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“IgG subclasses and allotypes: from structure to effector functions”.
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In Frontiers in immunology 5, 520 (2014).
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General introduction and scope of the thesis

Immunoglobulin G (IgG) is one of the most abundant proteins in human serum, 
accounting for about 10 to 20% of plasma protein. It is the major class of the five classes of 
immunoglobulins in humans, IgM, IgD, IgG, IgA, and IgE. These closely related glycoproteins, 
composed of 82-96% protein and 4-18% carbohydrate, differ in heavy chain structure and 
have different effector functions. IgG can be further divided into four subclasses, named, 
in order of decreasing abundance in serum IgG1, IgG2, IgG3 and IgG41. Differences in 
structure and function of IgG subclasses are summarized in Table 1. Although they are 
more than 90% identical on the amino acid level, each subclass has a unique profile with 
respect to antigen binding, immune complex formation, complement activation, triggering 
of effector cells, half-life and placental transport.

Exposure to different types of antigens leads to marked skewing towards one 
single or several of the IgG subclasses. Selective subclass deficiencies are usually not 
detrimental to the individual, but do sometimes lead to enhanced susceptibility towards 
specific classes of pathogens. This can be caused by rare complete isotype- or subclass 
deficiency due to deletions in the Ig loci of chromosome 142. More often, one or more of 
the IgG subclass levels – predominantly IgG2 and/or IgG4 – are below the normal range 
in healthy individuals3 which sometimes leads to an impaired response to infections with 
encapsulated bacteria as will be discussed below. All in all, the acquired variability within 
the Ig locus seems to have selected for beneficial changes during evolution for optimizing 
or fine-tuning the antibody-mediated immune response.

IgG antibody responses
The route by which an antigen enters our body and its chemical composition steers 

the (secondary) immune reaction into preferential patterns of class switching. Besides 
direct B cell triggering by the antigen itself, a number of secondary signals will influence 
differentiation of the B cell, including recognition by pattern recognition receptors like 
Toll-Like Receptors and cytokines produced by other lymphocytes and antigen presenting 
cells4,5. For example, protein antigens usually trigger B cells receiving T cell help through 
MHC-class II expressed by the B cell. For those antigens, class switching tends to be IgG1 
or IgG3, but can also be IgG4 or IgE. On the other hand, in the absence of T cell help 
polysaccharide antigens may induce class switching to IgG2 in particular. B cells undergoing 
class switching in a primary or secondary immune reaction can also go through subsequent 
class switching6, but those events are limited by the availability of remaining heavy chain 
genes, not excised from the genome in previous class switching events. The relatively 
terminal position of the Cγ4 cassette may be one of the reasons why IgG4 responses tend 
to occur after repeated antigen exposure7.
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1   11 IgG1 IgG2 IgG3 IgG4
General
Molecular mass (kDa) 146 146 170 146

Amino acids in hinge region 15 12 62 a) 12

Inter-heavy chain disulfide bonds 2 4 b) 11 a) 2

Mean adult serum level (g/l) 6.98 3.8 0.51 0.56

Relative abundance (%) 60 32 4 4

Half-life (days) 21 21 7/~21 a) 21

Placental transfer ++++ ++ ++/++++ +++

Antibody response to:
proteins ++ +/- ++ ++ e)

polysaccharides + +++ +/- +/-

allergens + (-) (-) ++

Complement activation
C1q binding ++ + +++ -

Fc receptors
FcγRI +++ c) 65 d) - - ++++ 61 ++ 34

FcγRIIaH131 +++ 5.2 ++ 0.45 ++++ 0.89 ++ 0.17

FcγRIIaR131 +++ 3.5 + 0.10 ++++ 0.91 ++ 0.21

FcγRIIb/c + 0.12 - 0.02 ++ 0.17 + 0.20

FcγRIIIaF158 ++ 1.2 - 0.03 ++++ 7.7 - 0.2

FcγRIIIaV158 +++ 2.0 + 0.07 ++++ 9.8 ++ 0.25

FcγRIIIb ++++ 0.2 - - ++++ 1.1 - -

FcRn (at pH<6.5)268 +++ 1.0 +++ 1.3 ++/ 
+++ a) 1.1 +++ 1.0

Table 1. Properties of human IgG subclasses

Notes:
a)  Depends on allotype.
b)  For A/A isomer.
c)  Multivalent binding to transfected cells. Adapted from189.
d)  Association constant KA (×106 M-1) for monovalent binding189.
e) After repeated encounters with protein antigens, often allergens.

IgG1

Antibody responses to soluble protein antigens and membrane proteins primarily 
induce IgG1, but are accompanied with lower levels of the other subclasses, mostly IgG3 
or IgG48. Because IgG1 is normally the most abundant subclass, a lack of IgG1 seen in a 
variety of primary and secondary antibody deficiencies, can result in decreased total IgG 
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levels (hypogammaglobulinemia). IgG1 deficiencies, sometimes in combination with other 
IgG-subclass deficiencies, are associated with recurrent infections9.

IgG2

IgG-antibody responses to bacterial capsular polysaccharide antigens can be almost 
completely restricted to IgG28,10–12, and IgG2 deficiency may result in the virtual absence 
of IgG anti-carbohydrate antibodies13, although these responses can also be compensated 
for by enhanced levels of other IgG-subclasses, in particularly by elevated IgG1 and IgG3 
levels14. An increased susceptibility to certain bacterial infections is associated with IgG2 
deficiency, suggesting a role of IgG2 in the defense to these pathogens15. Low concentrations 
of IgG2 often occur in association with a deficiency in IgG4 and/or IgA1 and IgA216.

An extensive analysis of anti-carbohydrate reactivities in intravenous immunoglobulin 
revealed that although IgG2 indeed represents the bulk of the reactivity to many glycans, 
this is not always the case17. IgG1 antibodies have also been reported to prevail against H. 
Influenza b polysaccharide during natural infections8. In healthy individuals with normal 
immune responses, IgG1 and IgG3 can also be detected, and certainly against protein-
conjugated glycans, for example in the reaction to second generation pneumococcal 
vaccines18.

IgG3

IgG3 antibodies are particularly effective in the induction of effector functions. 
Being a potent pro-inflammatory antibody, its shorter half-life may function to limit 
the potential of excessive inflammatory responses. However, the finding that some 
individuals bearing the G3m allotypic “s” or “15” marker (i.e., G3m(s)/G3m(15) and 
G3m(st)/G3m(15,16) allotypes) also have IgG3 with prolonged half-life may challenge 
that assumption19. Curiously, IgG3 levels in these individuals do not seem to be increased, 
which may be explained by γ3-promotor polymorphisms known to affect the frequency 
of class switching to IgG3 in G3m(g) allotypes, explaining the low concentration in most 
G3m(g) homozygous individuals20,21. Viral infections, in general lead to IgG antibodies of 
the IgG1 and IgG3 subclasses, with IgG3 antibodies appearing first in the course of the 
infection8. IgG3-dominated responses appear to be rare. A curious example are so-called 
anti-hinge antibodies22, which bind to the hinge region of F(ab’)2 fragments but not intact 
IgG antibodies. Also, antibodies to P and Pk blood group antigens are largely restricted 
to IgG323. Responses against other red cell antigens (e.g. RhD) and platelets (e.g. human 
platelet antigen 1a), as seen in transfusion and in pregnancies, are often dominated by 
either IgG1, IgG3, or both24–26. Decreased IgG3 levels are frequently associated with other 
IgG subclass deficiencies27.
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IgG4

Allergens are often good inducers of IgG1 and IgG4, in addition to IgE. IgG4 
antibodies are often formed following repeated or long-term exposure to antigen in a non-
infectious setting and may become the dominant subclass. Examples are long-term bee 
keepers and allergic individuals that underwent immune therapy7,28–30. In immunotherapy, 
relief of symptoms appears to correlate with IgG4 induction. Switching to IgG4 may be 
modulated by IL10, linking this subclass to down-regulation of immune responses or 
tolerance induction7,31. IgG4 may also represent the dominant antibody subclass in 
immune responses to therapeutic proteins, such as factor VIII and IX32–34 and at least some 
recombinant antibodies such as adalimumab35. Furthermore, helminth or filarial parasite 
infections may result in the formation of IgG4 antibodies36,37, and high IgG4 titers can be 
associated with an asymptomatic infection38.

