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General introduction 

 

The human immune system is divided in innate (non-specific) and adaptive (specific) immunity. Both 

types of immunity consist of both cell-mediated and humoral (non-cellular) responses. Antibodies, 

also known as immunoglobulins (Igs), form the humoral compartment of the adaptive immune 

system. They are produced by plasma cells in a nearly infinite range of specificities. Collectively they 

are able to bind any molecule that is recognized as “non-self” or dangerous. These include molecules 

found on bacteria, fungi, parasites and virus infected cells, but also non-pathogen related foreign 

substances or structures and even “self” molecules that are only encountered by the immune system in 

case of cellular or tissue damage. 

 

Like their innate counterparts, of which complement proteins and opsonins are the best known 

examples, binding of target molecules by antibodies provides immunity through a number of different 

mechanisms. They may act in a neutralizing way, for instance by preventing entry of pathogens into 

host cells, or by binding bacterial toxins. Antibody binding is also a trigger to activate the classical 

pathway of the complement system, resulting in direct killing of a pathogen, or in the activation of 

effector cells that recognize activated complement proteins. Furthermore, antibodies are able to 

activate effector cells directly, through interaction with so-called Fc receptors. Several different types 

of Fc receptor exist, depending on the class of immunoglobulin that they bind. One of these Fc 

receptor types is the subject of this thesis: Fc gamma receptors.  

 

 

Fc gamma receptors 

 

Fc gamma receptors (FcγR) are receptors for immunoglobulin G (IgG), the most abundant of five 

classes of Ig. The IgG molecule (Figure 1) is composed of four peptides, two identical heavy chains 

and two identical light chains. The heavy chains, ~50 kDa each, are composed of three constant 

domains (CH1, CH2 and CH3) and one variable domain (VH). The light chains are composed of one 

constant domain (CL) and one variable domain (VL). The pairing of two heavy with two light chains  

brings the VH and VL domains together and thereby creates two identical binding sites that determine 

the specificity of the antibody molecule. The VH and VL variable domains, together with the constant 

domains CL and CH1, form the Fab (fragment, antigen-binding) region. The other constant regions of 

the heavy chains (CH2 and CH3) form the Fc (fragment, crystallizable) region, which (among other 

functions) mediate the effector functions, including the interactions with FcγR. FcγR are found on 

almost all immune cells (Table 1) and, upon binding of IgG, mediate a wide range of cellular 

responses, such as phagocytosis of IgG-opsonized microorganisms or immune complexes, antibody-

dependent cellular cytotoxicity (ADCC), activation of the NADPH oxidase, and the release of 

cytokines. Importantly, as compared to many innate pattern recognition receptors, human FcγR are 

quite different from their murine counterparts in the sense that no clear orthologs can be assigned. As 

a result, human and murine FcγR that share nomenclature and CD numbers actually have quite 

different protein structures, expression patterns and Ig binding affinities (1). Thus, functional studies 

on mouse FcγR can only provide very limited information for understanding the contributions of 

individual FcγR to human disease.  

Nevertheless, human FcγR are very relevant in a variety of clinical conditions, ranging from infection 

to autoimmunity, and also in the context of a growing number of antibody-based therapeutics (IVIg, 

monoclonal antibodies). Therefore, this thesis focuses on the structural, functional and clinical aspects 

of human FcγR. This introductory chapter provides an overview on the different human FcγR. 
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Figure 1. Structure of an IgG molecule. 

An IgG molecule, composed of two heavy chains (grey) and two light chains (white). CH: constant 

domain heavy chain, CL: constant domain light chain, VH: variable domain heavy chain and VL: 

variable domain light chain. Fab: fragment antigen binding, Fc: fragment crystallizable. 

 

 

Table 1. Cellular distribution of FcγR. 

 

 FcγRI FcγRIIa FcγRIIb FcγRIIc FcγRIIIa FcγRIIIb 

B cells   X    

Dendritic cells X X X    

Endothelial cells  X     

Eosinophils      I (2) 

Macrophages X X X  X  

Mast cells   X    

Monocytes X X X G X  

Neutrophils I (3-5) X G G (6)  X 

NK cells   G (6) G (7) X  

Platelets  X     

 

Expression of FcγR on different cell-types. Constitutive expression is indicated by “X”, inducible 

expression by “I” and genotype-dependent expression by “G”. 
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Structure, signaling and expression 

 

Based on their affinity for monomeric IgG, FcγR can be divided into the high affinity FcγRI and the 

low affinity FcγRII and FcγRIII (figure 2). Signaling by FcγR is mediated by immunoreceptor 

tyrosine-based activating (ITAM) or inhibitory (ITIM) motifs that are present either in the 

cytoplasmic tail of the receptor itself or in non-covalently associated signaling adaptor proteins, such 

as the common γ-chain (FcRγ; see below). Aggregation of activating FcγR, i.e., those containing or 

associated with ITAMs, by binding of multivalent ligands, such as an opsonized pathogen or cancer 

cell, results in the phosphorylation of ITAM tyrosine residues by Src family protein tyrosine kinases 

(PTKs). 

