation was found between fucosylation levels and 
the monocyte-based ADCC, which mainly occurs through FcγRI.44;45 

In this small group of patients there was no significant correlation between hemoglobin 
levels at birth and anti-D titer. However, in a clinical setting in alloimmunized women, a rise 
in titer is generally accompanied by a rise in ADCC. Although the anti-D titer is a relevant 
parameter for the prediction of fetal red cell destruction,1 the monocyte-mediated ADCC 
has been shown to be a better predictor,4 as it also takes the interaction of the antibody with 
the phagocytic FcγRs into account, even though the FcγRIIIa-negative peripheral monocytes 
are probably not strongly participating in RBC removal in vivo, unlike the FcγRIIIa-positive 
counterparts found in the spleen.28 The monocyte-based ADCC is extremely sensitive, as 
shown by the fact that severe fetal anemia did not occur when the ADCC results remain 
<50%.4 Conversely, when ADCC level were high (>80%), 43% of the fetuses were severely 
anemic.4 The specificity of the ADCC test for prediction of severe HDFN is also higher 
compared than measurement titer measurement,4 but in terms of prediction of severe anaemia 
the specificity is relatively low. The results of the present study provide a possible explanation, 
as we now show an individual variation in the levels of low-core fucose among the anti-D 
antibodies, which predicts higher affinity to FcRIIIa, which is not detected by the monocyte 
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ADCC. Monitoring the degree of IgG Fc-fucosylation, either directly or by an NK cell ADCC, 
might improve the specificity of the laboratory screening for detecting fetuses at high risk. In 
agreement with this, we found a positive correlation between the hemoglobin levels at birth 
in relation and IgG1-anti-D Fc fucosylation in pregnancy. 

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 fucosylation of the antigen-specific 
IgG. In addition, the lowered core Fc-fucose in anti-D IgG1 was associated with increased 
FcγRIIIa-mediated ADCC and decreased hemoglobin levels at birth, suggesting this type of 
glycosylation to be an important biomarker and therapeutic target in HDFN.
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Supporting information

Supplemental figures

Supplementary Figure 1 The relationships between the degree of glycosylation of anti-D IgG1 for A) 
galactosylation and fucosylation, B) galacoylation and bisection, and (C) fucosylation and bisection. 

Significance was tested by two-tailed Pearson correlation, and significance was set at 0.05. NS: non-significant.

Supplementary Figure 2 Monocyte-mediated ADCC towards RBC vs glycosylation of anti-D IgG1 using 
the same set of samples as in Fig. 3D-F), shown for A) galacosylation, B) bisection, C) fucosylation. 

Significance was tested by two-tailed Pearson correlation. Significance was set at 0.05. NS: non-significant.
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Supplementary Figure 2:

Monocyte-mediated ADCC towards RBC vs glycosylation of anti-D IgG1 using the same set 

of samples as in Fig. 3D-F), shown for A) galacosylation, B) bisection, C) fucosylation. 

Significance was tested by Pearson's correlation. Significance was set at 0.05. NS: non-

significant
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Abstract

BACKGROUND: Anti-RhD (anti-D) immunoprophylaxis has greatly reduced the occurrence 
of hemolytic disease of the fetus or newborn (HDFN). The prophylactic IgG is obtained from 
hyperimmunized healthy anti-D donors (HID) boosted with D-positive RBCs. Although the 
exact working-mechanism of anti-D immunoprophylaxis is unknown, one strong hypothesis 
is that anti-D ensures fast D-positive RBC clearance through FcγRIII. The level of Fc 
fucosylation influences the interaction with FcγRIII, with a lower degree of Fc-fucosylation 
resulting in stronger interactions. 
STUDY DESIGN AND METHODS: Anti-D IgG1 Fc-glycosylation patterns in 93 plasma 
samples from 28 male and 28 female HID-donors (Dutch anti-D immunoprophylaxis), and 
commercial international anti-D immunoprophylaxis preparations were analyzed with mass-
spectrometry. Furthermore, the Fc-glycosylation-profiles of HID-donors were evaluated with 
regard to their immunization history.
RESULTS: Both female and male HID-donor serum samples demonstrated a clearly lowered 
anti-D Fc-fucosylation when compared to normal IgG fucosylation (93%), and this was more 
pronounced for females than for male HID-donors (46.7% vs 64.7%, p=0.001). Polyclonal 
anti-D immunoprophylaxis preparations from 7 different manufacturers varied greatly with 
respect to the level of Fc-fucosylation (56% to 91%). The product in which IgG is mainly 
derived from female donors immunized by pregnancy showed the lowest level of fucosylation. 
Although the level of fucosylation was slightly increased upon repeated immunization, the 
level of fucosylation remained fairly constant over time. 
CONCLUSION: Decreased IgG1-Fc-fucosylation seems to be a common response to 
particulate blood-born antigens. Based on the observed fucosylation patterns of anti-D in 
combination with the hypothesis that anti-D immunoprophylaxis exerts its effect through 
FcγRIII-mediated clearance, anti-D immunoprophylaxis could be further optimized by 
selection of donors whose anti-D have low amounts of Fc-fucose. Implementing a biological 
assay in the standardization of anti-D immunoglobulin preparations might be considered.
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Introduction

Anti-D immunization in D-negative women carrying a D-positive fetus can result in the 
development of Hemolytic Disease of the Fetus and Newborn (HDFN). The use of anti-D 
immunoglobulin (IgG) to prevent immunization is one of the most successful clinical 
applications of antibody-mediated suppression. At present, the only source of anti-D Ig is the 
plasma of hyperimmunized anti-D donors (HID) who are volunteers repeatedly immunized 
with D+ red blood cells (RBCs) in order to obtain plasma rich in anti-D IgG. The mechanism 
by which anti-D IgG is effective in preventing alloimmunization remains elusive, although it 
is assumed that the course of action of anti-D IgG may operate through a rapid clearance from 
the maternal circulation of anti-D-coated fetal RBCs following the binding of anti-D IgG with 
the Fc-gamma receptors (FcγRs) expressed on phagocytic and/or killer cells.1

IgG-mediated clearance of human red cells and platelets has been demonstrated to 
be affected by FcgRIII polymorphisms, both in autoimmune settings and in experimental 
clearance.2-5 In addition to genetic variation in FcgRIII affecting binding of IgG and thereby 
its effector functions, Fc- N-linked glycosylation of IgG at position Asn297 is also important 
for the interaction of FcgRs with IgG.6 In particular, core fucosylation of the IgG-Fc has been 
shown to specifically affect binding to FcgRIIIa and FcgRIIIb, but not to other FcgR, due 
to a glycan-glycan interaction between the Fc-glycan at position Asn297, and the FcgRIII-
glycan at position Asn162 uniquely found in the FcgRIII family.7-9 The importance of the 
core fucosylation of the IgG-Fc has mainly received attention because of the possibilities to 
produce more efficacious therapeutic antibodies and glycoengineered anti-cancer antibodies 
carrying afucosylated Fc glycans are currently in clinical development (reviewed by Yamane-
Ohnuki et al).10 For this reason, Beliard et al. selected in their search towards a recombinant 
anti-D antibody to replace plasma derived anti-D immunoprophylaxis, a monoclonal anti-
RhD antibody (LFB-R297) that contains an optimized glycosylation profile characterized by 
a low fucose content.5;11 Since there is only little variation in the fucose content of human 
IgG found in serum, and on the glycopeptide level on average 93% of IgG do contain core 
fucose, the relevance of the fucose content of polyclonal anti-D IgG has never been studied.  
However recently, we observed a low Fc-fucosylation (down to ~10%) in anti-human platelet 
antigen (HPA)-1a IgG1 antibodies in fetal or neonatal alloimmune thrombocytopenia 
(FNAIT).12 Similarly, we also observed a variable and decreased fucosylation in anti-D IgG1 
antibodies in pregnancy (on average 53.2% ±25.0%), with again some cases with levels of core 
fucosylation down to 10%, whereas the fucosylation of total IgG1 was fairly constant and 
normal (on average 93.3%).13 This very atypical form of glycosylation found in FNAIT and 
hemolytic disease of the fetus or newborn (HDFN), suggested that this form of glycosylation 
might be unique for immune responses in pregnancy, but in the present paper we show 
that also in male hyperimmune donors (HID) the fucosylation level is decreased, although 
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slightly higher than in female HID. In view of the strong effect of Fc-fucosylation on red cell 
clearing potency of anti-D immunoprophylaxis, we investigated the fucose content of anti-D 
immunoglobulin preparations from different suppliers and analyzed various HID-donor 
immunization parameters with respect to their glycosylation patterns. Substantial differences 
between fucosylation levels of the various preparations were found, ranging from 56% till 
91%. These findings might have great impact on the efficacy of these different preparations.14 

Methods

Hyperimmune donors
93 plasma samples were obtained from 28 male and 28 female D-negative donors 
hyperimmunized with D-postive red blood cells for inclusion in the hyperimmune program 
for generation of prophylactic anti-D immunoglobulins at Sanquin, the Netherlands. Samples 
were obtained with informed consent from the donors in accordance with the Declaration of 
Helsinki.

Prophylactic Anti-D 
Partobulin SDF (Baxter AG, Vienna, Austria), Rhophylac (QC grade) and Rhophylac (clinical 
grade) (CSL Behring AG, Bern, Switzerland), RhoGam a,b,c (Johnson & Johnson, New 
Jersey, USA), LFB CRTS anti-D (LFB, Les Ulis, France) and D-Gam (Bio Prod. Laboratory, 
Elstree, UK), Rhesonativ (Octapharma AG, Lachen, Switzerland) were kindly provided by dr. 
B. Kumpel (Bristol, UK). RheDquin 2007 and RheDquin 2014 was obtained from Sanquin, 
Amsterdam, The Netherlands.

Purification of anti-D antibodies from sera and prophylactic anti-D products
Anti-D alloantibodies from HID-donors as well as from immunoprophylaxis batches were 
purified by incubation of sera (250 µl serum for all samples, for one sample with anti-D titer 
of 16000, 100 µl of serum was used) or anti-D immunoglobulin preparations (250 µl) with 
500 µl packed D-positive RBCs, all incubated for 1 hour at 37°C. Similarly, D-negative RBCs 
incubated with D-positive serum, as well as D-positive RBCs incubated with Normal Human 
Serum (NHS), were incubated in an identical manner and used as negative controls. This 
was followed by six washing with cold PBS. Hereafter, antibodies were eluted from the RBCs 
via addition of eluting buffer (low-pH glycine buffer of Gamma ELU-KITTM II, Immucor, 
Inc., Norcross, GA 30071, USA) and the pH of the antibody-containing eluate (supernatant) 
was neutralized by addition of 250 μL of basic Tris-phosphate buffer (214 mM Tris, 22 mM 
Na2HPO4).
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Specificity of IgG in eluates
The specificity of the eluate was confirmed by gelcards (DiaMed GmbH, Bio-Rad Laboratories, 
Inc., Hercules, CA, USA, 6 microtubes containing rabbit anti-human IgG within the gel 
matrix). The amount of IgG1 and IgG3 in the eluate was determined by ELISA on solid plates 
(NUNC-Immuno, Maxisorp, Sigma Aldrich, St Louis, MO, USA) coated with either mouse-
anti-human IgG1 Fc (clone MH161-1, Sanquin reagents, Amsterdam, The Netherlands) or 
with mouse-anti-human IgG3 hinge (clone MH163-1, Sanquin reagents) overnight at 4ºC. 
Each eluate was diluted in PBS 0.025% Tween, incubated for 1 hour at room temperature, and 
detected with mouse-anti-human IgG-Fc HRP (Southern Biotech, Birmingham, AL, USA). 
Plates were immediately read at 450 nm with a Genios Plus plate reader (Tecan, Giessen, 
Netherlands). For calculations of IgG1 and IgG3 concentrations, fully human recombinant 
antibodies (IgG1κ and IgG3 GDob1were used as standard.15;16 IgG in eluate was considered 
anti-D positive if the same sample tested positive when eluted from D-positive red blood cells, 
reacted positive on gelcards and tested negative for IgG when eluted from D-negative red 
blood cells. Another negative control was performed by negative testing of the eluate which 
had been made from incubation of D-positive red blood cells with NHS. 