Isolated IgG4 deficiencies are rare; it is uncertain what the possible consequences 
are. On the other hand, a group of disorders, nowadays referred to as IgG4-related diseases 
(IgG4RD), are characterized by elevated serum IgG4 concentration and tissue infiltration 
by IgG4-positive plasma cells and may affect a number of organs39,40. The spectrum 
of IgG4RD is wide and includes patients with autoimmune pancreatitis (AIP), Mikulicz’s 
disease, hypophysitis, Riedel thyroiditis, interstitial pneumonitis, interstitial nephritis, 
prostatitis, lymphadenopathy, retroperitoneal fibrosis, inflammatory aortic aneurysm, and 
inflammatory pseudotumor41. In AIP patients, elevated serum IgG4 (>1.4 g/L) is observed in 
70–80% of the cases, as well as in 10% of pancreatic cancer patients. However, as 5% of the 
normal population also has elevated IgG4 levels, this makes it only suitable for diagnosis in 
combination with other features of AIP.

Mouse IgG subclasses
Mice (Mus musculus) express 4 antibody subclasses: Generally believed to be 

IgG1, IgG2a, IgG2b, and IgG3, as found in Balb/c mice (Fig. 1) (see also section below on 
structure). However, IgG2a is not expressed by all mouse strains, e.g. C57Bl/6, where IgG2c 

CH3

CH2 hinge

mIgG1 mIgG2a mIgG2b mIgG3mIgG2c

Chapter 1. Introduction Fig. 1

Figure 1. Mouse IgG subclasses
The schematic layout of the mouse IgG subclasses, indicating how the different heavy and light chains are 
linked, the length of the hinge and the number of disulfide bridges connecting the two heavy chains. For 
orientation, and comparison with Fig. 3, the location of the hinge, CH2 and CH3 domains are shown.
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is found42. The reason behind this is probably genetic differences in the same locus, giving 
rise to allotypes (see below for human IgG). For all mouse subclasses there are reports 
of allotypic varations, depending on the strain of mice43–46. Strain and age of the mice 
affect the (relative) serum levels of IgG subclasses47,48. As for human, mouse subclasses 
differ in, amongst others; structure, half-life, ability to activate complement, affinity for Fc 
receptors, and response to certain pathogen types. Structural and functional differences 
of the conventional mouse IgG subclasses are summarized in Table 2. When comparing 
mouse IgG subclasses to the human subclasses there are some similarities in function, 
however, this is not fully transferable as some reactions are completely different. Mouse 
IgG2a is best able to activate complement followed by mIgG2b, mIgG3 and mIgG149–52 

IgG1 IgG2a IgG2b IgG3
General
Molecular mass (kDa) 160 160 160 160

Amino acids in hinge region50 13 16 22 16

Inter-heavy chain disulfide bonds 3 3 4 1

Mean adult serum level (g/l)47 0.3-5 0.1-4 0.1-5 0.1-0.2

Relative abundance (%) 46 24 27 2

Half-life (days)47 8-11 3-12 2.6-3.5 4-8

Placental transfer ++ +++ +++ ++

Antibody response to:
proteins - +++ ++ -

polysaccharides - - - ++

allergens ++ - - -

Complement activation
C1q binding - +++ +++ +/-

Fc receptors
FcγRI - a) - b) ++ 167 + - n.d. c) -

FcγRIIb - 3.3 ++ 0.4 + 2.2 n.d. -

FcγRIII - 0.3 ++ 0.7 + 0.6 n.d. -

FcγRIV - - ++ 29 ++ 17 n.d. -

FcRn (at pH<6.5)268 + 80 + + +

Table 2. Properties of mouse IgG subclasses

Notes:
a)  Cell binding to mouse macrophages269.
b)  Association constant KA (×106 M-1) for monovalent binding244.
c)  n.d.; not determined.



14

1   11
whilst human IgG3 and IgG1 are best able to activate complement (for human: see section 
on complement below). The binding interaction with FcγR of either mouse or human is 
somewhat harder to compare, as the different receptors do not completely match on 
orthologous, expression and functional level53. Affinity of mouse IgG subclasses to low 
affinity FcγR is highest for mouse IgG2a, followed by IgG2b, IgG1 and IgG3, and varies per 
receptor54,55 (for human: see sections on FcγRs below). IgG2a is the subclass that is mainly 
elicited in response to virus infection and protein antigens56, whilst IgG3 is associated with 
anti-carbohydrate activity, and IgG1 is associated with binding to mast cells57. Combined, 
this information allows us to compare murine IgG2a and IgG2b with human IgG1 and IgG3, 
murine IgG2 with human IgG4, and murine IgG3 with human IgG2.

A clue to the similarities and differences in expression, class switching and function 
between mouse and human subclasses can be found when comparing the genetic locus of 
each species for immunoglobulin expression (Fig. 2)58. The genes for the V,D, and J regions 
are followed by the genes for the several heavy chains. This shows a duplication within the 
human locus, absent in the mouse locus, resulting in duplications of Ig genes and additional 
enhancers. Divergent evolution then resulted in loss of certain genes, or pseudogenes, and 
distinct subclasses for either species58.

Structure
Similar to the other immunoglobulin isotypes, the IgG immunoglobulin molecule 

consists of four polypeptide chains, comprised of two identical 50 kDa γ heavy (H) chains 
and two identical 25 kDa κ or λ light (L) chains, linked together by inter-chain disulfide 
bonds. Each heavy chain consists of an N-terminal variable domain (VH) and three constant 
domains (CH1, CH2, CH3), with an additional ‘hinge region’ between CH1 and CH2 (Fig. 
3a). Similarly, the light chains consist of an N-terminal variable domain (VL) and a constant 
domain (CL). The light chain associates with the VH and CH1 domains to form a Fab arm 
(‘Fab’ = fragment antigen-binding), and functionally, the V regions interact to form the 
in antigen binding region – acquired through differential assembly of Variable, Diversity 
(VH only) and Joining gene segments and inclusion of somatic mutations- although their 
relative contribution to antigen binding varies greatly59–61. Two heavy chain-light chain 
heterodimers (HL) combine into a single antibody molecule (H2L2) via disulfide bonds in the 
hinge region and non-covalent interactions between the CH3 domains (Fig. 3a). The part 
of the antibody formed by the lower hinge region and the CH2/CH3 domains is called ‘Fc’ 
(‘fragment crystalline’).

The global structures of the four human IgG subclasses are very similar (Fig. 3 
and 4a), but with important differences between each subclass that affect their binding 
to accessary molecules and receptors, affecting their functionality (Table 1). The four 
subclasses show over 90% homology in amino acid sequence, with differences that are 
not randomly distributed. Much variation is found in the hinge region and N-terminal CH2 
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domain, whereas fewer amino acid differences are found in the other domains. Of these, 
least is known about the functional consequences - if any - of structural variations found 
within the CH1 domain. On the other hand, structural differences in the CH2/CH3 domains, 
forming the Fc-tail, are relatively well-studied.

The residues most proximal to the hinge region in the CH2 domain of the Fc-part are 
responsible for effector functions of antibodies as it contains a largely overlapping binding 
site for C1q (complement) and IgG-Fc receptors (FcγR) on effector cells of the innate 
immune system. 

A highly conserved N-linked glycosylation site at position 297 is located at the 
interface between the two CH2/CH3 forming the Fc of an IgG molecule (Fig. 3a) which is 
responsible for subtle but important changes of quaternary structure of the Fc – allowing 
for a more exposed docking-site for FcγR62. As discussed further below, these glycans also 
directly participate in the FcγR binding63. These interactions can be modulated through 
highly specific modifications of the N297 glycan – changes that seem to be regulated 
during specific immune responses in humans64–70. Although this glycosylation site is often 
regarded as the only glycosylation site in IgG, the V region of approximately 10-15% of all 
antibodies is also glycosylated (Fab-glycosylation). These sites most often arise through 
VDJ-recombination or somatic hypermutation, and this glycosylation has been reported 
to affect antigen binding characteristics59,71–74 (and van de Bovenkamp et al., manuscript 
submitted75) and allowing binding to regulatory lectins. This in turn, can also modulate the 
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Figure 2. Schematic map of the mouse and human genetic cluster
Figure adapted from D’addabbo et al. 201158. This schematic representation of the IgH cluster and closest 
genes shows the homology between mouse (a) and humans (b). Genes are represented by rectangles and 
enhancers by ovals. With V, D, J genes, followed by genes for the different antibody classes (μ; IgM, δ; IgD, 
γ; IgG, α; IgA and ε; IgE) and subclasses. 3’RR: 3’ regulatory region, 20bpr: 20 base pair tandem repeat.
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activation-threshold required for B cell stimulation, and has been described as a positive 
selection signal in certain types of follicular lymphomas74,76. 