 

These phosphorylated tyrosines serve as a docking site for the tandem SH2 domains of PTK Syk, 

which then becomes activated. Activated Syk is central in the recruitment and phosphorylation of 

proximal components of a number of downstream signaling pathways, ultimately resulting in the 

induction of various cellular responses, including Ca2+ signaling, induction of reactive oxygen species 

(ROS) production, cytoskeletal rearrangements and phagocytosis (reviewed by Mocsai (8)).  

 

  

 
 

Figure 2. Nomenclature and structure of human FcγR. 

All human FcγR are transmembrane proteins, except the GPI-linked FcγRIIIb. The high-affinity FcγRI 

contains three extracellular (EC) domains (grey ellipses), the low-affinity FcγR contain two. All 

isoforms of FcγRII contain either an Immunoreceptor Tyrosine-based Activating (ITAM, white boxes) 

or Inhibitory (ITIM, black box) Motif in their α-chain. FcγRI and FcγRIIIa associate with ITAM-

containing adaptor proteins such as the Fc receptor common gamma chain (indicated by “γ”) and 

the CD3 ζ-chain (indicated by “ζ”). 
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Aggregation of inhibitory FcγR, i.e., those containing ITIMs, also results in phosphorylation of 

tyrosine residues by Src family PTKs. In contrast to ITAMs, phosphorylated ITIMs serve as binding 

sites for phosphotyrosine phosphatases (PTPs) such as SHP1, SHP2 and SHIP. As a result these 

phosphatases become activated and directly counteract ITAM signaling by decreasing tyrosine 

phosphorylation of Syk and its substrates. The outcome, in terms of the cellular response, is therefore 

determined by the net result of activating and inhibitory signaling, and signaling generated though 

distinct but related immunoreceptor pathways may also be integrated.  

 

FcγRI (CD64) is a 72 kD protein that has three extracellular (EC) Ig-like domains, involved in 

binding of IgG, a transmembrane (TM) domain and a short intracellular (IC) domain of 61 amino 

acids. The TM domain associates with the FcRγ-chain, an adaptor protein containing an ITAM, to 

induce signaling and maintain stable expression (9). FcγRI is constitutively expressed by monocytes, 

macrophages and dendritic cells and its expression can be induced on neutrophils by stimulation with 

IFN-γ and/or G-CSF (3-5). 

FcγRII (CD32) is actually a collection of three highly homologous proteins, known as FcγRIIa, -b and 

-c, that all have a molecular mass of ~40 kD. In contrast to FcγRI, it has only two IgG binding EC 

domains. On the other hand, the much larger intracellular domains of  FcγRIIa, -b and -c harbour 

intrinsic signaling motifs. Both FcγRIIa and -c contain an ITAM motif that is structurally similar, but 

not identical to that in FcRγ (10,11). Whereas the ITAM motif in FcRγ is comprised of two YxxL 

boxes, separated by 7 amino acid  residues (YxxL-7x-YxxL), the YxxL boxes in FcγRIIa and –c are 

separated by 12 amino acids (YxxL-12x-YxxL). Experiments in which these different motifs were 

swapped between FcRγ and FcγRIIa have shown that there are also some functional differences, e.g., 

the FcγRIIa ITAM is unable to induce IL-2 production and antigen presentation in a transfected B cell 

line. Although FcγRIIa and -c contain an ITAM motif in their alpha-chain, they also associate with 

FcRγ (10,12). In contrast to the activating FcγRIIa and -c, FcγRIIb contains an immunoreceptor 

tyrosine-based inhibitory motif (ITIM) (11). As no other FcγR contains or associates with proteins 

containing ITIMs, FcγRIIb is the only inhibitory FcγR.  

FcγRIIa is the most widely expressed isoform of FcγRII and is found on monocytes, macrophages, 

dendritic cells, neutrophils, platelets and endothelial cells. FcγRIIb is highly expressed on B cells, 

where it constitutes the only surface expressed FcγR. FcγRIIb is also expressed, albeit at a much 

lower levels, on monocytes, macrophages, dendritic cells and mast cells. Expression of FcγRIIb can 

also be detected on neutrophils and NK cells, but only in individuals with certain genotypes (chapter 

4). FcγRIIc has long be considered not to be expressed at all, as its gene (FCGR2C) was thought to be 

a pseudogene. In 1998, FcγRIIc was first found on NK cells of individuals with a particular haplotype 

of the receptor (7), but we now know that it can also be expressed on neutrophils and monocytes in 

the relevant individuals (chapters 3 and 4).  

FcγRIII (CD16), similarly to FcγRII, actually represents a collection of two genes, each encoding 

proteins with two EC Ig-like domains. Due to differences in glycosylation, their molecular masses are 

in the range of 50-80 kD. FcγRIIIa is similar to FcγRI in its TM and IC domains. In monocytes and 

macrophages, this receptor associates with the FcRγ-chain, while in NK cells it associates with the 

CD3 ζ-chain to induce signaling. In contrast to FcγRI, association with these adaptor proteins is not 

only essential for maintaining stable expression, but also for targeting the receptor to the cell 

membrane (13). FcγRIIIb is a GPI-anchored protein, expressed only on neutrophils and eosinophils. 