Mass spectrometric IgG Fc glycosylation analysis
IgG1 was isolated from plasma and eluates by subclass specific affinity chromatography using 
10 μL CaptureSelectTM IgG1 (Hu) affinity beads in 96-well plate format 0.7 ml/well filter plates 
(Orochem, Naperville, IL) and IgG1 Fc glycopeptides were enriched and desalted by reverse 
phase (RP) solid phase extraction (SPE) using Chromabond C18ec (C-18) beads (Marcherey-
Nagel, Düren, Germany), before mass spectrometry (MALDI-TOF-MS) was performed, 
all as described previously.13 Samples (eluates) were dissolved in 40 μL of water, and 2 μL 
aliquots were spotted onto MTP 384 polished steel target plates (Bruker Daltonics, Bremen, 
Germany) and allowed to dry at room temperature. Subsequently, 2 μL of 5 mg/mL 4-chloro-
α-cyanocinnamic acid (Cl-CCA; 95% purity; Bionet Research, Camelford, Cornwall, U.K.) in 
70% ACN was applied on top of each sample and allowed to dry. Glycopeptides were analyzed 
on an UltrafleXtreme MALDI-TOF/TOF mass spectrometer (Bruker Daltonics), which was 
operated in the positive-ion reflectron mode. Ions between m/z 1000 and 3700 were recorded. 
To allow homogeneous spot sampling, a random walk laser movement with 100 laser shots 
per raster spot was applied, and each IgG glycopeptide sum mass spectrum was generated by 
accumulation of 2000 laser shots. Mass spectra were internally calibrated using a list of known 
glycopeptides (G0, G0F, G1, G1F, G2, G2F species). 

Data processing and evaluation were performed with FlexAnalysis Software (Bruker 
Daltonics) and Microsoft Excel, respectively. The data were baseline subtracted and the 
intensities of a defined set of 12 glycopeptides (6 glycoforms for IgG1 with core-fucose and 
6 glycoforms for IgG1 without core-fucose) were automatically defined for each spectrum.
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Relative intensities of IgG Fc glycopeptides were obtained by integrating the first isotopic 
peaks followed by normalization to the total IgG1 specific glycopeptide intensities. The level 
of galactosylation was calculated from the relative intensities of various Fc N-glycopeptides 
according to the formula: (G1 + G1F+ G1FN + G1N)*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-glycoforms (G0F + G1F + 
G0FN + G2F + G1FN + G2FN).

Statistical analysis 
Analysis was performed using GraphPad Prism 5.01 (La Jolla, CA). Tests were applied as 
indicated and level of significance was set at p<0.05.

Results

Fc-fucosylation of anti-D IgG is lowered in male HID-donors, but even lower in female 
HID-donors.
We investigated the Fc-glycosylation patterns from anti-D IgG1 isolated from plasma of HID-
female and HID-male donors by mass-spectrometry, and compared these patterns to anti-D 
IgG1 from alloimmunized pregnant women. After purifying the antibodies from the sera by 
incubation with D-positive RBCs followed by removal of the bound anti-D antibodies via 
acidic elution, glyco-analysis was performed at the glyco-peptide level after tryptic digestion.  
For donors from which plasmas from several time points were available, the data from the 
latest time point were used for this analysis. As demonstrated before, in pregnant women the 
Fc-fucosylation of the anti-D IgG1 was highly variable but significantly decreased (Fig.1A) 
compared to total IgG present in the same plasma’s (53.2% ± 25.0% versus 93.3% ± 4.6 ; mean 
± STD) (Fig. 1B). We now show that this decreased fucosylation is also (or still) present in 
female HID (46.7% ± 21.7, p=0.23), who originally developed their anti-D during pregnancy, 
whereas their average age at time of sampling was 59 years. Importantly, also in HID-males the 
degree of anti-D IgG1 Fc-fucosylation was low (average 64.7% + 16.8) , although this decrease 
was significantly less pronounced then in female HID (p=0.001). The level of fucosylation 
of total IgG1 was not significantly different between female and male HID (91.4% + 3.4 
Versus 93.1% + 3.9, p=0.1). Furthermore, the level of anti-D galactosylation was considerably 
increased, and the level of bisection was slightly decreased in both male (63.6% and 12.8%., 
respectively) and female (67.7% and 12.7%, respectively) HID, when compared to total IgG1 
(39.5% and 15.0%) (Fig. 1C-F), These levels were not significantly different between the 
two groups. The changes in galactosylation and in bisecting GcNAc were more pronounced 
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in the anti-D IgG isolated from pregnant women (82.6% and 2.9%, p<0.01), even whereas 
in these samples the total IgG1 displayed the known pregnancy associated higher level of 
galactosylation (57.5%) and lower incidence of bisecting GlcNAc (9.9%).17;18

Figure 1 Anti-D antibodies from female and male HID-donors display lowered IgG1-Fc-fucosylation, 
which is lower for female HID-donors. 

Relative expression levels of Anti-D IgG-Fc Asn-297 glycoforms from pregnancy-induced anti-D, female and male 
HID-donors. Serum populations were analyzed for Fc-fucosylation and total IgG fucosylation (A, B), galactosylation 
and total IgG galactosylation (C, D), and bisection (bisecting GlcNAc) and total IgG bisection (E, F). Statistical 
comparisons were performed by one-way ANOVA with Tukey’s post-test, *: p≤0.05; **: p≤0.01; ***: p≤0.001, NS: 
non-significant.
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Prophylactic anti-D formulations show variable anti-D IgG-Fc fucosylation.
As we observed a highly variable degree of Fc-fucose between HID-donors, with female HID-
donors displaying a lower level of fucosylation, we next investigated how this is reflected 
in different anti-D immunoprophylaxis preparations. We speculated that programs working 
with deliberately immunized volunteers will have more male donors, because women under 
the age of 45 years old will not be immunized since that will compromise future pregnancies 
of females. Whereas in a program such as in the Netherlands, which recruits donors from 
already immunized individuals, consists mainly of HID-females naturally immunized during 
pregnancy. Furthermore, since we have no insight in which variables influence the level of 
fucosylation, different immunization programs might result in different levels of fucosylation.  
Anti-D IgG1 Fc-glycosylation analysis indeed revealed that immunoprophylaxis batches 
varied greatly with regard to Fc fucosylation (~56-91%), which was relatively low compared 
to total IgG (~94% on average, Fig. 2A). The levels of galactosylation were increased in all 
batches (~60-80%, Fig. 2B), compared to total IgG (~40%). The levels of Fc-bisection were 
decreased in all batches (~3.5-10%), compared to total IgG (Fig. 2C), and were found to 
correlate negatively to the level of anti-D fucosylation (R2: 0.405, P=0.035), while no significant 
correlation was found between anti-D fucosylation and galactosylation (Supplementary Fig. 
1).

Kapur et al, Figure 2
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Figure 2 Anti-D immunoglobulins from various international 
immunoprophylactic anti-D demonstrate variable Fc-
fucosylation.

Relative expression levels of anti-D IgG-Fc Asn-297 glycoforms for 
several international anti-D immunoprophylactic products. Analysis 
was performed for Fc-fucosylation (A), galactosylation (B), and 
bisection (C), all compared to total IgG profiles. CG: Clinical grade
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Figure 3 Anti-D fucosylation levels correlate positively with the number of administered boosters.

HID-donor immunization parameters were analyzed with respect to the degree of anti-D fucosylation. Parameters 
are: days after first booster (A), days after last booster (B), number of boosters (C), number of donations (D), anti-D 
titer (E) and donor age (F). Statistical comparisons were performed with Pearson’s correlation, NS: non-significant, 
*: p≤0.05 and as indicated for (C): R2: 0.074 and P= 0.026.

The degree of anti-D fucosylation is a relatively constant parameter per donor. 
Next we examined if the immunization history of the HID-donor affected fucosylation of 
anti-D-specific antibodies. We analyzed the number of days after the first booster, number of 
days after the last booster, the number of boosters, the number of donations with respect to 
the degree of anti-D fucosylation. The number of boosters were found to positively correlate 
to the degree of anti-D fucosylation, but the effect was only marginal (R2: 0.074, P=0.026), 
while no significant correlation was found for the other parameters analyzed (Fig. 3). Also the 
age of the donor and the anti-D titer were not related to the fucosylation level. 

From several donors the fucosylation level of IgG isolated from plasma drawn 8-10 years 
(n=16) and/or around 1 year (n=17) before the index samples were tested. From 1 donor we 
had 4 samples within 3 months. As shown in Fig. 4A the fucosylation levels between these 
time points were rather comparable, although a slight increase in time was seen. However, 
in 29 of these 36 samples the absolute change in fucosylation was less than 15%, whereas the 

Kapur et al, Figure 3
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level of fucosylation between donors varied from 10% to 86%. In two cases in which one of the 
samples was drawn shortly after a booster, the changes were more pronounced. Remarkably, 
all donors who did not receive any booster between the two time points had a significantly 
greater decrease in fucosylation level when compared to donors who did receive one or more 
boosters (Fig. 4B, Tukey’s Muliple Comparison test, p<0.05).

Figure 4 Anti-D fucosylation levels remain fairly constant over time.

Absolute changes in fucosylation levels were determined by subtracting the anti-D Fc-fucosylation level measured 
in a blood sample drawn at a previous visit. (A) Changes in fucosylation level are related to time between the blood 
sampling and to the fucosylation level at the previous visit (=>60%, < 40-60%, ▲<40%). A slight but significant 
positive correlation between fucosylation level and time between visits was seen (R2=0.14, p=0.022). (B) Changes in 
fucosylation level are related to number of boosters between the two blood sampling time points and to the time 9

Discussion

We have previously observed a highly variable and lowered Fc-fucosylation of alloantibodies in 
pregnancy against HPA1a and anti-D compared to the high level of fucosylation of serum IgG 
(93%).12;13 In the present study it was tested if this would also be true for HID-donors. These 
HID-donors are repeatedly immunized with D+ RBCs in order to obtain plasma containing 
high titers of anti-D immunoglobulin, the source material for immunoprophylactic anti-D. 
Afucosylated IgG antibodies have an up to 50-fold stronger binding affinity to FcγRIIIa9 and 
thus variation in fucosylation might have great effect on the clearance potential of anti-D 
immunoglobulin preparations. We thus analyzed the Fc-glycosylation patterns of anti-D 
IgG1 from healthy male as well as female donors, and compared this to anti-D from pregnant 
women, as well as the total IgG1 present in these sera. Fucosylation levels were found to be 
decreased both in male and female HID-donors compared to total IgG. The fact that male 
HID-donors displayed a lowering of fucosylation, indicates that the regulation of lowered 
Fc-fucose is not strictly a pregnancy related effect, but seems rather to be dependent on 
the nature of the antigen, e.g. particulate antigen. However, the anti-D fucosylation was 
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significantly lower for the females (both the pregnant cohort and the HID-donors) than for 
the male HID-donors, indicating that there still might be an effect of immunization during 
pregnancy. So far, there has been no effect of gender on the level of fucosylation described.19 

Also similar to anti-D in pregnancy an increased level of galactosylation and lower levels of 
bisecting GlcNAc were observed in anti-D compared to the total IgG1 in these samples, but 
these features were significantly less pronounced then in the anti-D from pregnant women 
and not different between male and female HID. 