The interface between the CH2-CH3 domains also contains the binding site for 
the neonatal Fc-receptor (FcRn), responsible for the prolonged half-life of IgG, placental 
passage, and transport of IgG to and from mucosal surfaces. Little variation exists in this 
region, with FcRn binding only minimally affected, except for IgG3 as discussed further 
below.

However, the binding profiles of FcγR and C1q to the different IgG subclasses go 
hand in hand (Table 1), each IgG subclass having its distinctive pattern that has been 
investigated in detail. How the differences in the primary sequences and post translational 
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b
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Figure 3. Side and front view of crystal structure of IgG and model of Fc-glycan
a) Crystal structure of an human IgG1 molecule (1HZH) viewed from two different angles, demonstrating 
the flexibility of the two Fab fragments with respect to each other and the Fc tail. The binding location 
for FcγR, binding IgG asymmetrically in a 1:1 configuration113,210,266,267, is indicated by the blue circle (lower 
hinge, upper CH2) on the left, and right the location of the binding motifs for FcRn, TRIM21 and the 
potential site for binding of DC-sign on the right (intersection of CH2 and CH3). FcRn, and the potential 
binding site of DC-Sign bind IgG in a 2:1 configuration151,217,218, respectively, while a dimer of TRIM21 binds 
IgG in a 1:1 configuration251. The N-linked glycan at position 297 attached to each of the heavy chains is 
shown on the right. b) The N-linked glycan found at position 297 can be found as a core structure, common 
to all IgG found in humans and rodents (core structure indicated with a red shade and red dashed line), 
but can be found with either an addition of fucose, bisecting N-acetylglucosamine (GlcNAc), one or two 
galactose- and one or two sialic acid residues.
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modifications – glycosylation - of the IgG subclasses (Fc and hinge) lead to variations in 
tertiary structural elements, thereby critically influence the properties of each subclass, is 
the subject of the following sections.

Structural variation in the hinge region
The hinge region forms a flexible linker between the Fab arms and the Fc part. 

Length and flexibility of the hinge region varies extensively amongst the IgG subclasses 
(Fig. 4)77. This affects the possible conformations of the Fab arms relative to the Fc domain 
as well as to each other. The hinge exon of IgG1 encompasses 15 amino acids and is very 
flexible. IgG2 has a shorter hinge than IgG1, with 12 amino acid residues. The lower hinge 
region of IgG2 (actually encoded by the CH2 region) also has a one amino acid deletion 
(lacking one of the double glycines found at position 235-6), resulting in IgG2 having the 
shortest hinge of all the IgG subclasses. In addition, the hinges of IgG2 are even more rigid 
due to a poly-proline helix, stabilized by up to four (with some exceptions discussed below) 
extra inter-heavy chain disulfide bridges (Fig. 4). These properties restrict the flexibility of 
the IgG2 molecule. Similarly, the hinge region of IgG4 also contains 12 amino acids and 
is thus shorter than that of IgG1. Its flexibility is intermediate between that of IgG1 and 
IgG278. Unlike IgG2 it does encode for the CH2-encodied glycines 235-236 in the lower 
hinge (Fig. 5a).

IgG3 has a much longer hinge region than any other IgG subclasses or Ig human 
isotype, i.e. about four times as long as the IgG1 hinge, containing up to 62 amino 
acids (including 21 prolines and 11 cysteines), forming a poly-proline helix with limited 
flexibility79,80. The exact length of the hinge varies between allotypes of IgG3, which 
apparently has undergone much more evolutionary radiation than the other subclasses 
(Fig. 5b-c) as discussed below. In IgG3 the Fab fragments are relatively far away from the 
Fc fragment, giving the molecule a greater flexibility. This long hinge of IgG3 is a result of 
duplications of a hinge exon, encoded by one exon in IgG1, IgG2 and IgG4, but up to 4 exons 
in IgG3. One of those exons is common to all IgG3 allotypes, but it also has 1-3 copies of 
a homologous second type of IgG3-hinge exon (Fig. 5c). The elongated hinge in IgG3 is 
also responsible for its higher molecular weight compared to the other subclasses. The 
difference in hinge flexibility influences the relative orientation and movement of the Fab 
arms and Fc tail of the IgG antibody.

Binding sites for C1q and/or FcγR may be partially or completely shielded by Fab 
arms, affecting binding of the IgG to these molecules. The relative flexibility of the Fab arms 
with respect to the Fc differs between subclasses as follows: lgG3 > lgG1 > lgG4 > lgG278,81, 
which also reflects the relative binding of these subclasses to FcγR and C1q, although this 
only partially explains the respective activities of the IgG subclass, as discussed elsewhere 
in this review. This flexibility also affects antigen-binding capacity and immune complex 
formation.
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Inter-chain disulfide bonds

The four IgG subclasses also differ with respect to the number of inter-heavy chain 
disulfide bonds in the hinge region (Table 1, Fig. 4a). In addition, both IgG2 and IgG4 
are found as several isomers, in which the hinge disulfide bonds are differentially inter-
connected (see below). Another structural difference between the human IgG subclasses 
is the linkage of the heavy and light chain by a disulfide bond. This bond links the carboxy-
terminal cysteine of the light chain to the cysteine at position 220 (in IgG1) or at position 
131 (in IgG2, IgG3 and IgG4) in the CH1 domain (Fig. 4a). These two positions are spatially 
juxtaposed and the essential structure and function of the molecule appears to be 
conserved between the two types of linkage between heavy and light chain.

Hinge isomers in IgG2 and IgG4
In IgG2, structural hinge isomers have been observed as a result of alternative 

formation of disulfide bonds between the cysteines in the hinge region of the heavy chains 
and those involved in the formation of disulfide bonds between the light and heavy chain82,83 
(Fig. 4b). These isomers were found particularly in IgG2 antibodies with kappa-light chains, 
but much less for lambda light chains. The major forms are the classical A form, with four 
disulfide bridges between the two IgG2 heavy chains, and the B form in which one hinge 
cysteine forms a disulfide bond with the light chain. However, other configurations exist83,84, 
as these isoforms apparently form independently of each other, giving rise to A/A, B/B but 
also A/B isoforms (Fig. 4a-b). Fc receptor binding does not seem to be different for the 
different isomers85. IgG2 has also been reported to form covalent dimers86, which might be 
regarded as an additional isomer.

Two isomers of IgG4 differing in the disulfide bonding of hinge cysteines coexist. The 
core hinge of IgG is formed by a CXXC motif, also found in redox-reactive proteins such as 
thioredoxins87. Compared to IgG1, with a relatively rigid CPPC motif88, intra-chain disulfide 
bonds are more easily formed between these cysteines found at positions 226 and 229 in 
IgG4, which possesses a CPSC core hinge (Fig. 4c). The result is an observable amount of 
non-covalently linked half-molecules (consisting of one heavy and one light chain, HL, as 
opposed to the classical configuration of H2L2) in addition to covalently linked inter-chain 
isomers (Fig. 4c)89,90. An S228P mutant of IgG4, thus with an IgG1-core hinge, does not form 
half-molecules which is in agreement with the finding that this species does not occur in 
IgG1. The process is reversible but depends on redox conditions. Formation of the intra-
chain isomer (half-molecules) is an important step in the ‘Fab arm exchange’.