As it does not have a transmembrane domain, it cannot associate with FcRγ or the ζ-chain. 

Nonetheless, FcγRIIIb has been suggested to induce signaling, although the exact mechanism(s) is 

still unclear (14-16). 
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Genetic loci and transcripts 

 

The genes encoding FcγR are located in two gene clusters on chromosome 1. One cluster, flanking 

the centromere, contains three highly similar genes that have been described for FcγRI. FCGR1A and 

FCGR1C are localized at q21, whereas FCGR1B is found at the other side of the centromere at p12 

(17). A total of six FcγRI transcripts have been described, of which only one (FcγRIa1) has been 

shown to result in a functional protein expressed at the cell surface (18). All other transcripts have one 

or more extracellular (EC) Ig domains spliced out (FcγRIa2, FcγRIb2 and FcγRIb3) or have a stop 

codon in EC3 (FcγRIb1 and FcγRIc); Apart from the differences in splicing, the transcripts are highly 

homologous, differing at <10 positions. 

The other gene cluster contains the genes encoding the low affinity FcγRII/III molecules and is 

located at chromosome 1q23-24 (19,20). The three isoforms of FcγRII are encoded by three separate 

genes, FCGR2A, FCGR2B and FCGR2C. The exons encoding the extracellular domains are highly 

homologous (>95%) (21). In fact, it appears that FCGR2C is the product of a recent unequal 

crossover event between FCGR2A and FCGR2B (22). As a result, FCGR2C is identical to FCGR2A 

in the transmembrane and intracellular domains and identical to FCGR2B in its extracellular domains. 

Two functional splice variants are known for FcγRIIb, designated FcγRIIb1 and FcγRIIb2 (19). 

FcγRIIb1 retains exon 6, which is spliced out in FcγRIIb2 but also in FcγRIIa (except in rare 

individuals, chapter 2) and FcγRIIc. Both variants are expressed on all FcγRIIb-positive cells, but in 

different ratios (23). In B cells, FcγRIIb1 is the predominant variant, while FcγRIIb2 predominates in 

all the other cell types that express the receptor. Multiple transcripts have also been found for 

FcγRIIc, but only FcγRIIc1 has so far been shown to result in a functional, membrane-expressed 

protein (7). FcγRIIIa and FcγRIIIb are also encoded by separate genes, FCGR3A and FCGR3B, that 

are nevertheless highly homologous in the exons encoding the extracellular domains. A number of 

different transcripts have been described for FcγRIIIa, but there are no data to indicate that these 

transcripts lead to (functionally) different proteins. 

 

 

Genetic variation in FcγR 

 

The genes encoding FcγR are highly polymorphic and functionally relevant genetic variations have 

been described for all low-affinity FcγR. An overview can be found in Table 2. 

 

 

Polymorphisms 

 

A single nucleotide polymorphism (SNP) in FCGR2A, encoding for FcγRIIa results in either a 

histidine or an arginine at position 131 (H131R), which is located in the IgG binding domain (EC2)  

(24). FcγRIIa-H131 has a higher binding affinity for IgG1 and especially 

IgG2, as compared to FcγRIIa-R131, but binding to IgG3 and IgG4 is similar for both variants (25). 

Functionally, mononuclear cells from FcγRIIa-131HH individuals produce more IL-1beta when 

stimulated with IgG2 than FcγRIIa-131HR and -131RR individuals (26). Similarly, neutrophils from 

individuals homozygous for H131 (FcγRIIa-131HH) have been shown to have increased phagocytosis 

and degranulation in response to serum-opsonized bacteria and increased rosette formation and 

phagocytosis in presence of IgG3 anti-D sensitized erythrocytes when compared to FcγRIIa-131RR 

individuals (27,28). Although the latter finding seems to be in contrast with the similar binding 

activity for IgG3 between FcRIIa-H131 and FcγRIIa-R131, these findings were done on neutrophils, 
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which also express FcγRIIIb. In chapter 5, we show that on neutrophils, polymorphic variants of 

FcγRIIa and FcγRIIIb functionally interact with each other, resulting in a different behaviour than 

might be expected from their individual characteristics.  

 

 

Table 2. Functionally relevant genetic variation in FcγR 

 

Gene Type Variants Functional relevance 

FCGR2A SNP H131, R131 H131 has a higher binding affinity for IgG1 and IgG2a than 
R131 (25).  

FCGR2A Splice site 

mutation 

c.742+871A, 

c.742+871G 

c.742+871A>G leads to splice variant FcγRIIaexon6*, which 

shows increased cellular activation (chapter 2). 