The significant difference in anti-D fucosylation between male and female HID-donors and 
the huge variation between the HID, prompted us to investigate possible differences between 
anti-D immunoglobulin preparations from different manufacturers, which might differ in 
their donor population as well as in their immunization program. For example, the Dutch 
anti-D is mainly obtained from women, who are naturally immunized during pregnancy. 
We indeed found considerable variation between the different batches, varying from 56% to 
91% of fucosylation, and the lowest levels (~56%) were found when the immunoprophylaxis 
was mainly derived from female HID-donors. All immunoprophylactic preparations were 
invariably increased in anti-D galactosylation, and showed a variable but constant decrease in 
bisecting GlcNac. In agreement with work describing that fucosylation and bisection occurs 
in a reciprocal manner, the fucosylation of anti-D igG1 correlated negatively with the level of 
anti-D bisection.19;20 

The exact working-mechanism by which anti-D exerts its immunoprophylactic effect is 
unknown, but an attractive mechanism is that it operates via FcγRs on phagocytes, resulting 
in rapid clearance of opsonized RBCs from the maternal circulation. This hypothesis is 
supported by the fact that only monoclonal anti-D antibodies with high in vitro FcγR-mediated 
ADCC activities, were able to prevent D-immunization in human volunteers.21 Furthermore 
the observation that the activity of some of these monoclonal antibodies was strongly 
affected by the cell system they were produced, indicates the relevance of posttranscriptional 
modification, possibly fucosylation.21 The FcγRIIIa-expressed with valine (V) at position 
158 has a stronger binding affinity for IgG1 and IgG3 than the FcγRIIIa-expressed with 
phenylalanine (F)22;23, and is associated with a faster clearance of D-positive RBCs4, suggesting 
FcγRIIIa to be relevant for RBC-clearance. We have recently shown that decreased Fc-fucose 
can bind more strongly to FcγRIIIa and FcγRIIIb, resulting in increased platelet phagocytosis 
in FNAIT, decreased neonatal platelet numbers and increased bleeding tendency.12 In line 
with this, the degree of anti-D fucosylation from pregnant women correlated negatively with 
NK-cell mediated ADCC, as well as positively to neonatal hemoglobin levels at birth13, again 
underlining the destructive potential of Fc-fucosylation in blood cell clearance. Together, 
these data suggest that the efficacy of the here tested anti-D immunoglobulin preparations 
will differ dependent on their fucosylaton level. 

Interestingly, also the increased galactosylation of anti-D IgG that was observed might 
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contribute to the superior immune inhibitory effect of the immunoglobulin preparations. 
High galactosylation of IgG1 has been shown to promote the interaction of the inhibitory 
FcγRIIb with the human lectin Dectin-1, resulting in blockage of pro-inflammatory effector 
functions. Furthermore, increased galactosylation is linked to increased Fc-sialylation19 and 
the sialylated IgG is suggested to interact with DC-SIGN resulting in increased FcγRIIb 
expression.24;25 As an alternative working mechanism of anti-D immunoprophylaxis the 
interaction of anti-D IgG with the inhibitory FcRIIb has been suggested.26 

We also investigated if immunization parameters of the HID-donor affected Fc-
fucosylation of anti-D IgG. The degree of Fc-fucosylation was marginally -but significantly- 
correlated with the number of boosters, which is line with the finding by Guo et al, who 
demonstrated that repeated immunization induced an increase in Fc-fucose in mice.27 No 
other parameter investigated, such as the number of days after first booster, days after last 
booster, number of donations, titer and donor age did show any significant correlation with 
the degree of anti-D fucosylation. In fact, when tested in paired samples with intervals up 
to 9 years, the fucosylation level of the anti-D was found to be rather stable in time. This 
is in agreement with the observation that there were no differences in glycosylation profile 
between the anti-D found in sera from pregnant women and female HID, of which virtually 
all have been immunized during pregnancies more than 10-30 years before they entered the 
hyperimmunization program. This strongly suggests that the primary immunization event 
determines the glycosylation pattern.

In conclusion, both male and female HID-donors display low amount anti-D IgG1-
Fc fucosylation to a similar level previously observed for anti-D- and anti-HPA-1a IgG1 
antibodies in pregnancy. The fact that female HID-donors have a significantly lower anti-D 
fucosylation than male HID-donors may reflect the differences found between various 
immunoprophylactic products. Still the fucosylation of all tested immunoprophylaxis batches 
were lower than of the total IgG, but based on the varied fucosylation seen in the different 
HID-donors, the composition of anti-D prophylactic batches can be influenced through 
careful selection of HID-donors. Based on the hypothesis that anti-D exerts its protective 
effect through increased FcγRIIIa-mediated clearance of IgG-opsonized RBCs.21;28;29 , donors 
should be selected with particularly low core fucosylation. Additionally, the immunization 
protocols of these HID-donors may be amended to prevent further increase in fucosylation 
observed in response to frequent D+ boosters. Furthermore, our findings might have impact 
on the standardization of anti-D immunoglobulin preparations. At present, the European 
Pharmacopoeia prescribes in order to estimate the potency of the preparation to assay 
them against a reference anti-D product calibrated in international units (IU) by automated 
haemagglutination using autoanalysers.30 But in view of the present findings, this might not 
be the optimal method and including fucosylation profile and/or FcyRIII-mediated ADCC 
activity might be considered.
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Supporting Information

Supplementary figures

Supplementary Figure 1 The degree of anti-D fucosylation in immunoprophylaxis correlates negatively 
with the degree of bisection. 

The level of anti-D fucosylation correlates negatively to the level anti-D bisection in various immunoprophylaxis 
batches (panel A, R2: 0.405 and P=0.035), while no significant correlation was found between the level of 
anti-D fucosylation and anti-D galactosylation (panel B). Statistical comparisons were performed with Pearson’s 
correlation, NS: non-significant, *: p≤0.05. Same immunoprophylaxis batches are listed as shown in Figure 2
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It is generally assumed that the antibody titer is the main determinant of antibody-mediated 
cell destruction and disease severity, with the higher the titer, the more cellular destruction 
occurring, for instance frequently reported for FNAIT.1-3 However, this correlation is not 
that strict considering the fact that in several cases with low antibody titers, potent platelet-
destruction still occurs (and vice versa), indicating that other factors besides titer are likely 
to be involved. 

In this thesis we started out by setting up and optimizing functional platelet-phagocytosis 
and respiratory burst assays with the aim of investigating potential new factors involved in 
antibody-mediated breakdown of platelets, which could possibly predict disease severity and/
or offer new therapeutic approaches (Chapter 2). Surprisingly, we found that the IgG-specific 
respiratory burst reaction induced by opsonized platelets only occurred in the presence of 
serum, not only maternal FNAIT serum but also normal human serum (NHS). We excluded 
the involvement of complement, observed a variable effect with several NHS and noted 
there was a calcium-dependent effect. We could then identify the serum factor responsible 
as C-Reactive Protein (CRP), an acute phase protein known to be up regulated during 
infections, a known ligand for Fc-receptors on phagocytes and present at varying subclinical 
levels in healthy individuals. Furthermore, we found that CRP enhanced antibody-mediated 
platelet destruction both in vitro (by CD16-positive monocytes and PMN) and in vivo (using 
a previously established mouse model of ITP). 

CRP is well established as an important acute-phase protein and is therefore utilized in 
daily clinical practice as a sensitive biomarker for infection and inflammation with its levels 
increasing from less than 0.05 mg/L to more than 500 mg/L after acute infections.4 CRP is 
produced by hepatocytes, predominantly under transcriptional control of IL-6. De novo 
synthesis is rapidly initiated after a single stimulus, with serum concentrations rising above 
5 mg/L by 6 hours and peaking around 48 hours, with a half-life of about 19 hours. When 
the stimulus ends, the CRP levels rapidly decrease. CRP is able to bind phosphorylcholine, 
which can be displayed by pathogens or damaged cell membranes.4;5 Also CRP can activate 
the complement system through binding of C1q and can also bind phagocytic cells via Fc-
receptors,4;5 suggesting a role for CRP in the elimination of pathogens and targeted cells. In this 
thesis we suggest a novel role for CRP in antibody-mediated platelet destruction. We show that 
antibody binding to platelets triggered oxidation, resulting in exposure of phosphorylcholine 
residues, providing a binding platform for CRP. Low-level IgG opsonization of platelets, not 
sufficient to initiate phagocytosis on its own, could then be enhanced by CRP, providing a 
ligand for additional phagocyte FcγR, but perhaps also for FcαRI (IgA receptor), considering 
the fact that both types of receptor have been shown to bind CRP,6-12 further marking it for 
phagocyte destruction. Enhancement of antibody-mediated platelet destruction occurred at 
subclinical concentrations in vitro, clearly below 10 mg/L and also measurements in FNAIT 
and ITP patients showed that CRP levels were increased compared to healthy controls, but 
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were also mainly present below 10 mg/L. Perhaps this can be explained by the fact that the 
stimuli in acute infections, responsible for high levels of CRP, are for instance bacterial 
ligands interacting with toll-like receptors. In FNAIT there are basically no bacterial ligands, 
preventing the production of high levels of CRP. This could of occur in ITP, but in those 
patients the infectious source is mostly viral, and in general bacterial infections are the ones 
associated with high CRP levels compared to viral infections.13-15 The observed subclinical 
levels of CRP in FNAIT and ITP can be explained due to the fact that CRP is always present in 
healthy individuals and is even known to have the tendency to be increased with age, probably 
due to an increasing incidence of subclinical pathologies.16 

When the pathogenic antibody is present, CRP is therefore always present – albeit at different 
levels - and can contribute to the antibody-mediated platelet destruction. CRP levels could 
very well be clinically relevant, also because we found CRP levels to be increased compared 
to healthy controls in neonatal FNAIT samples and in children with newly diagnosed ITP. 
Importantly, we showed in a randomized trial, that IVIg treatment of newly diagnosed ITP 
patients resulted in lowered CRP levels. The drop in CRP levels was accompanied with a rapid 
increase of the number of platelets and reduced bleeding tendency. It remains unclear if CRP 
levels are a cause or a consequence of disease severity or IVIG treatment, but it is challenging 
to confirm which is the cause. However, in a mouse model we showed that CRP injection on 
its own was inert, but co-injection with the anti-platelet antibody caused enhanced platelet 
breakdown. Therefore, CRP levels could perhaps be a useful biomarker of severities of IgG-
mediated thrombocytopenias. Therapeutically, it could be beneficial to investigate oxidation 
inhibitors, as these could prevent the exposure of phosphorylcholine, and perhaps strategies 
aimed at inhibition of CRP or reduction in CRP levels may prove to be effective in FNAIT/ITP 
patients.17 We show this now for platelets, but as phosphorylcholine is an integral component 
of all cellular membranes, this mechanism of antibody-mediated intensification of cellular 
breakdown may be a general phenomenon and therefore important for other allo- and 
autoantibody-mediated diseases, and possibly be utilized for antibody-mediated therapies. 

Another factor we hypothesized which could influence IgG-mediated cell destruction, and 
therefore of diagnostic relevance was the IgG-Fc glycosylation pattern (Chapters 4-6). First, 
we analyzed ten paired fetal-maternal serum samples (healthy pregnancy setting), for their 
IgG1, IgG2 together with IgG3, and IgG4 glycosylation (Chapter 3). Average levels of IgG-Fc 
galactosylation, sialylation, bisection and fucosylation were found to be similar in maternal 
and fetal IgGs, suggesting IgG-transport not be glycosylation selective. Therefore, the non-
invasive measurements of maternal IgG-glycosylation appear to be relevant and can be 
diagnostically relied upon, in the disease settings in which fetal cells are targeted by maternal 
antibodies (FNAIT and HDFN).