IgG4 Fab arm exchange
In vivo, half-molecules of IgG4 recombine randomly with other half-molecules of 

IgG4, combining specificities of two IgG4 molecules, effectively resulting in monovalent-
bispecific antibodies (Fig. 4c)91,92, and is controlled by redox conditions90,93. The unique S228 
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in the core hinge of IgG4 allows formation of the intra-chain isomer, and R409 (rather than 
the equivalent lysine in IgG1) results in weaker CH3-CH3 interactions (Fig. 5a)93,94. Both 
determinants appear to be required to observe Fab arm exchange in vivo90 and has been 
observed for the therapeutic IgG4 antibody natalizumab95. The functional consequence of 
this are at least two fold. The resulting IgG4 antibody cannot effectively crosslink the target 
antigen. Furthermore, multivalent target binding is not possible for bispecific antibodies, 

a

b

c

Monovalent IgG4

Intra-chain Inter-chain

IgG2-A/B

Bivalent IgG4

CH3

CH2 hinge

IgG1 IgG3IgG2
(IgG2-A/A)

IgG4
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Monovalent IgG4

Inter-chain Intra-chain Intra-chain

Inter-chain
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Figure 4. The schematic layout of the IgG subclasses and isomers thereof
a) The IgG subclasses, indicating how the different heavy and light chains are linked, the length of the hinge 
and the number of disulfide bridges connecting the two heavy chains. For orientation, and comparison 
with Fig. 3, the location of the hinge, CH2 and CH3 domains are shown. The classical A/A isoform of IgG2 
with four different disulfide bridges between the two heavy chain is depicted here, but in b) the B/B form, 
with only two disulfide bridges and alternative linkages of the light chain to the heavy chain form is shown, 
together with the intermediate A/B form. c) Isomers of IgG4 resulting in half-molecule exchange. On the 
far left and far right, two classically depicted IgG4 clones in slightly different colors are shown just after 
secretion from B cells. These are connected with two inter-chain disulfide bridges. However, these are 
in fact is in equilibrium where these are reduced creating forms without covalent linkages between the 
symmetric molecule. This form can either revert back to covalently linked form or swap heavy chains in a 
stochastic process with that of neighboring IgG4 molecule creating a asymmetric bispecific IgG4 (bottom 
middle) that is also in flux, reverting into covalently linked IgG4 (top, middle). By this process, most IgG4 
found in humans (expressing the IgG4-R409 allotype, see text for more details and Fig. 5) are monovalent 
bispecific molecules.
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resulting in a lower avidity, although the affinities of IgG4 antibodies are generally high. In 
combination with the observations that IgG4 responses seem to dominate after repeated 
antigen exposure (e.g. bee venom), and because IgG4 has low affinity to activating FcγR 
while retaining relatively high affinity to the inhibiting FcγRIIb (Table 1), this may serve as 
an evolutionary way to prevent excessive immune responses against these sterile antigens 
not posing infectious threats. IgG4 has therefore been characterized as ‘blocking antibody’, 
especially in the context of allergy, where it may compete with IgE for allergen binding7.

Allotypes
In addition to isotypic variation, allelic variation is found amongst the IgG subclasses 

(Fig. 5)96. These polymorphic epitopes of immunoglobulins that can differ between 
individuals and ethnic groups97 were originally discovered on the basis of serological 
findings98, as immunogenic determinants were found on IgG from some individuals but 
not others. Subsequently, allotypic variations were genetically analyzed, and a number of 
structural determinants identified99–102. A large number of polymorphisms were found in 
IgG, a finding made useful for example in paternity testing and forensic medicine before 
HLA typing became available98. Exposure of an individual to a non-self allotype can induce 
an anti-allotype response, and may occur in transfused individuals98 and has even been 
described in a pregnant woman103. However, not all variations in IgG amino acid sequence 
lead to determinants that are immunogenic because some determinants are found in other 
isotypes, and are therefore called isoallotypic variants (Fig. 5). Other variations in amino 
acid sequence can be present at sites that are minimally exposed and therefore may not 
result in determinants that can be serologically discriminated.

Since some allotypes have proven to be immunogenic, they may be relevant to 
consider when developing therapeutic antibodies. Treatment using therapeutic monoclonal 
antibodies can in principle also lead to an anti-allotype response. However, to date, little 
evidence has been found for significant anti-allotype responses, e.g., adalimumab104 or 
infliximab105. There are no known allotypic variations that result in a functionally different 
antibody, except for IgG3, where a few isoallotypic variants result in extended half-life 
(discussed in section on FcRn).

In conclusion, most of the genetic variation in IgG have potential implications 
far beyond the original serological findings. This can have functional consequences, 
on expression levels21, half-life, FcγR binding (inducing Antibody Dependent Cellular 
Cytotoxicity (ADCC), and Antibody Dependent Cellular Phagocytosis (ADCP)), tendency 
to form oligomers106 and activate complement, and influence on immunogenicity – thus, 
again, therefore have important consequences for antibody-mediated immunotherapies.
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Glycosylation

All immunoglobulins isotypes contain a conserved glycan, which is at position N297 
of the heavy chains for the IgG subclasses (IgG Fc-glycosylation) (Fig. 3b). In addition, 
roughly 10-20% of the Fab have N-glycosylation sites in the binding region74,75,107,108. As 
further discussed below, IgG Fc-glycosylation is important for the effector functions of IgG 
Fc. Complete removal of the Fc glycan abrogates FcγR and C1q binding and inhibits effector 
functions of IgG109,110. Furthermore, the composition of the glycan affects the affinity for 
Fc gamma receptors (FcγR) and complement. This is partly because this composition 
influences the quaternary structure of the Fc. Interactions of the glycan with the protein 
backbone stabilize the Fc111. Addition of the Fc-glycan gives the IgG-Fc a more open 
conformation, allowing binding to FcγR63,112. In addition, the glycan is in close proximity to 
the FcγR itself, contribution to the binding through glycan protein binding63. Perhaps even 
more important is the fact that human FcγRIIIa and FcγRIIIb express a conserved glycan at 
position 162, entering the Fc-space confining the Fc-glycan, enabling a direct glycan-glycan 
interaction113,114.

It has been shown that fucosylation reduces the affinity for FcγRIII and galactosylation 
increases the affinity for C1q115,116, which results in changes in in vitro effector functions 
of antibodies bearing these changes. These changes in glycan composition can also be 
found on IgG from patients. For example, in fetal neonatal allo-immune thrombocytopenia 
(FNAIT), where antigen specific IgG with decreased fucosylation is found and associated 
with disease severity64,65,68. Or in patients with rheumatoid arthritis (RA), where a decrease 
of galactosylation of total IgG is found and associated with disease progression117,118. It has 
also been proposed that the composition of the IgG Fc-glycan is important for the function 
of intravenous immunoglobulin (IVIg)119. IVIg is pooled immunoglobulins from blood or 
serum donors, consisting of mainly IgG, used for the treatment of immune deficiencies and 
autoimmune diseases such as immune thrombocytopenia (ITP) and Kawasaki disease. The 
following paragraphs will elaborate on the composition, synthesis and clinical relevance of 
IgG glycosylation.

Glycan composition
The core structure of the IgG N-glycans comprises N-acetylglucosamine (GlcNAc) 

and mannose residues. This can be further extended with galactose, sialic acid, core 
fucosylation and bi-sected GlcNAc (Fig. 3b). Several dozen IgG-Fc glycoforms have been 
found in healthy human serum, of which only a handful represent the dominant form 
(fucosylated species in one of the following configuration: without galactose, with one 
or two galactose residues, or with two galactose and a single sialic acid residue, Fig. 
3b)64,120,121. Between Fab and Fc glycans there are several differences in glycosylation, 
those most pronounced being markedly increased levels of bisection, galactosylation and 
sialylation in the Fab glycans (including di-sialylation hardly seen in the Fc), but reduced 
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Figure 5. IgG subclasses and IgG allotypes.
a) All differences between the IgG isotypes depicted schematically according to their localization (numbered 
below a graphical representation of the gene) in the different domains and exons depicted above the 
sequence. Bold underlined numbers (EU numbering) contain isoallotypic variant at that position. Amino 
acids depicted in bold varies from the other subclasses, but amino acids depicted in italics are present 
in two subclasses. The green boxed amino acids numbers are residues involved in binding to C1q, in red 
amino acids involved in FcγR binding, and in blue residues involved in binding to FcRn. "–" instead of a letter 
for amino acid stands for the missing G236 residue in IgG2. b) The amino acid variation found within IgG1,  
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fucosylation (~94% for Fc, vs ~70% for Fab)107,120. This is partially due to accessibility for 
glycosyltransferases and glycosidases, Fab sites are generally more accessible compared to 
the conserved site in the Fc which lies more buried between the two heavy chains (Fig. 3a). 
In addition, glycosylation levels are also controlled by availability of glycosyltransferases in 
the B-cells. As mentioned above, in several health and disease settings a shift towards certain 
Fab- and Fc-glycoforms of antibodies have been reported64–66,70,122,123. This shift may occur 
through epigenetic influence on expression of glycosyltransferases124 and glycosidases, 
which is clearly affected by various factors including, age, pregnancy, hormones, cytokines, 
bacterial DNA and food metabolites125–127. It seems that at immunization, IgG glycosylation 
is determined by the signals the B-cells receive, dependent on amongst others, the nature 
of the antigen67,123,127. Additionally the variable glycan patterns can be remembered for 
much longer, as demonstrated by a stable glycan pattern upon multiple subsequent 
antigen exposures68. This all gives some insight in the regulation and working mechanism 
of glycosylation in B-cells, especially that of antibodies, but much is still unknown and 
therefore more knowledge on this has to be gathered in order to understand the full 
mechanism.