FCGR2B SNP  I232,  T232 I232 inhibits FcγRI signaling more strongly than T232 (29) 

FCGR2B, 
FCGR2C 

Promoter 
haplotype 

2B.1, 2B.2, 
2B.3, 2B.4 

2B.2 is linked with an ORF in FCGR2C exon 3 (30). 2B.4 
results in an increased transcriptional activity of FCGR2B 

(31) 

FCGR2C SNP Q13, Stp13 Q13 leads to an ORF in exon 3 and expression of FcγRIIc 
(7), when combined with c.791+1G (chapter 4) 

FCGR2C Splice site 
mutation 

c.791+1G, 
c.791+1A 

c.791+1A leads to missplicing and lack of expression of 
FcγRIIc (chapter 4) 

FCGR2C-

ORF 

CNV 0, 1 or 2 copies The number of copies of FCGR2C-ORF relates to expression 
levels of FcγRIIc and the killing by NK cells in IgG-mediated 
ADCC  

FCGR3A SNP V158, F158 V158 has a higher binding affinity for all human IgG isotypes 
than F158 (25). 

FCGR3A CNV 1, 2 or 3 copies The number of copies of FCGR3A relates to expression levels 
of FcγRIIIa and the killing by NK cells in IgG-mediated 
ADCC (20) 

FCGR3B Polymorphic 
variants 

NA1, NA2, SH NA1 and SH have a higher binding affinity for IgG3 than 
NA2 (25).  

FCGR3B CNV 0, 1, 2 or 3 
copies 

The number of copies of FCGR3B relates to expression levels 
of FcγRIIIb and the binding and uptake of immune 
complexes. 

 

 

FCGR2B also exists in two allelic variants, encoding for FcγRIIb containing either an isoleucine or a 

threonine at position 232 in the TM domain (32). As this SNP (I232T) does not affect the IgG-binding 

EC domains, it has no influence on the binding affinity. However, its localization at the TM domain 

results in differences in downstream signaling and subsequent inhibition of FcγRI signaling in 

macrophages and BCR signaling in B cells. In particular, I232 provides stronger inhibitory signaling 

than T232, and this is caused by the exclusion from lipid rafts of FcγRIIb-T232 (29,33). As FcγRIIb 

is the only inhibitory FcγR, it has a central role in the regulation of immune responses. The loss-of-

function FcγRIIb-T232 has been linked to susceptibility and/or severity of several autoimmune 

diseases, particularly SLE (34-36), but also in rheumatoid arthritis (RA) (37) and ITP (38). 

 

Interindividual variation in FcγRIIb is also found in expression patterns and levels. Similar to the 

I232T SNP, the important immune-regulatory role for FcγRIIb is also reflected in the observations of 

aberrant expression levels of FcγRIIb in SLE, RA, ITP and chronic inflammatory demyelinating 
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polyneuropathy (31,39-42). As a result of a deletion in the FCGR locus that includes FCGR2C, 

FCGR3B and part of the FCGR2B distal promoter region, FcγRIIb can surprisingly also be expressed 

on the surface of NK cells, where it is capable to inhibit killing of target cells in ADCC (chapter 4). 

Expression of FcγRIIb in other cells is not affected by this polymorphism. Two SNPs in the proximal 

promoter of FCGR2B and FCGR2C, a glycine or cysteine at position -386 and a threonine or alanine 

at position -120, form four haplotypes of which one (-386G, -120A; 2B.3) has never been found in 

any individual thus far. In case of FCGR2B, the wildtype promoter (-386G, -120T; 2B.1) has a lower 

transcriptional activity than one of the other haplotypes (-386C, -120A; 2B.4) (31).  

 

In case of FCGR2C, only the wildtype and one other promoter haplotype (-386C, -120T; 2B.2) are 

found. Moreover, the 2B.2 haplotype is linked to another polymorphism in FCGR2C (30). This other 

polymorphism, a SNP in exon 3, determines whether or not individuals can express FcγRIIc at all (7). 

This C�T mutation results in either an open reading frame (FCGR2C-ORF, allele frequency ~12% in 

Caucasians) or a stop codon (FCGR2C-Stop). Although expression on NK cells is low, it has been 

shown to be capable of inducing killing of target cells in a redirected ADCC assay (30,43). 

Classically, ORF/Stop genotyping of individuals is done based on this SNP alone. However, some 

individuals carry splice site mutations in intron 7 that introduce novel stop codons, leading to a loss of 

FcγRIIc expression (chapter 4), genotyping FCGR2C should include these novel mutations as well in 

order to provide an accurate prediction for FcγRIIc expression.  

 

The FcγRIIIa-encoding FCGR3A gene contains a SNP that results in either a valine or a 

phenylalanine at position 158 (V158F), located in the second EC domain (44). FcγRIIIa-V has a 

higher binding affinity for all human IgG classes compared to FcγRIIIa-F (25). In ADCC assays, NK 

cells from FcγRIIIa-V donors show increased killing of target cells that are opsonized with sub-

saturating levels of Rituximab (45) .  