Interestingly, we observed a potent and variable decrease in Fc-fucosylation levels of both 
anti-platelet and anti-RBC alloantibodies in pregnancy (Chapters 4-6). This is remarkable, 
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considering the fact that normal fucose levels of total IgG show only little variation and are 
high around ~94%, also in pregnancy.18 The same phenomenon was observed for female HID-
donors (initially immunized by pregnancy), but also for male HID-donors, thereby excluding 
the strict requirement for a pregnancy setting in order to obtain low Fc-fucose levels (Chapter 
7). However, the immune milieu defined by pregnancy could still be a contributing factor, 
as female HID-donors still demonstrated a lower Fc-fucosylation than male HID-donors. 
Although glycosylation patterns are influenced by gender, and influenced by female sex 
hormones, there is no effect on fucosylation. The lower Fc-fucose may perhaps be an antigen-
dependent response. Possibly the location where the antigen encounters the immune-system 
is of importance, for instance in the blood circulation. It could also be due to a lack of a 
danger signal, as is the case in pregnancy and in HID-donors. The particulate nature of both 
the platelet and red cell antigens might also be relevant, since no decreased fucosylation 
has been observed upon tetanus vaccination.19 So far, not many antigen-specific IgG have 
been investigated for their glycosylation profile, and more research is required to understand 
which factors determine the IgG-N-glycosylation and what the physiological relevance of this 
regulation is. Surprisingly, IgG-fucosylation appears to be stable in time (for FNAIT even 
observed 7 years after delivery, but also observed many years after primary immunization of 
HID-donors). This indicates that IgG-fucosylation acquired during the onset of the immune 
response, is subject of genetic imprinting or due to long-lived plasma cells. 

For both anti-platelet and anti-RBC alloantibodies in pregnancy also increased levels of 
Fc-galactosylation were found, compared to total IgG (which is also known to be increased 
in pregnancy compared to a non-pregnancy setting).18 The increased Fc-galactosylation 
and lowered Fc-fucosylation levels may perhaps be regulated via higher expression of β4-
galactosyltransferase and a down-regulation of FUT8 in the antibody producing plasma 
cells of the patients. For HIV-specific antibodies, which also were shown to have decreased 
fucosylation20, FUT8 expression was found to be decreased in controllers and treated 
progressors compared to untreated progressors, while the expression of the fucosidase 
FUCA2, was found to be increased in controllers and untreated subjects.20 Recently, the 
transcription factor Hepatocyte Nuclear Factor (HNF)1a and its downstream target HNF4a 
have also been identified as transcriptional regulators of key fucosyltransferases and fucose 
biosynthesis genes. In addition, both the TLR9 ligand CpG oligodeoxynucleotide and IL-21 
could be involved in the regulation, as they have been shown to increase Fc galactosylation.21 
The involvement of these regulators has to be investigated for both FNAIT and HDFN.

The finding of low Fc-fucosylation in FNAIT could be very relevant for a potential FNAIT 
screening (Chapter 5). Screening of Fc-fucosylation might identify cases at higher risk for 
severe thrombocytopenia and thus for severe bleedings including intracranial hemorrhage. We 
did find a clinical correlation between anti-HPA-1a fucosylation and clinical disease severity, 
with asymptomatic cases having a high fucosylation (~85% on average). However, despite 
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significance, there were also cases with high fucosylation levels which resulted in intracranial 
hemorrhage. It is therefore important to validate these clinical data first in a larger cohort, 
including patients with a wide range of clinical symptoms including asymptomatic patients. 
Also the finding of low Fc-fucosylation in FNAIT could be relevant for a soon to be tested 
anti-HPA-1a immunoprophylaxis for FNAIT22, as selection for low Fc-fucosylation would 
then be recommended, based on the enhanced clearance through FcγRIII and the correlation 
of anti-HPA-1a fucose with neonatal platelet counts that we found.

In contrast to FNAIT, for HDFN there is an accurate diagnostic test in place. It has previously 
been shown that the most sensitive laboratory test to predict fetal RBC destruction is the 
monocyte-mediated ADCC assay, for which it was shown that severe fetal anemia does not 
occur in RhD-alloimmunized pregnancies in which the ADCC results remained <50%, while 
in cases with a maximum ADCC result of >80%, 43% of the fetuses were severly anemic.23 
For that reason all pregnant women in the Netherlands with anti-RBC alloantibodies are 
monitored using this assay and are only referred for Doppler flow measurement when the 
ADCC assay is above 50%. The reason why this test is such a good predictor could be because 
it is not only dependent on the antibody concentration but also on the interaction of the 
antibody with phagocytic cells. But since the monocyte-mediated ADCC is mainly effective 
via FcγRI, which is the high affinity receptor for IgG, and not involved in the clearance of the 
opsonized RBCs, its predictive potential is probably dependent on the steric presentation 
of the Fc-tail of the antibody. Therefore, the NK-cell mediated ADCC could add an extra 
dimension via IgG-fucosylation, as it exerts its function via FcγRIIIa, which seems to be 
highly relevant for erythrocyte-clearance,24 in combination with the fact that the observed 
lowered Fc-fucosylation has an increased binding affinity for FcγRIIIa and FcγRIIIb. It can 
be speculated that at least some of the fetuses in pregnancies with a monocyte-ADCC result 
of >80%, which were not severely anemic, would demonstrate a high degree of anti-D Fc-
fucosylation. Therefore, the NK-cell mediated ADCC may perhaps improve the specificity 
of the current monocyte-mediated ADCC. Although the hemoglobin levels correlated to the 
degree of anti-D IgG1-fucosylation in a small pilot study we conducted (Chapter 6), the NK-
cell ADCC will have to be thoroughly compared to the monocyte-mediated ADCC as regards 
to prediction of fetal red blood cell destruction.Furthermore, when investigating several 
commercial immunoprophylactic anti-D products (Chapter 7), we found a variable decrease 
in Fc-fucosylation in all batches, and this was lowest for immunoprophylaxis product we 
know for sure to be derived from mainly female HID-donors (~56%). This indicates a 
varying degree of biological activity in the immunoprophylacic products, as we also showed 
that antibodies with low Fc-fucose exhibit increased phagocytosis compared to antibodies 
with high Fc-fucose (Chapter 5). When investigating HID-donor immunization parameters 
with respect to the levels of anti-D fucosylation, we did not find any significant correlation 
between the level of Fc-fucosylation and the days after the first or last booster, the number of 
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donations, the anti-D titer or the age of donor. However, a significant positive correlation was 
found between the level of Fc-fucosylation and the number of administered boosters. This 
finding is in line with Guo et al25, who showed that repeated immunizations increased the 
level of Fc-fucosylation in mice. Based on the hypothesis that immunoprophylaxis exerts its 
effect through erythrocyte clearance via FcγRIII and the observed lowered Fc-fucosylation, 
it can be considered beneficial for the anti-D immunoprophylactic product to pre-select for 
HID-donors with low anti-D Fc-fucosylation, and to minimize the number of boosters. But it 
still needs to be established whether the working mechanism of anti-D immunoprophylaxis 
is indeed dependent on anti-D Fc-fucose. 

Intriguingly, also the level of galactosylation was increased in the anti-D immunoglobulin 
preparations. It is known for long time that a decreased galactosylation of IgG in Rheumatoid 
Arthritis patients is linked to increased disease activity, and vice versa increased galactosylation 
is assumed to confer anti-inflammatory properties to IgG. More recently, it was shown 
that increased Fc-galactosylation promotes the interaction of the inhibitory FcγRIIb with 
the human lectin Dectin-1, which resulted in inhibition of the pro-inflammatory effector 
functions.26 Although we did not measure the sialic acid residues, these are probably also 
increased in anti-D preparations, because of the strong association between sialylation 
and galactosylation.27 The presence of sialic acid residues also confers anti-inflammatory 
properties to IgG, possibly mediated through interaction with DC-SIGN on macrophages 
and dendritic cells, and resulting in increased FcγRIIb expression.28 Interestingly, the binding 
of anti-D IgG to the inhibitory FcγRIIb has been proposed as an alternative or additional 
working mechanism for anti-D immunoprophylaxis.29 Our observations that plasma derived 
anti-D preparations demonstrate invariably high levels of galactosylation (and therefore 
presumably also high levels of sialylation) might contribute to the superior performance of 
these preparations.

In a setting of antibody-mediated platelet destruction, we identified two new factors which 
are of importance, namely the levels of CRP and the anti-platelet IgG-fucosylation patterns. 
Both of them seemed to correlate to platelet counts and clinical disease severity. As titer is also 
important in the antibody-mediated response, simultaneous investigation of titer, CRP levels 
and anti-HPA-1a-Fc fucosylation in a large group of patient samples will be warranted to 
investigate the diagnostic potential. The complexity can be further illustrated by other factors 
such as IgG subclasses with distinct affinity for various classes of the FcγRs, expression levels 
of FcγRs and also the genetic FcγR-polymorphisms. In a setting of ITP, viral and bacterial 
infections can also trigger or worsen the degree of ITP, but the exact underlying mechanisms 
are unknown. In this context, cross-reactivity or molecular mimicry has also been described 
between platelet antigens and structures on various viral and bacterial pathogens.30-33 Another 
factor in platelet destruction was shown to be lipopolysaccharide (LPS), a gram-negative 
bacterial endotoxin, which was shown to enhance FcγR-mediated phagocytosis of IgG-
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opsonized platelets in vitro.34 and in vivo.35 Also there have been few reports on the myeloid 
inhibitory receptor signal regulatory protein (SIRP)α (also termed CD172a or SHPS-1)36, 
interacting with platelet-CD47,37;38 an thereby also able to influence the antibody-mediated 
phagocytic response.

In conclusion, several factors besides titer alone are involved in antibody-mediated blood 
cell destruction, exemplified for FNAIT in Figure 1. These multifactorial factors should all be 
taken into account from a diagnostic perspective, but also from a therapeutic point of view, 
opening up new avenues of treatment. 

Figure 1 Schematic representation of antibody-mediated platelet phagocytosis. 

Red circles indicate factors which can influence the severity of antibody-mediated platelet destruction.
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Dit proefschrift focuseert op aandoeningen waarbij bloedcellen worden afgebroken door 
antistoffen. De bloedcellen in kwestie zijn bloedplaatjes (trombocyten), die onder meer 
van belang zijn voor de stolling van het bloed, en rode bloedcellen (erythrocyten), die een 
belangrijke functie hebben in het lichaam als transporteurs van zuurstof vanuit de longen 
naar de organen en leveren dus een belangrijke bijdrage aan de energievoorziening van 
het lichaam. Antistoffen (of immunoglobulinen), schematisch weergegeven in een Y-vorm, 
bestaan qua functie uit twee verschillende delen. De bovenkant van de Y is het zogenaamde 
antigeen-bindend deel (of Fab fragment) en de onderkant van de Y is het zogenaamde 
constante deel (of Fc-gedeelte). In sommige aandoeningen worden antistoffen aangemaakt 
tegen gezonde cellen, dus tegen bloedplaatjes of rode cellen, zoals in de aandoeningen foetaal 
of neonataal alloimmuun thrombocytopenie (FNAIT) of hemolytische ziekte van de foetus 
en pasgeborene (HZFP), respectievelijk. De moeder maakt dan in deze gevallen antistoffen 
aan tegen de bloedplaatjes van het kind (in FNAIT), wat kan leiden tot ernstige bloedingen, 
inclusief hersenbloedingen. In HZFP maakt de moeder antistoffen aan tegen de rode 
bloedcellen van het kind, want kan leiden tot schade door zuurstoftekort (anemie), geelzucht 
of eventuele hersenschade. De antistoffen zijn dan gericht tegen een antigen op de celwand 
van bloedplaatjes (zoals human platelet antigen-1a, HPA-1a) of rode bloedcellen (Rhesus D; 
RhD). Na binding van de antistof aan deze gezonde cellen worden de cellen aangeboden, 
via het Fc-deel van de antistof, aan opruimcellen (fagocyten) die Fc-receptoren bezitten op 
hun celwand. Via deze Fc-receptoren worden de gezonde cellen opgenomen en vernietigd, 
resulterend in de aandoeningen FNAIT of HZFP. Wanneer er zo een tekort aan bloedplaatjes 
onstaat spreek men van een trombocytopenie, bij een tekort aan rode bloedcellen kan anemie 
onstaan. Deze aandoeningen worden antistof-gemedieerde of Fc-receptor-gemedieerde 
aandoeningen genoemd. Het wordt vaak aangenomen dat de hoeveelheid antistoffen de 
belangrijkste voorspeller is van deze antistof-gemedieerde aandoeningen en dus van de mate 
van klinische ernst. Dus hoe meer antistoffen, hoe meer cellulaire destructie er plaats vindt. 
Echter blijkt dat deze correlatie niet zo strict genomen kan worden, omdat er ook casussen 
zijn beschreven waarbij er weinig antistoffen zijn, maar er toch veel cellulaire destructie 
plaatsvindt (en ook andersom). Dit geeft aan dat er nog andere factoren betrokken zijn in 
deze ziekteprocessen, naast de hoeveelheid antistoffen. Meer inzicht verkrijgen in deze andere 
factoren, die mogelijk de ernst van de klinische ziekte kunnen voorspellen dan wel nieuwe 
therapeutische opties kunnen bieden, is het hoofddoel van dit proefschrift.