IgG glycan biosynthesis
The N-glycosylation of antibodies follows the classical N-glycosylation pathway128. 

The glycans of N-linked glycans are attached to the asparagine site in the consensus 
sequence for N-linked glycans: Asn-X-Ser/Thr, where X can be any amino acid except proline. 
Glycan synthesis starts at the endoplasmic reticulum (ER) when a lipid linked precursor 
oligosaccharide is synthesized (Fig. 6)129. In the ER lumen this precursor is transferred to the 
Asn site of the protein. Further processing of the glycan then takes place in the ER and Golgi 
apparatus, which includes trimming and remodeling of the glycan. The cell type specific 
spatial and temporal organization of glycosidases and glycosyltransferase expression in ER 
and Golgi apparatus regulate the final composition of the glycans. In the right panel in Fig. 
6 is indicated which enzymes are expressed in the different compartments of the ER and 
Golgi network128–130. For IgG, assembly of heavy and light chains takes place early, after 
initial trimming of glucose and mannose groups by the glucosidases and ER mannosidase 
I and processing continues when the whole complex is transported to the cis-golgi128. 
The diversity of the glycans derives from several factors; involvement of many different 
enzymes and substrates in different compartments, variable modification of glycan core 
structure to bi- tri- and tetra-antennary, competition between enzymes for substrates and 

IgG2 and IgG4 allotypes, and c) among the IgG3 allotypes. The presence or absence of the two kinds of 
IgG3 hinge exons (a, and b) are indicated by “+” or “–” in (c). For (b) and (c), amino acids in bold are those 
unique for subclass or allotype, and those underlined isoallotypes, as this amino acid is also found in other 
subclasses at this position. The unique IMGT numberings and a representative sequence accession number 
are indicated on the right. For some of the allotypes, the IMGT numberings are represented by several 
different genes, but encoding for identical hypothetical proteins.
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acceptors, accessibility of the enzymes to the glycan, incomplete processing and other 
post-translational modifications on the same protein128. 

Extracellularly, glycosyltransferases and glycosidases are present in circulation, 
mainly editing the terminal sialic acid groups on glycans131. This has been proven to be a 
functional mechanism in the sialylation of IgG, found in a study where mice with ST6GalT1 
deficient B-cells did contain sialylated IgG. This occurs through liver derived ST6galT1 and 
platelet derived CMP-sialic acid as sugar donor, which are present in circulation131.

Up until now there has been very little focus on the exact expression pattern of the 
different glycosyltransferases and glycosidases in antibody secreting B-cells and its effect 
on antibody glycosylation patterns132. Much more is known about the expression of these 
enzymes in cell lines, that are used for production of monoclonal antibodies, caused by 
much higher and easier availability of protein material and cells and also due to the interest 
and requirement of this knowledge from the pharmaceutical industry.

Considering in vivo data, a GWAS on the genome and IgG glycosylation levels showed 
several loci to correlate with the levels of IgG glycosylation133. However, of the 9 significant 
loci only 4 were previously found to be directly associated with N-glycosylation (ST6GAL1, 
B4GALT1, FUT8, and MGAT3) and the others probably are involved in higher levels of 
regulation. Additionally, a study by Menni et al., showed correlation between epigenetic 
markers and antibody glycosylation, partially on genes for glycosyltransferases124. cDNA 
sequence libraries of B-cells or immune cell specific proteomics could aid us in finding 
clues what expression patterns of the specific glycosyltransferases are in these cells. The 
questions are which ones and at which level specific glycosyltransferases and glycosidases 
are expressed in B-cells, including the signaling pathways involved. This would however 
not tell much yet about the specific glycosylation, as this is not solely dependent on the 
expression level, but also on the site of expression and availability of substrate, as well as 
nature of recipient glycoprotein and similarly its location. Correlation of the expression 
data and the IgG glycosylation levels would therefore be very informative.

A start on this research was made by a few groups. A pilot-study showed a positive 
correlation with the sialyltransferase/neuraminidase (ST3Gal-1/Neu3) ratios expressed on 
the surface of B-cells and severity of Systemic Lupus Erythematosus, but did not study 
if this effect was reached through cell-cell interaction or by glycosylation of secreted 
IgG134. Additionally, it was not studied if the levels of those enzymes was different in the 
intracellular compartments of the B-cells as they studied only surface expression, and we 
know that ST3Gal-1 is not involved in IgG Fc glycosylation, but rather ST6Gal-1 for correct 
2,6 sialic acid linkage135.

Our knowledge on how the different glycoforms affect the effector function of IgG is 
still in its infancy, but some aspect have been becoming increasingly clear as summarized 
below for each glycan end group (fucosylation, bisection, galactosylation and sialylation).
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Fucosylation
It has been known for quite some time that core-fucosylation of the IgG-Fc affects 

binding to FcγRIIIa115, with non-fucosylated antibodies binding FcγRIIIa much stronger. 
This higher affinity translates into higher ADCC and phagocytosis of targets by these 
antibodies64,115, and has been put to use in therapeutic antibodies136, to increase the efficacy 
of treatment (reviewed by137,138). More recently it has become clear that this also applies to 
FcγRIIIb expressed on granulocytes64,139,140. The molecular nature of this increased affinity 
is discussed below (section FcγRIIIa). After vaccination, or apparently during most normal 
immune responses, the IgG-responses in humans are restricted to IgG with core-fucose 
attached, as seen against soluble proteins during influenza or tetanus toxoid vaccination141. 
This also reflected by the fact that ~94% of IgG-Fc glycopeptides are fucosylated in total 
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Figure 6. N-glycan biosynthesis
Overview of the N-glycan biosynthesis pathways in the cell and in circulation as also occurs for IgG 
glycosylation. In the left panel the different cell compartments are illustrated with the different steps 
of synthesis indicated; 1. Synthesis of lipid-linked precursor oligosaccharide, 2. En Bloc transfer to 
protein, 3. Processing; 3a. Initial trimming of sugar residues, 3b. trimming and modification of branch 
structure, 3c. Addition of terminal sugar residues. In the right panel the different involved glycosidases 
and glycosyltransferases listed at the position in the ER and golgi apparatus where they proposed to 
be expressed. Figure adapted from “Introduction to Glycobiology” by M. Taylor and K. Drickamer129. 
Extracellularly, glycosyltransferases and glycosidases are present in circulation, mainly editing the terminal 
sialic acid groups on glycans.
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serum142. Even more strikingly is the fact that IgG fucosylation is prevented in some 
immune responses against particulate antigens, e.g. red blood cells and platelets64–68, but 
also witnessed in response to viral infections such as dengue fever122, or in some elite 
controllers of HIV70. Thus apparently, FcγRIII-mediated IgG responses can be fine-tuned 
through IgG fucosylation towards more pro- or anti-inflammatory effects.

Bisection
Slight changes in bisection have been detected for some antigen specific IgG 

responses64,66,107,143. Little is known about the importance of the biological implication of 
these changes. It has been described that fucosylation and bisection occur in a reciprocal 
manner, with proximal bisection blocking fucosylation of IgG, making it difficult discriminate 
the effect of bisection from core fucosylation142,144,145.

Galactosylation
Our group has shown that, in addition to reduced fucosylation, an increase 

in galactosylation of HPA-1a specific IgG in FNAIT correlates with disease severity68. 
Furthermore, immunization trough natural infection seems to result in a transient increase 
in galactosylation of antigen-specific IgG in humans, while having no effect on total IgG 
galactosylation141. This could be relevant as galactosylation seems to increase affinity to 
FcγRIIIa and FcγRIIIb146–148. However, general decrease in galactosylation has been found 
in several autoimmune-diseases (reviewed in149), suggesting agalactosylated IgG to be 
more pathogenic, or galactosylated IgG to have anti-inflammatory activity. This includes 
rheumatoid arthritis, a disease which often goes into remission during pregnancy – 
correlating with the general increase in galactosylation in pregnancy118. Besides FcγR 
mediated effector functions, it is proposed that enhanced galactosylation increases the 
affinity of IgG for C1q and therefore causes increased classical complement pathway 
activation116,150.