 

FcγRIIIb exists in three polymorphic variants, NA1, NA2 and SH, which are also known as HNA-1a, 

-1b and -1c, respectively (46,47). FcγRIIIb-NA1 and -NA2 nucleotide sequences differ at five 

positions (G>C at nt 141, C>T at nt 147, A>G at nt 227, G>A at nt 277 and G>A at nt 349), with four 

predicted amino acid differences (R36S, N65S, D82N and V106I). As a consequence, the NA2 

variant has two additional N-linked glycosylation sites, compared to NA1. The SH variant is identical 

to NA2 at the five positions that distinguish NA1 from NA2, but differs from both variants at one 

other position (C>A at nt 266), resulting in an A78D amino acid change that predicts a change in the 

tertiary structure of the protein. Additional complexity is added by the discovery of rare individuals 

carrying other mutations within this gene or different combinations of these nucleotide 

polymorphisms (48,49), indicating that the NA1/NA2/SH typing is incomplete. While the binding 

affinities for IgG1 and IgG3 appear similar between the three variants (25), neutrophils from 

FcγRIIIb-NA1NA1 individuals bind and phagocytize IgG-opsonized bacteria and red blood cells 

more efficiently than those from FcγRIIIb-NA1NA2 and -NA2NA2 individuals (28,50). These 

functional differences may perhaps be caused by differential interactions between the polymorphic 

variants of FcγRIIa and FcγRIIIb on neutrophils (chapter 5). 
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Gene copy number variation 

 

Besides being polymorphic, some of the low-affinity FCGR genes are subject to gene copy number 

variation (CNV). CNV in the FCGR gene cluster results from deletions and/or insertions that span up 

to three FCGR genes. Although several large-scale studies on CNV have suggested that human 

FCGR2A and FCGR2B are candidate genes for CNV (51-54), our group has shown previously that 

this is not the case. In fact, CNV in the FCGR locus is restricted to FCGR2C, FCGR3A and FCGR3B 

(20). It occurs in four different combinations: FCGR3A alone, FCGR3A/FCGR2C, 

FCGR3A/FCGR2C/FCGR3B and FCGR2C/FCGR3B (Figure 3). CNV in FCGR3A alone seems to be 

extremely rare and has been noted only once in a very large series of more than 2500 individuals as 

has been genotyped by now (Nagelkerke, Kuijpers, unpublished).. 

CNV translates into differences in expression levels of FcγRIIc (in case of FCGR2C-ORF), FcγRIIIa 

and FcγRIIIb, with more gene copies leading to a higher receptor expression (and vice versa) 

(20,55,56). In case of FcγRIIIa, the level of expression on NK cells is, at least for 1 versus 2 copies, 

related to the level of killing of target cells in (redirected) ADCC assays (20). Increased expression of 

FcγRIIIb leads to higher binding and uptake of immune complexes (ICs) (57). 

As is the case with polymorphic variants, CNV in FCGR genes is associated with several auto-

immune diseases. Our group has previously shown that CNV in FCGR2C-ORF predisposes for ITP 

(30). An increased copy number of FCGR3A has been observed in anti-glomerular basement 

membrane antibody disease (anti-GBM disease). In contrast, low copy number of FCGR3B has been 

shown to be a risk factor for SLE, even when linkage disequilibrium between FCGR3B CNV and 

FcγR SNPs that have previously been shown to be associated with SLE is taken into account (57-62). 

Similar associations have been reported for Sjögren's syndrome (59), systemic sclerosis (63) and RA 

(64,65), although other reports have shown no association with RA(59,66) 

 

 

 
 

 Figure 3. Overview of CNV in the low-affinity FcγR gene cluster. 

Four combinations of FcγR genes have been shown to occur in duplication/deletion. Black lines 

indicate which genes are involved in CNV. Dashed lines indicate possible locations for CNV borders. 

Arrows indicate direction of genes. 
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Immunoglobulins in the clinic 
 

Different immunoglobulin preparations are used to treat a variety of diseases, including cancer, 

inflammatory diseases and immunodeficiency. The major categories that can be distinguished are the 

monoclonal antibody therapies and intravenous immunoglobulin therapy.    

 

 

Monoclonal antibody therapy 

 

Monoclonal antibody (mAb) therapy uses mAbs to specifically target disease-related antigens to 

inhibit their function and/or to induce an immune response. In principle, mAbs can be generated that 

are specific for any antigen, but the method of delivery effectively limits the therapeutical targets to 

extracellular or cell-surface proteins. Clinical situations in which monoclonal antibodies (mAbs) are 

used as therapeutics include cancer, auto-immune disease, and infection. Table 3 gives an overview of 

therapeutic mAbs that are currently in use in the EU and USA.  

 

There are a number of possible mechanisms through which therapeutic mAbs act, including 

neutralization of soluble antigens, agonistic or antagonistic effects through cell-surface receptors 

and/or activation of complement and Fcγ-mediated effector functions. 

Neutralizing mAbs have been developed for several soluble proteins, such as cytokines growth 

factors, complement proteins and IgE. Binding of therapeutic mAbs prevents interaction of these 

proteins with their receptors. Neutralizing mAbs are most often used in auto-immune diseases, 

although one mAb (Palivizumab) has been developed that targets respiratory syncytial virus (RSV) 

infection by binding the RSV F protein, thereby preventing entry of the virus into host cells.  