Na een algemene introductie beginnen we in dit proefschrift met het opzetten en 
optimaliseren van functionele laboratorium-testen waarmee de mate van bloedplaatjes 
afbraak door antistoffen doeltreffend en accuraat in kaart gebracht kan worden. Middels deze 
testen hebben wij een nieuwe factor weten te ontdekken die de mate van antistof-gemedieerde 
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bloedplaatjes afbraak heeft doen versterken. Deze co-factor is genaamd C-Reactive Protein 
(CRP). CRP is een acute-fase eiwit, die hevig ge-upreguleerd wordt bij acute infecties en 
hedendaags in de kliniek gebruikt wordt als biomarker voor acute infecties. Echter, in een 
gezonde setting is CRP ook altijd aanwezig, maar in veel lagere concentraties (subklinische 
concentraties). Wat betreft mechanisme hebben we gevonden dat door antistof binding 
aan het bloedplaatje er een chemische reactie van oxidatie plaatsvindt in het bloedplaatje, 
wat er voor zorgt dat een bepaalde celwand-component (phosphorylcholine) naar buiten 
geëxposeerd wordt, en dat CRP daar dan aan kan binden (al in subklinische concentraties 
en calcium is hiervoor vereisd). Vervolgens versterkt CRP de opname van de met antistof 
beladen bloedplaatjes door de Fc-receptoren van de fagocyte (het is ook bekend dat CRP 
direct aan deze Fc-receptoren kan binden), leidend tot versterkte afbraak. Dit versterkend 
effect vind alleen plaatst als CRP tesamen met de antistof aanwezig is. CRP zou ook van 
klinisch belang kunnen zjin, aangezien wij ook verhoogde CRP levels hebben gevonden in het 
bloed van patiënten met antistof-gemedieerde trombocytopenieën, vergeleken met gezonde 
controles. Verder vonden wij ook in een grootschalige klinische studie betreffende pas-
gediagnostiseerde kinderen met een antistof-gemedieerde lichaamseigen thrombocytopenie, 
dat behandeling (met intravenous immunoglobulinen) resulteerde in verlaging van CRP levels. 
Deze verlaging van CRP ging gepaard met een snelle stijging (normalisatie) van het aantal 
bloedplaatjes en tevens met een verminderde bloedingsneiging. Het is echter niet duidelijk 
wat hierbij het kip of het ei is (CRP levels als oorzaak of gevolg van de klinische ernst), maar 
wij hebben aanwijzingen dat CRP in dit ziekteproces oorzakelijk actief is, gezien wij in een 
dier-experimenteel muis-model zagen dat CRP injectie alleen geen effect had op bloedplaatjes 
aantallen, maar dat CRP injectie tesamen met anti-bloedplaatjes antistoffen tot een sterke 
afbraak van bloedplaatjes leidde. CRP levels kunnen daardoor mogelijkerwijs dienen als 
diagnostisch biomarker van antistof-gemedieerde aandoeningen van bloedplaatjes-afbraak, 
of mogelijk ook van afbraak van andere cellen in het lichaam (gezien phosphorylcholine 
in het algemeen in alle celwanden aanwezig is). Ook vanuit een therapeutisch oogpunt zou 
CRP een doelwit kunnen worden (bijvoorbeeld door middel van CRP-specifieke remmers) 
of middels testen van oxidatie-remmers, die de blootlegging van phosphorylcholine zouden 
kunnen voorkomen (en daardoor binding van CRP).

Een andere belangrijke factor die we onderzochten en die van belang zou kunnen zijn voor 
antistof-gemedieerde bloedcel afbraak, was de opbouw van het Fc-gedeelte van de antistof. 
Ondanks het feit dat het Fc-deel van de antistof staat voor het constante gedeelte, is het bekend 
dat deze kan verschillen in compositie betreffende de glycosylering, ofwel de suikergroepen die 
aan een bepaalde positie hangen. Het is namelijk bekend dat die suikergroepen de interactie 
met bepaalde Fc-receptoren van fagocyten kunnen beinvloeden en op die manier cel afbraak 
door fagocyten kunnen beïnvloeden. Toen gestart werd met het onderzoek beschreven in 
dit proefschrift was de Fc-glycosylering vooral bekend voor algemene antistoffen (die dus 
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in het bloed aanwezig zijn maar niet tegen een specifiek antigeen gericht zijn) in bepaalde 
settings, zoals zwangerschap of rheumatoïde arthritis. Wij zijn gaan focussen op de 
glycosyleringspatronen van antistoffen specifiek gericht tegen antigenen van bloedplaatjes en 
rode bloedcellen. Voor FNAIT blijkt er op dit moment geen betrouwbare laboratorium-test te 
zijn die de klinische ernst van de foetale bloedcel-afbraak kan voorspellen, dus vaak worden 
die ernstige eerste gevallen pas opgemerkt als de schade al gedaan is (bloedingen etc). Wij 
onderzochten of glycosylering van de antistof zo’n diagnostisch marker zou kunnen zijn. In 
dat kader onderzochten wij eerst of we inderdaad bloed van de moeder konden gebruiken om 
de glycosylering van de antistoffen te onderzoeken. Of is het zo dat de glycosylering van deze 
antistoffen veranderd naarmate de moederlijke antistoffen de placenta passeren en schade 
aandoen bij de foetus/neonaat. Fc-glycosyleringsanalyse van antistoffen aanwezig in een 
gezonde zwangerschapsetting, werd verricht voor moederlijke antistoffen als wel voor foetale 
antistoffen. Hieruit bleek dat er geen verschil bleek te zijn tussen moederlijke en foetale 
antistoffen wat betreft glycosyleringspatronen, en daarom kunnen we voor onze vervolg-
analyse uitgaan van de moederlijke antistoffen, die op een non-invasieve manier verkregen 
kunnen worden (bloedafname bij de moeder gevolgd door antistof isolatie). Vervolgens 
werden de bloedcel specifieke antistoffen uit moederlijke FNAIT en HZFP bloed geïsoleerd 
(methodisch geoptimaliseerd in dit proefschrift) en geanalyseerd voor de compositie van de Fc-
glycosylering via massa-spectrometrie (identificatie op basis van de massa’s van verschillende 
brokstukken van het te onderzoeken molecuul). Verrassend genoeg vonden wij een sterke, 
variable verlaging van een van de suikergroepen, namelijk fucose, van anti-bloedplaatjes 
alsmede van anti-rode cel antistoffen (anti-D) in zwangerschap. Dit is opmerkelijk, omdat de 
hoeveelheid van Fc-fucose van (gezonde) antistoffen normaliter altijd erg hoog is en dat bleek 
ook zo te zijn in de geteste samples. Hetzelfde (verlaging van de Fc-fucose) werd gevonden 
voor vrouwelijke hyperimmuun anti-D (HID) donoren (gezonde vrijwilligers die negatief 
zijn voor het D-antigeen, en die D-positief bloed geïnjecteerd krijgen, waardoor zij grote 
hoeveelheden anti-D antistoffen aanmaken  die vervolgens gebruikt worden ter preventie van 
HZFP in de zwangerschap en na de geboorte. Door snelle opruiming van rode bloedcellen 
word een nog ernstigere imuunreactie voorkomen), die ook initïeel door zwangerschap 
waren geïmmuniseerd. Omdat we deze verlaging van Fc-fucose ook zagen voor antistoffen 
van mannelijke HID-donoren, kunnen we concluderen dat een zwangerschapsetting geen 
vereiste is voor het verkrijgen van een verlaging van de Fc-fucose. Echter, de fucosylering van 
vrouwelijke HID-donoren was wel significant lager dan die van mannelijke HID-donoren, 
hetgeen indiceert dat zwangerschap het fenomeen wel zou kunnen versterken. Verder hebben 
we laten zien dat de verlaging van de fucose resulteerde in sterkere binding van de antistof aan 
bepaalde Fc-receptoren (FcγRIIIa/b), wat weer leidde tot versterkte opname door fagocyten en 
dus verhoogde bloedplaatjes afbraak. We zagen ook dat de mate van antistof fucose-verlaging 
geassocieerd was met verlaging van het bloedplaatjes aantal in de neonaat, en dit correleerde 
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ook met ernstigere bloedingen klinisch. We zagen dat gevallen zonder klinische symptomen, 
toevallig ontdekt, allen een hoge fucosyleringsgraad hadden en dat de meeste ernstigere 
bloedingen een lagere fucosyleringsgraad hadden. Ondanks statistische significantie was dit 
effect zeker niet zwart-wit en daarom zou deze klinische data nog verder geverifiëerd moeten 
worden in grotere patiënt-groepen. In ieder geval lijkt de mate van antistof-fucosylering 
zeer veelbelovend als mogelijke diagnostische laboratorium-test om hoog-risico gevallen 
van FNAIT op te sporen, door middel van screening en glycosylerings-analyse van deze 
antistoffen in zwangerschap. Deze bevinding is mogelijk ook zeer relevant voor een nog te 
testen immuunprophylaxe voor FNAIT (geneesmiddel welke FNAIT preventief voorkomt). 
Bij de samenstelling van deze immuunprophylaxe wordt bloedplasma van veel vrouwen, met 
daarin antistoffen gericht tegen foetale bloedplaatjes, gepooled. Het idee hiervan is dat door 
toediening van het gepoolde produkt, aan vrouwen na de bevalling, de aanwezige foetale 
bloedplaatjes snel worden afgebroken voordat er een ernstige immuun-reactie kan optreden 
die gepaard gaat met het ontstaan van moederlijke antistoffen tegen foetale bloedplaatjes, die 
in een volgend zwangerschap foetale bloedplaatjes zouden kunnen afbreken. Antistoffen met 
lage fucosylering zouden dan wenselijk zijn voor zo’n immuunprophylaxe, terwijl antistoffen 
met hoge fucosylering inefficiënt zouden zijn. 

In tegenstelling tot FNAIT, is er voor HZFP wel een goede diagnostische laboratorium test 
beschikbaar om de ernst van de foetale rode bloedcel afbraak te voorspellen (monocyten-
gemedieerde antistof-afhankelijke cytotoxiciteits test). Deze test blijkt heel sensitief te zijn, 
wat inhoudt dat als de test-uitslag relatief laag is, dat er dan in principe nooit sprake is van 
ernstige foetale rode bloedcel afbraak en anemie. Als de test-uitslag relatief hoog is wordt 
er doorverwezen naar de gynaecoloog voor verder onderzoek, echter in 57% van deze 
doorverwezen gevallen blijkt dat er dan uiteindelijk geen ernstige foetale anemie optreedt, 
hetgeen de test niet heel specifiek maakt. Aangezien deze test de rode bloedcel afbraak 
meet door middel van een Fc-receptor die wel heel sterk antistoffen kan binden maar die 
niet gevoelig is voor de aan- of afwezigheid van Fc-fucose (FcγRI), zou het kunnen dat 
mogelijkerwijs een deel van de voorgenoemde 57%, patienten zijn met antistoffen met 
een hoge fucosyleringsgraad. Ondanks dat wij in een kleine pilot-studie een correlatie 
vonden tussen fucosylerinsgraad en rode cel afbraak middels meting van hemoglobine 
(verantwoordelijk voor het zuurstoftransport door het bloed), dient de klinische relevantie 
van de fucosyleringsgraad van antistoffen tegen rode bloedcellen in HZFP nog veel beter 
bestudeerd te worden. 