Sialylation
As the terminal – and the only charged  – sugar moiety, sialylation has been proposed 

to have the most effect on the structure of the Fc domain of the antibody, by closing the 
binding site for activating FcγRs, but opening up a cryptic binding site for DC-SIGN in the 
CH2-CH3 interface151. In proof of this, a structural study with actual comparisons of IgG 
with or without Fc-sialylation have confirmed this opening and closing of the CH2-CH3 
interface and FcγR binding site152. Additionally, sialylation of mouse IgG decreased affinity 
to mouse FcγR in general153, although systematic analysis of the importance of this for 
human IgG-FcγR binding is lacking and some debate about of human sialylated IgG binds 
DC-SIGN and the function of this interaction154. Binding to DC-SIGN sialylated antibodies 
has been suggested to have strong immunomodulatory function as described below 
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(section DC-SIGN). Increased sialylation of IgG generally follows increased galactosylation 
as galactosylated IgG is the substrate for sialyltransferases (Fig. 3b)64,66,135. For complement 
activation it was suggested that additional sialylation abrogates the increased C1q binding 
of galactosylated IgG116.

Glyco-engineering efforts
Since it was found that Fc glycosylation is important for the function of IgG many 

research has gone into modifying this glycan during or after expression of IgG. There are 
several approaches which can be used to modify the glycan, the easiest are inhibitors 
of glycosylation or glycan processing. Examples of these are; tunicamycin, which blocks 
the transfer of GlcNAc to the Dichitol-PP and thus completely blocks N-glycosylation, 
kifenusine, blocking α-mannosidase 1, leaving the glycan as high mannose form155, and 
swainsonine blocking α-mannosidase 2 leaving the glycan as hybrid-type111,156. Addition 
of specific glycan end groups can also be inhibited by blockers added to the antibody 
producing cell medium or even added to the diet, examples are; 2-deoxy-fluoro-L-fucose, 
specifically blocking fucose addition by fucosyltransferase64,157 or sialic acid analogues 
blocking sialic acid addition by sialyltransferase156. Furthermore, changes to the glycan can 
also be induced by adapting the culture conditions, medium and substrates in the medium 
of the cell lines producing the glycoproteins132.

Besides changing the environment of the IgG producing cell lines, there have also 
been efforts to change the cell lines itself. Multiple platforms to produce glyco-engineered 
IgG have been developed and are currently used by the industry. Mammalian or human 
cell lines knocked out for fucosyltranferase (FUT8), produce antibodies completely lacking 
core fucose158, knocked in of GntIII enhances the level of bisection159. More elaborately, 
some groups have completely engineered the glycosylation pathways in several cell lines 
to produce any or a specific glycoform at will, in CHO cells69, or in Pichia pastoris (yeast)160, 
insect cells161, or plants162,163. Additionally, also transient transfection of glycosyltransferases 
to cell lines is sufficient to enhance certain glycan end groups164.

Lastly, a secure way to engineer the glycosylation is by chemo-enzymatic engineering 
of the glycan, which is widely used by many groups148,150,165–169. Using glycosidases or 
glycosyltransferases to respectively remove or add whole glycans or certain glycan end-
groups ensures very specific editing of the glycan. The advantage of this latter methods is 
that it allows for comparison with the source material where only a single glycan trait has 
changed.

Effector mechanisms

Binding to effector molecules

Antibodies link the adaptive immune system with the effector mechanisms of the 
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innate immune system. They form a bridge by combining antigen-binding sites with binding 
sites for many innate receptors and adaptor molecules. The effector mechanisms that will 
be triggered vary between the different immunoglobulin subclasses. Typically, IgG1 and 
IgG3 are potent triggers of effector mechanisms whereas IgG2 and IgG4 will induce more 
subtle responses, and only in certain cases. However, these antibodies remain capable of 
neutralizing virus particles and toxins. Below, binding to C1q and Fc receptors is discussed, 
emphasizing the structural aspects that differ between the subclasses (Table 1).

C1q
Upon binding to target surfaces, IgG, as well as IgM, can activate complement. 

Complement activation is initiated through binding and subsequent activation of C1q, 
leading to deposition of C3b to further opsonize the target, but also to the formation of the 
membrane attack complex, C5-C9, causing disruption of the targeted bilipid membrane170. 
IgG1 and IgG3 can efficiently trigger this classical route of complement171, but IgG2 and 
IgG4 do so, much less efficient or only under certain conditions for IgG2. This is due in large 
part to the reduced binding of C1q to the latter subclasses171–173, although it has also been 
described that in addition to C1q binding, downstream events of the complement cascade 
(C4b deposition) are differentially affected by the different IgG subclasses171. Residues in 
the CH2 region important for C1q binding include L235, D270, K322, P329, and P331173–176. 
In IgG2, reduced C1q binding appears to be largely caused by residue A235 (which is Leu 
in other subclasses)176, whereas in IgG4, P331 is – at least in part – responsible for the 
reduced or absent binding of C1q173,174. Structural determinants in the middle or ‘core’ 
hinge region (residues 226-230) can influence the binding of C1q177. On the one hand, 
rigidity in this region contributes favorably to C1q binding, whereas removal of cysteine 
bonds negatively affects binding. It has also been suggested that the relatively long hinge 
of IgG3 makes the C1q binding site more accessible resulting in more efficient complement 
activation178,179. However, IgG3 engineered with a short IgG4 hinge binds C1q efficiently, 
although complement activation was somewhat reduced180.

Interestingly, IgG has recently been suggested to form hexamers by interactions 
through the CH2-CH3 interface when opsonized on target surfaces, forming an optimal 
platform for the hexameric configuration of C1q106. These data are supported by mutation 
in this interface, e.g. I235 in the CH2 and H433 in the CH3 that individually affect 
complement activation through C1q106. As mentioned previously, the IgG glycoform, mainly 
galactosylation and sialylation affect C1q binding116. Whether and how the glycoform of IgG 
influences this binding or the formation of hexamers has to be investigated in more detail.

Curiously, engineered IgG1/3 hybrids with an IgG1-CH1 and hinge regions were 
found more potent in complement activation compared to wild-type IgG3, with the largest 
contribution arising from the CH1 domain swap181. Conversely, the binding of C1q to IgG4 can 
be influenced by shielding of the potential binding site by Fab arms179,182–184. The orientation 
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of the Fabs have been modelled to be perpendicular to that of the hexameric platform of 
IgG on solid surfaces and in solution106 and may thereby affect C1q binding, although this 
needs to be confirmed. IgG4 also results in less complement activation by forming small 
immune complexes, probably because of their monovalency due to Fab-arm exchange, 
and in this way can even reduce complement activation by IgG1 antibodies185. Although the 
short hinge of IgG2 may lead to similar shielding of the potential C1q binding site, a notion 
that fits with its general poor activation of the classical complement cascade, IgG2 can 
activate this cascade at high densities of surface antigens, as is the case for polysaccharides 
– to which IgG2 antibodies tend to form18,186,187. At these high epitope densities, IgG2 may 
be more likely to efficiently form hexamers, increasing the avidity of this subclass for C1q 
substantially106.

Fcγ-Receptors
FcγR bind to a region partially overlapping the C1q binding site. The binding of 

IgG to these receptors has been studied in detail. For all FcγR interactions, the stretch of 
amino acids comprising the N-terminus of the CH2 domains and strands adjacent in the 3 
dimensional immunoglobulin fold are important for binding. In general this encompasses 
amino acids 234-239, 265-269, 297-9 and 327-33063,188. However, each of the IgG subclasses 
has a unique binding profile to each FcγR (Table 1)189,190.

Humans express 5 different FcγR; FcγRI, FcγRIIa, FcγRIIb, FcγRIIIa, and FcγRIIIb (Fig. 
7a). FcγRIIa, FcγRIIIa and FcγRIIIb are present in allotypic variants within the population189. 
The expression profiles of the different FcγR are highly variable between different immune 
cells of myeloid and NK cell origin191,192.

For the different IgG subclasses, a major distinction can be made between IgG1/
IgG3 that interact efficiently with most FcγR, and IgG2/IgG4, which show reduced affinity 
to a number of FcγR. Furthermore, monomeric IgG3 binds more efficient than monomeric 
IgG1 to FcγRIIa, FcγRIIIa, and FcγRIIIb; and binding efficiency of complexed IgG3 to all Fc 
receptors exceeds that of IgG1189. Structural determinants responsible for the differences 
in affinities for FcγR between IgG1 and IgG3 are still unknown. Below, structural differences 
that are known to be responsible for the subclass-specific variations are discussed.