Therapeutic mAbs targeting cell-surface antigens act through a wide variety of mechanisms. Whereas 

neutralizing mAbs can target soluble proteins to prevent such proteins in for instance direct receptor 

binding, such ligand-receptor interactions can also be inhibited by targeting the surface-expressed 

receptors themselves. Other cell-surface targets of therapeutic mAbs include adhesion molecules and 

(co)stimulatory proteins on immune cells. These mAbs mostly act by inhibiting cellular activation or 

signaling and, like neutralizing mAbs, are most often used in auto-immune diseases. In some cases, 

blocking of a receptor can have direct toxic effects by inducing e.g. apoptosis in cancer cells. 

 

Another mode of action of mAbs targeting cell-surface antigens is by activation of complement-

dependent cytotoxicity (CDC) and antibody-dependent cellular cytotoxicity (ADCC). When bound to 

antigen, IgG (especially IgG1 and IgG3) can be bound by complement protein C1q. C1q can initiate 

the complement cascade through the classical complement pathway, ultimately leading to formation 

of a membrane attack complex (MAC) and subsequent killing of the target cell by lysis. In ADCC, 

the Fc part of the antibody is bound by FcγR on effector cells such as NK cells, monocytes and/or 

neutrophils, resulting in the release of the cytotoxic content of the effector cell and the subsequent 

killing of the target cell. Therapeutic mAbs inducing CDC and ADCC are used in treatments of 

cancer. For that reason, they are also sometimes conjugated with radioisotopes or chemotherapeutic 

agents to further enhance their toxicity (Table 3). 
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Table 3. Therapeutic mAbs currently in use in the EU and USA 

 

Generic name Trade name Target Format 
Initial approved 

indication 

Approved in 

EU US 

Abciximab Reopro 
GPIIb/ 
IIIa 

Chimeric IgG1 
Fab 

Prevention of blood 
clots in angioplasty 

1995 1994 

Adalimumab Humira TNF-α Human IgG1 Rheumatoid arthritis 2003 2002 

Alemtuzumab 
MabCampath,  
Campath-1H 

CD52 
Humanized 
IgG1 

Chronic lymphocytic 
leukemia 

2001 2001 

Basiliximab Simulect 
IL-2R α-
chain 

Chimeric IgG1 
Prevention of kidney 
transplant rejection 

1998 1998 

Belimumab Benlysta BAFF Human IgG1 
Systemic lupus 
erythematosus (SLE) 

2011 2011 

Bevacizumab Avastin VEGF 
Humanized 
IgG1 

Colorectal cancer 2005 2004 

Brentuximab 

vedotin 
Adcetris CD30 

Chimeric IgG1,  
MMAE-

conjugated 

Hodgkin's lymphoma 2012 2011 

Canakinumab Ilaris IL-1β Human IgG1 
Muckle-Wells 
syndrome 

2009 2009 

Catumaxomab Removab 
EpCAM/
CD3 

Mouse 

IgG2a/Rat 
IgG2b, 
bispecific 

Malignant ascites 2009 N/A 

Certolizumab 
pegol 

Cimzia TNF-α 
Humanized Fab,  
pegylated 

Crohn's disease 2009 2008 

Cetuximab Erbitux EGFR Chimeric IgG1 Colorectal cancer 2004 2004 

Denosumab Prolia 
RANK-
L 

Human IgG2 
Post-menopausal 
osteoporosis 

2010 2010 

Eculizumab Soliris C5 
Humanized 

IgG2/4 

Paroxysmal nocturnal 

hemoglobi-nuria 
2007 2007 

Golimumab Simponi TNF-α Human IgG1 
Rheumatoid and 
psoriatic arthritis, 
ankylosing spondylitis 

2009 2009 

Ibritumomab 
tiuxetan 

Zevalin CD20 

Murine IgG1,   
90Y or 111In-
conjugated 

Non-Hodgkin's 
lymphoma 

2004 2002 

Infliximab Remicade TNF-α Chimeric IgG1 Crohn's disease 1999 1998 

Ipilimumab Yervoy CTLA-4 Human IgG1 Metastatic melanoma 2011 2011 

Natalizumab Tysabri 
Inte-grin 

α4 

Humanized 

IgG4 
Multiple sclerosis 2006 2004 

Ofatumumab Arzerra CD20 Human IgG1 
Chronic lymphocytic 
leukemia 

2010 2009 

Omalizumab Xolair IgE 
Humanized 

IgG1 
Allergic asthma 2005 2003 

Palivizumab Synagis RSV 
Humanized 
IgG1 

Prevention of 
respiratory syncytial 
virus infection 

1999 1998 

Panitumumab Vectibix EGFR Human IgG2 Colorectal cancer 2007 2006 
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Pertuzumab Perjeta 
HER2/ 
neu 