De incidentie van HZFP is sterk verminderd sinds de introductie van de anti-D 
immuunprophylaxe (voor en na de geboorte) in combinatie met screening op antistoffen 
gedurende zwangerschap. Wij hebben ook nog de Fc-glycosyleringspatronen van 
verschillende commeriële anti-D immuunprophylactische produkten met elkaar vergeleken. 
In Nederland wordt deze verkregen via mannelijke, maar vooral via vrouwelijke HID-
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donoren, terwijl in het buitenland dat meestal voornamelijk verkregen wordt via mannelijke 
HID donoren. Aangezien de vrouwelijke HID-donoren een lagere Fc-fucosyleringsgraad 
lieten zien dan mannelijke HID donoren, vroegen wij ons of hoe dit gereflecteerd werd in 
commerciële nationale en internationale immuunprophylactische produkten. We vonden dat 
de fucose variabel verlaagd was in alle geteste produkten, maar dat die het laagst was wanneer 
deze verkregen was van voornamelijk vrouwelijke HID-donoren. Het is niet bekend hoe de 
anti-D immuunprophylaxe precies werkt, maar een hele aannemelijke hypothese is dat deze 
werkt via versnelde rode cel afbraak via laag-gefucosyleerde antistoffen die sterk binden aan 
FcγRIIIa van fagocyten. Als dit inderdaad waar is, kan het zijn dat de fucosyleringsgraad 
van de immuunprophylaxe dus de biologische activiteit weergeeft, die dus verschillend lijkt 
te zijn in de verschillende geanalyseerde produkten. Tenslotte hebben we ook gekeken naar 
parameters van HID-donoren die van belang zouden kunnen zijn voor de regulatie van de 
fucosylering en we vonden dat het fucose-gehalte van de antistoffen relatief stabiel lijkt te 
zijn in de tijd (8-10 jaar), maar wel beïnvloed wordt door het aantal keer dat een HID-donor 
geïnjecteerd wordt met D-positive rode bloedcellen (het aantal zogenoemde boosters). Hoe 
meer boosters, hoe hoger de fucosyleringsgraad lijkt te zijn. Uitgaande van de hypothese 
dat de fucosyleringsgraad de biologische activiteit van de imuunprophylaxe weergeeft, 
kan het van belang zijn om bij de selectie van HID-donoren, voor de samenstelling van de 
immuunprophylaxe, te selecteren op een zo laag mogelijke Fc-fucose gehalte van de antistof 
en tevens het aantal toegediende boosters te limiteren.

In dit proefschrift hebben we dus twee nieuwe factoren geidentificeerd die bijdragen aan 
de antistof-gemedieerde bloedplaatjes-destructie, namelijk CRP en de suikergroepen die aan 
de Fc-deel van de anti-bloedplaatjes antistof hangen. Beide factoren waren gecorreleerd met 
bloedplaatjes-aantallen in de patiënt en klinische ernst van de ziekte. Aangezien de hoeveelheid 
antistoffen uiteraard ook een belangrijke factor is, zouden CRP, antistof-fucosylering en de 
hoeveelheid antistoffen allen tesamen geanalyseerd moeten worden in een grote patiënten 
populatie om het diagnostisch potentiëel nog efficiënter te kunnen inschatten. De complexiteit 
wordt verder nog geïllustreerd door het feit dat andere factoren ook nog belangrijk zijn voor 
de antistof-gemedieerde response, zoals de subklassen van de antistoffen die verschillende 
bindingsaffiniteiten hebben voor Fc-receptoren, de expressie niveaus van deze Fc-receptoren 
en tevens genetische varianten van Fc-receptoren. Ook infecties zijn belangrijk, gezien deze 
de ernst van bloedplaatjes afbraak kunnen triggeren of verergeren in een autoimmuun 
setting (destructie lichaamseigen bloedplaatjes). Onder andere kruis-reactiviteit of bacteriële 
celwandbestanddelen zoals lipopolysaccharide (LPS) zijn in dat kader ook van belang. Tevens 
zouden bepaalde inhiberende fagocyte-receptoren ook nog een rol kunnen spelen.

Concluderend, meerdere factoren, naast de hoeveelheid antistoffen, zijn van belang voor 
antistof-gemedieerde bloedcel destructie. Ze zouden allen goed in kaart gebracht moeten 
worden met het oog op diagnostische en therapeutische verbeteringen.
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PhD-portfolio

Name PhD student:  Rick Kapur  
PhD period:  June 2009 – December 2013   
Name PhD supervisors: Prof. dr. C.E. van der Schoot and Dr. G. Vidarsson.

1. PhD training

Year Workload 
(ECTS)#

Courses 
- Advanced Immunology
- Laboratory Animal Science

2010
2010

2.9
2.9

Seminars, workshops and master classes
- Weekly department meetings
- Journal club
- Landsteiner Lectures and guest speaker seminars
- Landsteiner master classes

2009-2013
2009-2013
2009-2013
2009-2013

4.5
3.0
2.0
0.5

Presentations
- Work-presentations within Sanquin/AMC
- Journal club

2009-2013
2009-2013

2.0
0.6

(Inter)national conference Type of presentation Year Workload 
(ECTS)

NVVI symposium (Nederlands 
Vereniging voor Immunologie), 
Noordwijkerhout, the Netherlands

Poster December 2013 1.0

ISBT meeting (International Society for 
Blood Transfusion), Amsterdam, The 
Netherlands

Oral + 2 posters

Oral:
A prominent lack of 
IgG1-Fc-fucosylation of 
platelet alloantibodies in 
pregnancy

June 2013 2.25

Keystone Antibodies as Drugs, 
Vancouver, Canada

Poster February 2013 1.75

DHC (Dutch Hematology Congress), 
Papendal, Arnhem, The Netherlands

Oral:
Differential IgG-responses 
against human platelets 
through IgG-Fc-
glycosylation:
A prominent lack of fucose 
in pregnancy

January 2013 1.0
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1. PhD training (continued)

(Inter)national conference Type of presentation Year Workload 
(ECTS)

NVVI symposium (Nederlands 
Vereniging voor  immunologie), 
Noordwijkerhout, The Netherlands

Poster December 2012 1.0

ASH (American Society of Hematology 
meeting and exhibition), Atlanta, USA

Poster December 2012 1.5

Sanquin Science Day (2-yearly), 
Amsterdam, The Netherlands

Oral (“Hot-Topic”):
Multifactorial aspects of 
antibody-mediated
thrombocytopenia

November 2012 0.75

European Hematology Association 
congress, Amsterdam, The Netherlands

Attended, no abstract 
submitted

June 2012 0.75

European Symposium on Platelet and 
Granulocyte Immunobiology, Warsaw, 
Poland

Oral:
Differential IgG-responses 
against human platelets 
through IgG-Fc-
glycosylation

May 2012 1.25

Gordon research conference on 
Antibody Biology and Engineering, 
Galveston, USA

Poster March 2012 1.75

ASH (American Society of Hematology 
meeting and exhibition), San Diego, 
USA

Oral:
C-Reactive Protein plays a 
role in
antibody-mediated 
platelet destruction

December 2011 1.5

European Network of Immunology 
Institutes (ENII) Immunology Summer 
School, Sardinia, Italy

Poster May 2011 1.75

Sanquin Spring Seminar: Advances 
in Clinical Transfusion Science, 
Amsterdam, The Netherlands

Poster April 2011 1.0

NVVI symposium (Nederlands 
Vereniging voor Immunologie), 
Noordwijkerhout, The Netherlands

Attended, no abstract 
submitted

December 2010 0.5

Sanquin Science Day (2-yearly), 
Amsterdam, The Netherlands

Poster November 2010 0.75

European Symposium on Platelet and 
Granulocyte Immunobiology, Beaune, 
France

Oral:
Regulated effector 
functions of human IgG 
through glycosylation 
and its impact on platelet 
clearance

October 2010 1.25
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1. PhD training (continued)

(Inter)national conference Type of presentation Year Workload 
(ECTS)

PhD Student retreat (Sanquin/AMC), 
Texel, The Netherlands

Oral:
Understanding clinically 
significant allo-immunity 
towards platelets: role of 
IgG-glycosylation

May 2010 1.0

ESH International Conference Immune 
Thrombocytopenia, Lisbon, Portugal

Attended, no abstract 
submitted

April/May 2010 0.75

NVVI symposium (Nederlands 
Vereniging voor Immunologie), 
Lunteren, The Netherlands

Attended, no abstract 
submitted

March/April 
2010

0.5

Amsterdams symposium Hematologie, 
Amsterdam, The Netherlands

Attended, no abstract 
submitted

October 2009 0.25

2. Teaching

Year Workload 
(ECTS)

Lecturing
For Sanquin Diagnostics (thrombocyte and leukocyte -serology, and 
erythrocyte-serology) 

2009-2013 0.6

Supervising 
Bachelor student (A. Huisman) 2010-2011 1.5
Invited guest lectures
- Department of Immunohematology and Bloodtransfusion, 

Leiden University Medical Center, Leiden, The Netherlands:
 Regulated effector functions of human IgG through glycosylation 

and its impact on platelet clearance 
- Department of Pediatric Hematology-Oncology, University 

Medical Center Utrecht/Wilhelmina Children’s Hospital, Utrecht, 
Netherlands:

 C-Reactive Protein Enhances Antibody-Mediated Platelet 
Destruction 

2011

2012

0.25

0.25

3. Parameters of Esteem

Awards and Prizes Year

ASH Abstract Achievement Award (American Society of 
Hematology meeting and exhibition, San Diego, USA) 

2011

# 1 ECTS credit equals 28 hours workload.
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Dankwoord/Acknowledgements

En dat is het dan. Ben nu aangekomen bij het dankwoord, hopelijk niet het enige gelezen 
deel van dit proefschrift (want de overige hoofdstukken kan ik jullie zeker aanraden), maar 
absoluut een belangrijk deel, want zonder de hulp en steun van velen zou dit boekje er 
zeker niet geweest zijn. De afgelopen 4.5 jaar (+ een stage van 6 maanden) is simpelweg een 
geweldige tijd geweest om onderdeel te zijn geweest van Sanquin (op een of andere manier 
denken veel mensen bij Sanquin altijd dat ik er al 7 of 8 jaar rondloop, weet niet wat ik daar 
van moet vinden…). Het is een mooie tijd geweest waarin veel gebeurd is, onder meer toen 
ik net begon aan mijn promotie-onderzoek verloren we “Wacko Jacko” aan een hartstilstand 
ten gevolge van een overdosis propofol, Willem-Alexander werd Koning Der Nederlanden, 
Nederland verloor de WK-finale (“waarom Robben, waarom tikte je hem er niet in toen je een 
enorme kans had..)….maar er waren ook positieve dingen, zo lanceerde Apple de iPad, bracht 
Quentin Tarantino Inglourious Basterds en later Django Unchained uit, ben eindelijk naar 
de Librije in Zwolle geweest, als persoonlijke hoogtepunt natuurlijk mijn dubbele promotie 
tot de titel der Vaderschap, en als wetenschappelijk hoogtepunt denk ik met name aan de 
oral presentation in San Diego bij het ASH-congres in 2011, waar alle wereld-toppers in het 
veld aanwezig waren. Maar genoeg daarover, ik wil nu iedereen gaan bedanken die heeft 
bijgedragen aan het tot stand komen van dit boekje, op wat voor manier dan ook. Als ik je niet 
persoonlijk noem dan ben ik dat oprecht vergeten, maar mijn dank zal er niet minder om zijn.