FcγRI

Although FcγRI is often referred to as a single entity, FcγRI consists of three 
homologous genes on the short arm of chromosome one193, and several alternative splice 
variants have been described194. However, only the existence of the full-length form, FcγRIa, 
consisting of three extracellular domains has been studied in detail. The gene encoding for 
the potential FcγRIb variant, potentially consists of a nearly identical receptor with only the 
two N-terminal extracellular Ig-domains, but retaining the intracellular cytoplasmic tail, 
while FcγRIc would also lacks the cytoplasmic tail and transmembrane region, and would 



30

1   11

therefore be predicted to represent a secreted form. FcγRIa is expressed on monocytes, 
macrophages and dendritic cells and binds all human IgG subclasses except IgG2, and unlike 
the other FcγR, contains its unique third membrane-proximal immunoglobulin domain that 
is also responsible for its higher affinity to IgG53,192,195. Mutations of IgG1 in the lower hinge 
to the IgG2 equivalents, in particular E233P, L235A, and G236Delta, abrogate binding196–200. 
Binding to FcγRI is reduced for IgG4189, and both P331S and L234F are implicated to account 
for the reduced binding in comparison to IgG3199, but P331 may not be important for 
binding of IgG1196,200. An IgG3 with a partially deleted hinge was found to have reduced 
binding to FcγRI and FcγRIIa201.

FcγRIIa

FcγRIIa is the most widely expressed FcγR on myeloid cells, has been described as 
the only FcγR with significant binding to IgG2189,202–204. Binding is more efficient for the H131 
(‘low-responder, LR) variant than the R131 (‘high-responder, HR) variant (nomenclature 
based on differential binding to mouse IgG1 which binds the HR much better)203. Binding 
affinity varies among subclasses as follows: IgG3>IgG1>IgG4=IgG2. Recently, a crystal 
structure of the complex of IgG1 Fc with FcγRIIa was published188, and contact residues 
relating to differences in subclass binding include L234, L235, G236 in the lower hinge, 
and the structurally adjacent A327. Significantly, the R131-site in FcγRIIa is also in close 
proximity to the lower hinge in this co-crystal structure. Thus the lowered binding affinity 
of IgG2 to FcγRIIa, and the differential binding to the HR/LR-form of FcγRIIa, may also be 

131 R / H
FcγRIIIbFcγRIIIaFcγRIIbFcγRIIaFcγRIa

human

mouse

158 F / V NA1 / NA2

FcγRIVFcγRIIbFcγRIIIFcγRI

Chapter 1. Introduction Fig. 7

Figure 7. Human and mouse FcγR
The family of FcγR in (a) human, with allotypes indicated, and (b) mouse. Green box: immunoreceptor 
tyrosine activation motif (ITAM), red bod: immunoreceptor tyrosine inhibition motif (ITIM).
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attributed to differences in the hinge of IgG2.

FcγRIIb/IIc

The extracellular domain of the inhibiting FcγRIIb is identical to the activating FcγRIIc 
that is expressed in ~11% of individuals205,206. Binding to the inhibitory receptor FcγRIIb or 
FcγRIIc is weak for all subclasses, generally preferring IgG3=IgG1=IgG4>IgG2. Interestingly, 
dissociation constants for binding of monomeric IgG1 and IgG3 are similar, but immune 
complexes of IgG3 seem to bind more efficiently compared to IgG1189. Binding to most 
activating Fc receptors is lower for IgG4 compared to IgG1, but this is not the case for the 
inhibitory receptor FcγRIIb. This altered balance between binding to activating receptors in 
comparison to inhibitory receptors may be an important feature of IgG4 that contributes 
to its low pro-inflammatory capacity.

FcγRIIIa

Two allotypic variants of FcγRIIIa exist: F158 and V158. The V158 variant has greater 
affinity for all subclasses and for IgG3 binding efficiency approaches that of FcγRIa189, with 
general affinities following IgG3>IgG1>>IgG4>IgG2. Besides changing amino acids 233-
236 from IgG1 to the IgG2 equivalents, A327G (Ala present in IgG1 and IgG3, Gly in IgG2 
and IgG4) also results in decreased binding200,207. Binding affinity of FcγRIIIa seems to be 
particularly sensitive to core-fucosylation of the N-linked glycan at N297 of the Fc-tail of 
IgG, as its binding affinity can be enhanced up to 50 times – with corresponding increase 
in effector function – if the Fc tail is not fucosylated160. Recent work by Ferrara et al. has 
pinpointed this interaction to be due to carbohydrate-carbohydrate interactions between 
the glycan on N297 of the heavy chain and glycosylation of FcγRIIIa at position 162 – a 
position unique to both FcγRIIIa and FcγRIIIb113.

FcγRIIIb

There are also functional allotypic variations of the neutrophil FcγRIIIb, referred to 
as human neutrophil antigen 1 (NA1/ HNA1a) and (NA2/ HNA1b)208. The FcγRIIIb-NA1 form 
is capable of better ingestion of IgG1- or IgG3-opsonized particles than FcγRIIIb-NA2209. 
FcγRIIIb generally binds IgG1 and IgG3 but not IgG2 and IgG4, with IgG3 binding better than 
IgG1189. A crystal structure of the complex of IgG1 Fc with FcγRIIIb reveals amino acids 234-
238 to be important contact residues, and the subclass-specific variation in this area again 
can explain the lack of binding of IgG2 and IgG4 to this receptor63,210.

FcRn
In the 1960s, the existence of a receptor responsible for the unusually long half-life 

of Immunoglobulin G (IgG) (three weeks, Table 1) and efficient transport from mother to 
young was first proposed by Brambell211,212. This was later confirmed by various groups and 
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eventually cloned and identified as the neonatal Fc receptor (FcRn)213–216.

Structurally, FcRn, is strikingly similar to MHC-class I molecules217,218. FcRn is co-
expressed with the non-glycosylated 12 kDa β2-microglobulin. Human FcRn does not bind 
its ligand at physiological pH (pH 7.4). Only in the acidic environment of endocytic vacuoles 
(pH ≤6.5) binding to FcRn takes place, where solvent exposed histidine residues in IgG 
are protonated216,219,220. Histidine residues within the Fc-tail of IgG (CH2-CH3 interface) are 
critical for high affinity binding to FcRn200,218,221. H435 sits at the heart of this interface, and 
the lowered affinity of R435-containing allotypes of IgG3 to FcRn explains their shortened 
half-life and lowered placental transport. (Table 1). Consequently, in individuals containing 
H435 containing IgG3 allotypes (g3m, 15 or 16), IgG3 has a normal half-life of three weeks 
and is transported efficiently across the placenta19,222.

That FcRn protects IgG from degradation has been confirmed by mouse models: 
IgG half live is decreased in FcRn or β2-microglobulin deficient mice213–216. FcRn on 
both endothelial cells and myeloid cells are mainly responsible for recycling223,224. Also, 
overexpression of FcRn in transgenic animals results in higher IgG serum levels225. However, 
FcRn starts its function early in life by transport of IgG – and thereby humoral immunity 
– across the placenta from mother to young215,226–228 and in rodents also after birth by 
transport from mothers milk in the gut of suckling neonates.

In adult life, FcRn is expressed on many epithelial cells, and continues to function in 
IgG transport across FcRn-expression epithelial barriers229. FcRn is able (in all species) to bi-
directionally transcytose cargo across polarized (both epithelial and endothelial) cells230–232. 
IgG or IgG-antigen complexes have been described to be transported across mucosal 
surfaces like the intestinal cavity or respiratory epithelium, and thereby to function in 
immune surveillance228,229,233,234. With this role in mucosal immunity, it complements sIgA in 
immunoregulatory function as reviewed in235.