Humanized 
IgG1 

HER2/neu over-
expressing breast cancer 

N/A  2012 

Ranibizumab Lucentis VEGF 
Humanized 
IgG1 Fab 

Macular degeneration 2007 2006 

Rituximab 
MabThera, 
Rituxan 

CD20 Chimeric IgG1 
Non-Hodgkin's 
lymphoma 

1998 1997 

Tocilizumab 
RoActemra, 
Actemra 

IL-6R 
Humanized 
IgG1 

Rheumatoid arthritis 2009 2010 

Tositumomab-
I131 

Bexxar CD20 
Murine IgG2a,  
131I-conjugated 

Non-Hodgkin's 
lymphoma 

N/A  2003 

Trastuzumab Herceptin 
HER2/ 
neu 

Humanized 
IgG1 

HER2/neu over-
expressing breast cancer 

2000 1998 

Ustekinumab Stelara 
IL-12/ 
IL-23 

Human IgG1 Psoriasis 2009 2009 

 

 

Many therapeutic mAbs act through more than one mechanism. For example Trastuzumab, used in 

treatment for certain types of breast cancer that over-express the epidermal growth factor receptor 

HER2/neu. Binding of Trastuzumab is assumed to reduce proliferation by blocking signaling through 

HER2/neu, but it may also induce ADCC (chapters 4 and 6). A role for ADCC is not only supported 

by studies in mice, which may actually not be representative for the human situation because the 

various mechanisms may have different contributions, but also by the associations that have been 

observed between FcγR polymorphisms and the clinical efficacy of cancer therapeutic antibodies. 

For instance, several studies have shown increased cytotoxicity in in vitro ADCC assays (45,67,68) 

and/or a higher efficacy of patient treatment (69-73) with Cetuximab, Rituximab or Trastuzumab for 

FcγRIIa-131HH and/or FcγRIIIa-158VV individuals, when compared to other genotypes.  

In contrast, other studies, including some with large cohorts, have found no correlation at all between 

treatment efficacy and genotype using Rituximab or Trastuzumab (74-77). In case of Cetuximab, 

there have also been reports where FcγRIIIa-158FF is the favorable allele in terms of treatment 

efficacy (78,79). One of the problems is that most studies look at single SNPs or polymorphic variants 

of FcγR, while most cell types express more than one type of FcγR and linkage-disequilibrium exists 

among the different genetic FcγR variants. In chapter 5, we show that looking at such haplotypes in 

an integrated fashion, instead of one or two separate SNPs, can give more insight in the relationship 

between genotype and function. 

Moreover, chapter 4 describes how a novel genetic variant, resulting in expression of the inhibitory 

FcγRIIb on NK, leads to a decrease in cytotoxicity in an ADCC assay. All these novel genetic 

variations have not been taken into account in any of the previous association studies mentioned thus 

far. 

  

 

Intravenous immunoglobulins (IVIg)    

 

Intravenous IgG (IVIg) is a blood product containing polyclonal IgG isolated and pooled from 

thousands of donors. IVIg is mainly used in two clinical situations. It is administered at a low dose as 

a replacement therapy in primary immunodeficiencies such as agammaglobulinemia and common 

variable immunodeficiency (CVID, chapter 2), or secondary immunodeficiencies, where IgG is 

absent or plasma concentrations are very low. In this context it essentially functions to provide the 

subject with a repertoire of relevant protective antibodies against a range of infectious diseases. On 
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the other hand, it can also be used at a high dose as an immuno-modulatory treatment in auto-immune 

or auto-inflammatory diseases, of which a handful, including Kawasaki’s disease (chapter 3) and 

idiopathic thrombocytopenic purpura (ITP), are FDA-approved. However, it is used off-label for a 

growing number of additional diseases, including hematologic, dermatologic and neuromuscular 

disorders. A list of  FDA-approved indications for treatment with IVIg is provided in table 4. 

 

 

Table 4. Overview of indications for treatment with IVIg 

 

FDA-approved (80) 

Allogeneic bone marrow transplantation 

Chronic inflammatory demyelinating polyneuropathy 

Chronic lymphocytic leukemia 

Kawasaki’s disease 

Kidney transplantation involving a recipient with a high antibody titer or an ABO-incompatible donor 

Multifocal motor neuropathy 

Pediatric HIV infection 

Primary immunodeficiency disease 

 

Additional approved indications with criteria (81) 

Hematologic disorders 

 Autoimmune hemolytic anemia 

 Autoimmune neutropenia 

 Cytomegalovirus infection or interstitial pneumonia in patients undergoing bone  
 marrow transplantation  Graft-versus-host disease 

 HIV-associated thrombocytopenia 

 Neonatal alloimmune thrombocytopenia 

 Severe anemia associated with parvovirus B19 

Dermatologic disorders 

 Bullous pemphigoid 

 Epidermolysis bullosa acquisita 

 Mucous-membrane (cicatricial) pemphigoid 

 Necrotizing fasciitis 

 Pemphigus foliaceus 

 Pemphigus vulgaris 

 Toxic epidermal necrolysis or Stevens–Johnson syndrome 

Neuromuscular disorders 

 Birdshot retinopathy 

 Guillain–Barré syndrome 

 Lambert–Eaton myasthenic syndrome 

 Myasthenia gravis 

 Opsoclonus–myoclonus 

 Polyradiculoneuropathy 

 Refractory dermatomyositis 

 Refractory polymyositis 

 Relapsing–remitting multiple sclerosis 
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Although IVIg is widely used and has proven to be an effective treatment for many diseases, the 

immuno-modulatory mechanism(s) by which it acts have remained elusive. Many different 

mechanisms have been proposed, including several that are not dependent on the Fc part of the IgG 

molecule. In this introduction, the focus will be on the Fcγ-mediated mechanisms. 