Gestur, hartelijk dank voor de kans die je me hebt gegeven om aan dit promotie-onderzoek 
te mogen werken. De stage vooraf had ik ook als super ervaren, dus het leek me wel wat om 
die lijn voort te gaan zetten. Ik waardeer zeer de vele brainstorm-sessies die we hadden en 
de “food for thought” stukken die je me stuurde. Ook ben ik dankbaar voor de grote vrijheid 
waarin ik heb kunnen werken. Natuurlijk ben ik vaak heel eigenwijs, maar ik heb veel van je 
geleerd. Jouw diepgaande kennis over de IgG-biologie en Fc-receptoren heeft een belangrijke 
basis gevormd. Ook jouw advies om manuscripten meer te schrijven als scripts van Tarantino 
was een gouden tip. Bedankt voor alles en ik hoop zeker in de toekomst nog met je samen te 
werken!

Ellen, ook jou kan ik niet genoeg bedanken. Ik ben nog steeds diep onder indruk hoe 
moeiteloos jij je in verschillende projecten kan verplaatsen, dat je soms nog experimenten 
weet te herinneren waarvan ik bijna niet eens meer wist dat ik ze uitgevoerd had en het feit 
dat je door simpele voorstellen een onderzoek in de goede richting kan sturen. Ik kan me 
nog goed herinneren hoe we initieel veel moeite hadden met het opzetten van een goede 
bloedplaatjes-phagocytose assay en dat jij met idee kwam om het antistof-bevattende serum 
simpelweg eens een keer niet weg te wassen. Dat was de basis voor het prachtige hoofdstuk 2 
(en ja, misschien was de ontdekking van CRP in die context ergens wel een lucky shot, maar 
dat mag ook wel een keer toch?!). Dank ook voor de mogelijkheid tot de vele congressen die ik 
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heb mogen bezoeken, ik heb daar ontzettend veel van geleerd en heb een boel internationale 
contacten opgedaan. Ook je dag-en-nacht nakijk-sessies in de mega eindsprint van het 
schrijven van dit boekje waardeer ik zeer. Bedankt!

Manfred, dankzij de mooie samenwerking met jou hebben we hele mooie stukken kunnen 
schrijven. Jouw diepgaande kennis van glycomics en glycoproteomics was zeer cruciaal. Ik 
waardeer ook zeer je grensloze enthousiasme en ik wens je veel succes met de uitbreiding van 
je groepen. Hartelijk dank voor alles!

Leendert, de samenwerking met jou was ook van onschatbare waarde. De samenwerking 
research-diagnostiek is in mijn optiek een ontzettend belangrijke en ik denk dat dat optimaal 
gelukt is. Ik waardeer zeer je laagdrempeligheid en je nuchtere kijk op zaken. Ook de congres 
bezoeken met jou waren erg gezellig. Super bedankt voor alles!

Masja, ik was al onder indruk geraakt van jouw skills gedurende mijn stage en dat heeft 
zich voortgezet in mijn promotie-traject. Je bent ontzettend scherp, maar jammer voor mij 
moest je de research toch wat meer loslaten om meer te kunnen focussen op je mega drukke 
management taken. Ik waardeer zeer dat je ondanks je drukke werkzaamheden toch nog 
tijd nam om manuscripten na te kijken en mij te woord te staan toen ik je weer eens kwam 
lastigvallen met een brainstorm-sessie. Jouw populaire en legendarische reputatie waar ik 
herhaaldelijk van hoorde op internationale congressen was een aangename verrassing. Dank 
voor alles!

Marrie en Katja, het was heel leerzaam en leuk om zijdelings betrokken te zijn geweest 
met jullie TIKI-studie. Geweldig dat we de TIKI-data in hoofdstuk 2 konden stoppen! Dank 
voor al jullie hulp.

Prof. dr. J.W. Semple, dear John, thank you for your willingness to participate in my 
defense committee. It is an honor to have a world leading authority in the field as a committee 
member. The groundbreaking work you have done and are doing is truly inspirational. We’ve 
had some great times together (I think it is wise not to mention them in this thesis) and I hope 
to take things to the next level by working with you.

Prof. dr. J.J. Zwaginga, Prof. dr. D. Oepkes, Prof. dr. M.H.J. van Oers en Prof. dr.  
J. Voorberg wil ik hartelijk bedanken voor het zitting nemen in mijn promotie-commissie.

Prof. dr J. Voorberg en Dr. T. Rispens wil ook hartelijk bedanken voor het deelnemen in 
mijn AIO-begeleidingscommissie.

Dr. B. Kumpel, dear Belinda, many thanks for your enthousiasm and all your help with 
chapters 5 and 7. It is greatly appreciated! 

In this way, I would also like to thank all of the collaborators involved in this thesis. Thank 
you for your contribution!

Ook wil ik hier Prof. dr. A. Hagenbeek bedanken, niet betrokken bij dit proefschrift, maar 
wel heel belangrijk in mijn wetenschappelijk ontwikkeling. Dank voor alle vertrouwen, al 
sinds mijn Biologie studie toen ik de kans kreeg om naar het beroemde lab van Prof. dr. David 
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Williams te gaan, maar ook met het schrijven van de B-cel paper over cGVHD tijdens de 
SUMMA en ook dank voor alle interesse daarna.

Also many thanks to the late Dr. W.J. Harrington (1924-1992) for pushing his scientific 
curiosity in 1950 by undergoing an injection of 500 ml of blood from an ITP patient, and 
thereby revolutionarizing the field of hematology!  

Remco, het is mij een eer dat jij mijn paranimf wilt zijn. Ik ben er nog steeds trots op dat we 
samen de borrelcommissie: FBCS-I (Friday Borrel Committee Sanquin-I) hebben opgezet en 
ruim 2.5 jaar hebben geleid. Het is mooi dat deze traditie nu wordt voortgezet door de leden 
der FBCS-II. Ook werktechnisch zaten wij uitstekend op één lijn en dat heeft ook geleid tot 
mooie resultaten. Ook qua koken hebben we eenzelfde passie. Ga je nog een keer die briljante 
taart voor me maken (je weet wel, die ene die echt super duper goed was)?

Hendrik, het is natuurlijk een no-brainer dat jij als paranimf naast me zal staan. Er is zo’n 
beetje niemand met wie ik zoveel in common heb als met jou; borrelen, whiskies, fine-dining, 
films, pub-quizing, passie voor wetenschap and the list could go on and on and on. Altijd 
bereidwillig om eens goed te borrelen na een drukke werkdag. Kerstavond 2013 in “de kerk” 
was dat betreft een mooi voorbeeld gezien ik toen net de proefversie van dit boekje voltooid 
had, na een giga drukke eindsprint. Let’s keep it up!

Luciana, Lussy, Ragazza, Amica, there is no one better who understands the ups and 
downs of the PhD students life than you…(up and down, up and down, up and down and 
then present your….). We’ve really shared some crazy times together, work wise, but also 
as regards to amazingly good food and borrels (Gent, Franklin you name it). Why, why did 
you have to leave this country? I am super honored that you will be back for my defense and 
defense party! We’re gonna party like crazy! I am also looking forward to your defense, my 
god, I’m drowning in material for your movie, can’t wait for it! Thanks for all the gezelligheid, 
keep coming to the Netherlands, and for sure I’m looking you up in Rome (still need to taste 
that damn Suppli..).

Helga, Citizen of Iceland, it was really great to have you as desk-neighbour. I’ve really 
learned a lot from you about good coffee, cocktails and not to forget some cool Icelandic 
phrases. Thanks to you I established a Hangikjöt-addiction, thanks for smuggling that stuff 
into the Netherlands from Iceland for me. Cool that you are planning on coming over for the 
defense party! I’ll use this space also to thank your boyfriend, future husband and true Viking: 
Daði, also known as Big D. Big D, thanks for all the borrels and respect for your beer drinking 
passion and for teaching me how to perfectly smash a beer bottle! Takk you guys! 

P111-crew, hartelijk dank voor de gezelligheid (en wetenschappelijke discussies natuurlijk). 
Naast Lussy en Helga, dus: Aicha: hartelijk dank voor alle discussies, tips etc en voor je heerlijke 
no-nonsense mentaliteit. Andere P111-leden ook dank voor alles: Tamara (Utrecht represent, 
lid der FBCS-II, keep up the good work girl en ik kijk uit naar je verdediging), Jalenka, Esther 
(ofwel Team-neuroblastoom, dank voor jullie gezelligheid en nuchtere kijk op zaken, and 
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nobody gives a damn!), Aniska (toen jij weg ging nam ik je bureau over, leuk dat je nu weer 
terug bent: mijn bureau is weer beschikbaar), Gillian (veel succes met je promotie verder, 
gaat helemaal goedkomen en ik kijk uit naar het lezen van je review), Suzanne (dank voor je 
interesse in m’n onderzoek en hou die ballen in de lucht hè), Giso (fijn dat jij als man op de 
kamer kwam, werd me bijna te veel al die vrouwen…, cool dat je mee was naar de NVVI en 
ik kom je ooit nog die bloedplaatjes geven, je weet wel, voor dat superonderzoeks-idee wat we 
hebben..) en Myrthe (de Rick 2.0, geniet van je ritje in de rijdende trein waarin je bent gestapt 
en heel veel succes verder).

Pleun and Cocaine Felipe, guys, I was really glad when you come over to extend our 
IHE/HEP group. It was just the boost I needed! I am going to miss all our dinners, borrels, 
at Sanquin, Gent and especially Franklin! Boy, that New York Sour, damn….simply damn….
we should keep hitting the Franklin every now and then! And Pleun, Caol Ila 1965: was that 
crazy or what??!! I still can’t believe it! And you know what, might as well open a brand new 
bottle of Port Ellen, right?! To be continued…

Ze Germans, Sabrina (Tischtennis Bündesmeisterin), where should I begin? We have a 
lot in common that’s for sure! We both now that platelets rock and what about ASH 2012? 
That was awesome! Some crazy stuff went on there. And seriously, it was the best freaking 
Margarita I ever had. I love the whiskey-tradition we started (in the midst of submitting 
papers and getting rejected), I will definitely miss that. If I remember correctly, I lost a bet to 
you regarding the Eurovision….Antje (Schlittshülaüfen ist züpah), it was great to have nice 
dinners and borrels with you! Regarding good food and drinks you can trust me, you know 
that right?! Maybe next time we shouldn’t have drinks on Tuesday…..

Jesse en Carlijn, ook superbedankt voor alle gezelligheid en borrels (hmmm, het woord 
borrel valt wel erg vaak in dit dankwoord hè, bedenk ik me nu…). Jullie zijn een waardig 
opvolg van FBCS-I!

Arthur, Grolsch-grootheid uit Enschede! Ik heb nog nooit iemand zo snel flesjes Grolsch 
zien wegtikken als jou, respect! Als ode aan jou ga ik in dit proefschrift niet het woord 
Heineken noemen, OK? Oh, shit, net ingetyped…Verder vond ik de samenwerking op de 
IBIS ook echt super! We hebben een boel mooie experimenten samen gedaan en ook jij mag 
trots zijn op hoofdstuk 2!

Verder natuurlijk ook mijn dank aan de andere IHE-ers: Onno, hartelijk dank voor al je 
hulp met hoofdstuk 7, mede door jouw enorme ervaring is dat stuk in no time op de rails 
gekomen. Florentine (dank voor de gezelligheid), Magdalena (good luck with your post-doc, 
I also hope to have some reminder of completing this PhD, like you have with your PhD-
ring), Annemieke (veel succes in de kliniek en ik kijk uit naar je promotie).

Yanli, it was really great when you came over to the Netherlands! We really had some fun 
and it was also great to see you again at the ISBT. That was crazy! Keep up the good work and 
I hope we will meet again.
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Anita en Mo, ik kan jullie ook niet genoeg bedanken voor al het geregel en gedoe! Anita, 
dank voor alle interesse en restaurant tips! Gaan we een keer samen naar de Bier-kerk? Mo, 
jij bent me er ook een. Er zijn niet veel mensen die meer van Sushi houden dan ik! Los van 
je sushi-verslaving is ook je feestlust bewonderingswaardig. Wanneer gaan we nou knallen?!