One possible explanation for the immune-modulatory effects of IVIg involves the neonatal Fc 

receptor (FcRn). A major function of this receptor is to recycle plasma IgG, which extends its half-life 

in the circulation. Saturating this receptor with a high dose of IVIg may shorten the half-life of all IgG 

in the circulation, including harmful auto-antibodies.  

Another proposed mechanism is a blockade of activating FcγR. Like FcRn, these receptors would be 

saturated by the high dose of IVIG, making them less available for auto-antibodies. However, most 

FcγR have a low affinity for monomeric IgG. As auto-antibodies may form complexes with their 

antigen, it is unlikely that these would be unable to be bound by FcγR, which have a much higher 

binding affinity for polymeric and complexed IgG. 

 

Studies in mice have shown that IVIg is able to upregulate the inhibitory FcγRIIb. As IgG-mediated 

cellular responses are balanced by activating and inhibitory signaling, tipping this balance towards the 

inhibitory side could lower inflammatory responses and explain the protective effect of IVIg. 

Moreover, FcγRIIb knockout mice do not benefit from IVIg in several auto-immune models. An 

additional mechanism has recently been described in which IgG with a particular type of N-

glycosylation at the Fcγ tail (i.e. α2,6 sialylation) binds regulatory macrophages through the SIGN-R1 

receptor.  

Upon binding of α2,6-sialylated IgG, these regulatory macrophages release soluble mediators that 

drive proinflammatory macrophages to upregulate their FcγRIIb. However, the human homologue of 

SIGN-R1, DC-SIGN is not expressed on macrophages but rather on dendritic cells (DCs), so it has 

still to be determined whether or not a similar mechanism applies to the human situation as well. 

Moreover, there are 30 or more glycoforms of any given IgG molecules in a IgG preparation, in 

which only 1-3% of the total IgG in IVIg contains the α2,6 sialylation (82). 

 

Clearly, the different genetic FcγR variants may not only be a risk factor for the development of some 

autoimmune diseases, but may possibly also influence the efficacy of treatment of these diseases by 

IVIg. Indeed, the promoter polymorphism 2B.4 in FCGR2B is overrepresented in Kawasaki disease 

(KD) patients that respond well to IVIg therapy, but not in the non-responders (83). Similarly, among 

KD patients these so-called non-responders to IVIg, have been reported to more often express 

FcγRIIIb-NA1 when compared to responders (84). In both these cases, the balance between activating 

and inhibitory receptor signaling is altered. A shift towards the inhibitory side of the balance increases 

the efficacy of IVIg treatment, while a shift towards the activating side shows the opposite effect. 

Connections of IVIg efficacy in KD and/or other autoimmune diseases with other polymorphisms or 

CNV in FcγR have not been found to date. Given the growing number of diseases in which IVIg 

therapy is successfully used and the number of possible working mechanisms that involve FcγR, it 

does not seem unlikely that more such connections exist. 
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Thesis outline 

 

The genetic locus for low-affinity human FcγR is highly polymorphic. Many genetic variations such 

as polymorphisms and CNV have already been described. Some of these variations have clear and 

well-documented consequences, while others are still less well understood, or may be functionally 

and clinically irrelevant. In this thesis we describe three novel genetic variations and provide insights 

into their functional and clinical relevance as well as those of other previously described variations.  

In chapter 2, we show that a rare mutation in FCGR2A leads to a novel splice variant which causes 

increased cellular activation by IgG and may be a risk factor for anaphylaxis in CVID. In chapter 3, 

we show that Kawasaki disease (KD) patients have an increased frequency of the FCGR2C-ORF 

allele and that this is associated with susceptibility and vascular severity of KD. Chapter 4 explains 

why some individuals have an altered cellular distribution of FcγRIIb that affects ADCC and why 

some individuals that are genotyped as FCGR2C-ORF unexpectedly do not express FcγRIIc.  

Functional interactions between FcγRIIa and FcγRIIIb are shown in chapter 5 to depend on the 

combination of two well known polymorphisms, FcγRIIa-H131R and FcγRIIIb-NA1/NA2. Besides 

FcγR, immune cells have many other types of immunoreceptor, some of which share (parts of) their 

intracellular signaling pathways and are therefore able to influence each other. In Chapter 6 we 

describe which FcγR play a role in neutrophil ADCC and how polymorphic variants of these 

receptors as well as signaling via another inhibitory receptor on these cells, SIRPα, affect the 

magnitude of this response. 
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