Verder ook mijn dank aan iedereen van de HEP-afdeling, het wordt lastig om iedereen 
te noemen, maar in ieder geval: Marieke (dank voor je interesse en al je tips hoe het verder 
in het onderzoekswereldje te doen), Emile (dank voor alle interesse en voor je waardevolle 
tip omtrent omgaan met je kids: “pick your battles”), Nurcan (jouw directe “oh-no-you-
didn’t, cut-the-crap en step-it-up mentaliteit” vind ik echt geweldig! Veel succes verder en ik 
nodig mezelf bij deze uit om eens bij je te komen eten: moet je wel gaan koken hè). Franca 
(dank ook voor alle gezelligheid en hulp en we moeten nog steeds een keer af gaan spreken 
met Ronald hè?). Also thanks to the others: Natasja (dank voor alle hulp in de eindsprint!), 
Klaas, Sten, Klaske (7 december moet kunnen toch?) , Sulima, Marion, Fiamma, Melania, 
Ronald, Fernanda, Marten, Marten, Sander, Elina, Maja, Esther H, Anne (yeah yeah yeah, 
ladadadadada, yeah yeah yeah yeah yeah), Sofieke (veel succes met je naderende promotie), 
Kim (succes met je docenten-opleiding), Kat/Karen (I won’t forget that one legendary 
evening at the Gent where we hit the Rochefort 10’s pretty hard..) en uiteraard ook Daphne, 
Carlijn, Monika, Derk, Martijn en René voor hun interesse, feedback en tips en ook dank 
aan de andere HEPpers die ik nu vergeet te noemen.

Ex-IHE AIO’s: Marijke, Janine, Peter, Lonneke, dank voor al jullie hulp en interesse in 
mijn onderzoek en veel succes.

Suilan, Hello Kitty zal nooit meer hetzelfde zijn…jij ook heel erg bedankt voor alle 
gezelligheid destijds, we moeten nog steeds een keer naar de Koreaan!

Studenten: Anja, hartelijk dank voor al je inzet! Ook al vind je je werk niet direct terug 
in dit boekje, het was van belangrijke waarde. Leuk om te horen dat je Suilan bent gaan 
vergezellen als analist! Succes verder! Sen, Rick, Dian, Davy, Oscar, Allison, Aleks (you are 
one crazy, twisted…when are we meeting up in Amsterdam again?!), Raymond, Remco, 
Shabnam, Ridge, Sudeep (Deepak), Renate en alle andere studenten die op de afdeling zijn/
waren, dank voor jullie gezelligheid.

Thrombo-leuko serologie: Natuurlijk moet ik jullie noemen in dit boekje! De 
samenwerking en hulp van jullie was essentieel! Ik bedoel niet alleen de honderden buffy’s die 
ik kon gebruiken, maar ook jullie interesse en meedenkings-vermogen waren van onschatbare 
waarde! Ook heb ik veel geleerd over Boer zoekt vrouw en dat soort zaken! Elly (wat heb jij 
veel uitgezocht voor me, dank daarvoor. Ook was het erg gezellig op congressen in Beaune 
en Warschau!), Gonda, Tarja, Suzanne, Ilona, Eva, Marrie, José, Laura, Loes. Allemaal super 
bedankt! Ook Johan natuurlijk bedankt, voor alle gezelligheid en bakkies! 

Bernadette, jij bent me er ook een! Je klaagde dat je het nooit mee zou maken dat Sierra 
een broertje of zusje zou krijgen, nou, dat is toch nog gelukt! Ik zal jouw type humor echt 
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gaan missen!
Achmed, jij bedankt voor alle praatjes in de wandelgangen. We zijn het er redelijk over 

eens dat Ajax weer kampioen gaat worden, en terecht!
Erythrocyten serologie: Peter/Piet of zoals Lonneke naar jou refereerde als Alwetende 

Bloedgroep Grootheid: hartelijk dank voor alle hulp omtrent hoofdstuk 6 en 7. Het was nog 
best een uitdaging om het systeem weer op de rails te krijgen en dat is dan toch nog gelukt! 
Het gaat onmogelijk worden om verder iedereen van deze gigantische afdeling bij naam te 
noemen, maar ik wil zeker iedereen bedanken die betrokken was met de ADCC en verder 
iedereen bedankt voor alle interesse in mijn onderzoek.

Immunocytologie: Mariette, hartelijk dank voor alle hulp en voor alle gezelligheid! Het 
was heerlijk borrelen met jou, de limoncello zal ik niet vergeten en wat was het het toch 
heerlijk genieten van de dingen die jij maakte voor de afdelingslunches, zoals die panna cotta: 
hmmmmmmmmmm. Ingrid ook bedankt, jouw FACS-expertise was zeer waardevol tegen 
het einde, hartelijk dank daarvoor. Ook anderen van de afdeling hartelijk dank voor alle 
interesse en gezelligheid op afdelingslunches en lab-uitjes.

FACS-guys, Erik, Tomasz, Floris, zonder jullie inspanningen en hulp zouden we toch echt 
nergens zijn..dank voor alles!

Andere afdelingen/other departments Sanquin: Ook wil ik natuurlijk de AIOs/analisten 
van de andere afdelingen, onder meer MCB/BCR/IP/PE etc. bedanken voor alle borrels, 
gezelligheid en wetenschappelijke input! Many thanks to all PhD students/technicians from 
the other departments, such as MCB/BCR/IP/PE etc, for all the borrels, gezelligheid (these 
latter two words are rather untranslatable) and scientific input! Iwan, vacation-guy, thanks for 
the SPR help of chapter 5! Pretty cool we got the plenary paper status!

Ook ben ik giga veel dank verschuldigd aan de mass spec-toppers uit het LUMC; Carolien 
en Agnes , zonder jullie harde werken en hulp zou dit boekje er een heel stuk minder fraai 
uitzien, thanks!

Buiten het werk om was de nodige ontspanning ook erg belangrijk. Het eerste wat nu in 
me opkomt (wellicht omdat ik er weer aan toe ben) zijn de weekend-tripjes weg. Wat was het 
toch heerlijk in Barcelona en London, dank daarvoor Ronald, Hendrik, Wijnand, Larry. 
Ronald, onze chill momenten en goede gesprekken waren en zijn nog steeds super! Heerlijk 
om af en toe even die metafoor erin te gooien! Let’s keep it up! Wijnand, master van de slechte 
woord-grappen, onze biertjes en stapavonden waren/zijn ook een heerlijke afwisseling. Larry, 
Northern Ireland next, right?! And boy, did Jimmy Carr rock or what?! And I’m still in shock 
regarding the “tight dolphins”…

De twee-wekelijks quiz in de Florin pub in Utrecht was en is nog steeds fantastisch! Ons 
team, “The Electric Psychodelic Pussycat Swingers” rocked nog steeds, al vele jaren…
de samenstelling wisselt zo nu en dan, maar als harde kern kunnen zeker Linda, Heidi (de 
tafelveroveraars), Hendrik en Tim genoemd worden. Regarding ex-members of the team, 
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there have been many, but I especially want to name one guy, when this crazy American from 
Dubuque joined in, we were pretty much unbeatable for a while: Evan get your ass back here 
from Hungary, we need you!

Regarding the Florin, thanks for everything Simon: the pubquiz, stand-up comedy, Jack 
Daniels BBQ-sauce, spijkers met koppen, great burgers, good beer and the hopefully soon to 
test Florin kids club; what else could a guy ask for more?

Natuurlijk moet ben ik heel veel dank verschuldigd aan mijn awesome SUMMA buddies: 
Petra, Josine, Hendrik en Nienke. De borrels, etentjes, weekendjes weg, wat was dat super 
allemaal! Iedereen is druk, maar ik ben blij dat we toch nog geregeld meeten. Langs deze weg 
nog een keer extra succes met het “uitpoppen” Josien, ben heel benieuwd!

Verder ook dank aan Critical Case, wat mij betreft ook wel “Gandalf ” te noemen (referentie 
naar Friends), want op stap gaan met Cees garandeert altijd niet te voorspellen, awesome 
action! Ook dank aan Kaja, een boel meegemaakt samen en hopelijk kunnen we dat weer 
langzaam gaan opbouwen, ik heb daar alle vertrouwen in! Huib, we also go way back, mooi 
dat we zo nu dan nog een biertje doen! Ook dank aan alle andere Delftenaren, vooral van het 
Grotius, die ik zo nu en dan (eigenlijk veel te weinig) zie.

Ook dank aan Groenenboom en Arie voor toch veel mooie momenten, originerend uit de 
Schnitzol-tijd, wanneer gaan we weer eens een biertje drinken?

Ook Matthijs, Elles, Jinke dank voor de gezelligheid! Goed bezig met Brechje!
Ook wil ik even de Biologen noemen, waarmee destijds goed geborreld werd, maar door 

ieders drukte (allen gepromoveerd) is afspreken zo goed als onmogelijk geworden: Annemart 
(bolletje), Tjakko, Jeroen en Chiel.

Ook mijn dank aan Miranda, after all, je bent praktisch m’n tweede zus, right?
Verder dank aan Annerieke, Bram, Carice, Luuk, Hein, Ineke, Ceciel voor alle 

belangstelling de afgelopen jaren.
Heel veel dank ben ik verschuldigd aan mijn geweldige schoonfamilie, Wien, Tilly en 

Heidi. Niet alleen voor alle gezelligheid, maar ook voor de ongelooflijk veel dingen waarmee 
jullie geholpen hebben, van verhuizingen, boodschapjes, het vele geklus tot het enorme helpen 
met Sierra en Xavier, daar ben ik zeer dankbaar voor.

Amita, jij natuurlijk bedankt voor alles. Als broer en zus hebben we natuurlijk heel veel 
meegemaakt, en toen je naar Houston vertrok was ik blij dat ik je toch nog regelmatig kon 
opzoeken (combineren met congressen). Maar ik ben nog blijer dat je weer terug bent, hoe 
druk we het allebei ook hebben! Gert-Jan, ook dank voor alles de afgelopen jaren, het was fijn 
om ook eens “Science” te kunnen bepraten! Bij deze wil ook mijn coole neefjes Lars en Max 
noemen, alle data wijst erop dat jullie top-wetenschappers gaan worden later! 

En natuurlijk moet ik mijn ouders, Jagdish en Naresh, ontzettend bedanken voor alles en 
nog wat, niet alleen de afgelopen jaren, maar simpelweg mijn hele leven! Ik hoop dat jullie 
trots zijn op dit resultaat, dit boekje is voor jullie!
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Dan kom ik aan bij de mooiste data die ik ooit geproduceerd heb, nee niet hoofdstuk 2, maar 
natuurlijk mijn dochter Sierra en zoon Xavier. Sierra, je bent echt een gekke griet, leergierig, 
ondeugend op momenten, maar in staat om geweldige gesprekken te voeren. Je hebt door je 
rijke fantasie een nieuwe definitie gegeven aan de term out-of-the-box denken. Xavier (niet 
op z’n Frans uitgesproken), jij bent de “new-kid-on-the-block” en bent goed bezig. Ik ben 
dankbaar dat je een goede slaper bent! Beiden bedankt voor alle positieve energie die jullie 
me altijd gegeven hebben!

En dan belanden we bij een van de meest belangrijke posities in dit dankwoord. En die is 
natuurlijk gereserveerd voor mijn fantastische vrouw Linda. Zonder al te slijmballerig te doen 
wil ik toch even benadrukken hoe bijzonder jij bent. Niet zozeer omdat je het gepresteerd 
hebt om in slaap te vallen tijdens het kijken naar –wat mij betreft– de beste film aller tijden 
(Tarantino et al, 1994), maar omdat jouw liefde, steun en vertrouwen buitengewoon cruciaal 
zijn geweest, al 14 jaar lang! Ik kan nog veel meer pagina’s vullen over hoe belangrijk jij bent 
voor mij, maar het lijkt me verstandig om de drukkosten van dit boekje enigzins binnen de 
perken te houden. Dank voor alles, betreffende het verleden, heden en de toekomst!!!

RK J
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