On mucosal cells, FcRn has been found to transport IgG and be involved in antigen 
sampling228,229,234, and its expression on phagocytic cells229,236 has recently been found to 
enhance phagocytosis capacity of IgG-opsonized particles237,238. On antigen presenting 
cells, this ingestion of IgG-complexes can lead to enhanced presentation239–241. Similar to 
phagocytosis responses, the enhanced presentation likely requires the external sensing 
and cellular activation through FcγR and pattern-recognition receptors, handing the IgG-
Antigen cargo over to FcRn at low pH238,239,242. Thus, immunoglobulin activities including 
extended half-life, transport to young, and antigen sampling seem to be orchestrated 
through a single receptor, the MHC-class I-like FcRn. In contrast, other effector functions 
of IgG, such as phagocytosis and antigen-presentation seem to be mediated by both FcRn 
and classical FcγRs.
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Mouse Fc Receptors

Mouse express 4 types of FcγR, FcγRI. FcγRIIb, FcγRIIIa and FcγRIV (Fig. 7b). Even 
through there is much homology between mouse and human FcγR, there are some 
differences in expression pattern and function, as reviewed by Pierre Bruhns in53. Mouse 
FcγRI is expressed on monocytes and dendritic cells and binds mouse IgG2a, and mouse 
IgG2b only in the case of certain allotypes243,244. Mouse FcγRIIb, similar to humans, the only 
FcγR in mouse with a ITIM signaling domain binds to all mouse IgG subclasses except IgG3. 
FcγRIII in sequence and expression pattern most similar to human FcγRIIa, and binds to 
all mouse IgG subclasses except IgG3. FcγRIV is homologous to human FcγRIIIa, but is not 
expressed on mouse NK cells and binds IgG2a and IgG2b244. FcRn has similar function in 
mouse as in humans, the binding strength at pH 6.5 is similar for mouse IgG compared to 
human, whilst half-life of mouse IgG is shorter (Table 2)245.

Alternative Receptors for IgG

FcRL

Fc receptor-like proteins, consisting of 6 members (FCRL1-6) were originally 
identified as homologues of FcγR but were for a long time regarded as orphan receptors, 
mostly expressed on B cells. Recently however, FcRL4 and in particular FcRL5 were found to 
bind Immunoglobulin as well, with the former recognizing IgA, IgG3 and IgG4, while FcRL5 
binds all IgG subclasses similarly well, but not IgA. Both these receptors are expressed on 
B cells, express an ITIM and are known to down regulate B cells after BCR cross linking 
through recruitment of SHP-1246,247. Although FcRL5 seems broadly expressed on B cells 
populations248, FcRL4 is only expressed on sub epithelial tissue B cells249 reportedly of 
mucosal origin, suggesting that perhaps this receptors is involved in negative feedback 
inhibition through antigen-specific IgG and IgA, respectively.

TRIM21

Tripartite motif-containing protein 21 (TRIM21) is a cytosolic protein expressed in 
almost all cell types but highly expressed in immune cells. TRIM21 previously known as an 
autoantigen involved in several autoimmune diseases, e.g. systemic lupus erythematosus 
(SLE)250. TRIM21 was found to bind IgG with nanomolar affinity251,252. TRIM21 binds IgG 
in the Fc domain at the CH2-CH3 interface similar to FcRn and protein A/G, it competes 
for binding to IgG with protein A/G, and binding is independent of N-glycosylation of the 
CH2 domain253. Later it was demonstrated that TRIM21 functioned as an immunological 
sensor, targeting IgG-opsonized virus and bacteria for antibody-dependent intracellular 
neutralization by the ubiquitin dependent proteosome254–257. It also activates further 
signaling and innate immunity responses are activated, characterized by the NF-kB, AP-1 
and IRF pathways258.
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The unique localization of this receptor in the cytoplasm leaves many unanswered 

questions but simultaneously answering many. It helps to explain how partially opsonized 
pathogens may still be recognized and neutralized during the early phase of infection, 
escaping recognition by the complement- and FcγR system. The relative importance of this 
system is still unknown during secondary infections, but may perhaps be relatively more 
important at locations where complement and the myeloid system are less prominently 
present, e.g., at mucosal surfaces of the gut.

DC-SIGN

Some of the immunomodulary activity of intravenous immunoglobulin (IVIg) has 
been attributed to the fraction of sialylated (SA) IgG153. It was proposed that sialylated IgG 
glycoforms bind to dendritic cell-specific ICAM-3 grabbing nonintegrin (DC-SIGN or SIGN-R1 
in mice)259,260. Since these glycoforms of IgG represents only a small fraction (<10%) of all 
IgG in the blood and IVIg treatment typically requires very high doses, it was suggested 
that this fraction may be predominantly responsible for the immunomodulatory functions 
of IVIg. However, the precise mechanisms of this interaction are unknown, and still await 
confirmation – particularly in the human setting, but also in mice as some of the methods 
used to enrich IVIG for SA were found to predominantly - if not exclusively - enrich for Fab-
associated SA71,72.

It has been hypothesized that DC-SIGN binds to the CH2-CH3 interface of the 
Fc domain of IgG, owing to the opening up of the site where DC-SIGN binds due to the 
charged sialic acid. The simultaneous closing of the interaction site for FcγRs, has then 
proposed to yield an anti-inflammatory IgG151,152. Crosslinking of SIGN-R1 in mice has been 
described to result in the release of IL-33, which in turn activates basophils to secrete IL-
4, upregulating expression of the inhibitory FcγRIIb259. However, recently an alternative 
receptor, the Dendritic cell Immunoreceptor (DCIR) has been put forward as an alternative 
candidate mediating the anti-inflammatory effect of sialylated-IgG, inducing upregulation 
of T regulatory cells and minimizing Ig-complex-mediated airway hyperresponsiveness261. 
To complicate things even further, another report claims sialic acid contents of IgG not to 
influence IgG binding to DC-SIGN, but to be rather Fab mediated154.

Furthermore, a number of Siglecs (Siglec-2/CD22, Siglec-8, Siglec-9) have been 
implicated as ligands for IVIg262–264, although in case of Siglec-9, there is evidence that lectin-
specific antibodies in IVIG rather than sialylated antibodies are responsible for binding265.
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Scope of the thesis

The composition of the conserved N297 glycan in the IgG Fc domain varies upon 
different circumstances, like infection status, age or in specific antibodies by the nature of 
immunization. The bi-antennary glycan contains a constant structure of N-acetylglycosamine 
(GlcNAc) and mannose groups and can be variably extended with core fucose, bisecting 
GlcNAc (bisection), on the bisecting arms galactoses and terminally sialic acids. Generally 
the most prevailing glycoforms are fucosylated and with one or two galactoses (G1 or 
G2 respectively). However, in the heterogeneous mixture 14 prevailing glycoforms can 
normally be found in human serum.

The binding of the Fc domain to Fc gamma receptors (FcγR) present on myeloid 
cells or to C1q of the complement system is important for the effector function of the 
antibodies. Fc-glycan removal abrogates binding and effector functions. The Fc glycan 
composition further influences the binding affinity to these receptors, by causing global or 
subtle changes in the Fc conformation and by direct glycan-glycan interactions as described 
for the Fc-FcγRIII interaction with the N297 glycan on IgG and N162 glycan on FcγRIII. This 
interactions seems partly responsible for the decreased affinity of fucosylated IgG to this 
receptor.

By modifying the composition of the IgG Fc glycan the efficacy of IgG based therapies 
can be influenced. For example, by afucosylating therapeutic monoclonal antibodies used 
in cancer treatment, these bind better to the FcγRIII and mediate better ADCC. Other IgG 
therapies like intravenous immunoglobulin (IVIg), or prophylactic anti rhesus D (RhD) could 
also be more effective by changing the glycan composition. At the start of this research, 
besides the effect of fucosylation, not much was known of the effect of the other glycan 
adducts on IgG function.

To understand the mechanisms behind the before mentioned processes we aimed 
to determine the function of the different possible IgG glycoforms. We therefore put 
sustainable effort in creating a glyco-engineering toolbox to change each glycan end group 
as individually as possible (Chapter 2). We aimed to obtain different IgG glycoform pools to 
be able to screen the different glycoforms for human FcγR binding, cellular activation via 
FcγRIIIa, and their ability to bind and activate the complement system (Chapter 3).

In this chapter we sought out to see whether or not only fucosylation but also the 
other glycan adducts and combinations thereof affect binding to each human FcγR and 
allotypic variant separately. Also, whether any of the found changes in affinity could be 
translated in mediation of antibody dependent cellular cytotoxicity (ADCC) of red blood cells 
by FcγRIIIa bearing NK cells. Additionally, we intended to also screen the IgG glycovariants 
for C1q binding and activation, in both plate based and cellular assays.

We know that IgG glycan composition is important for the working mechanisms of 
IVIg as used to mediate auto-immune diseases. Multiple different working mechanisms 
were proposed, such as the importance of a small fraction of the IgG pool in IVIg, which 
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could be either the multimeric fraction or specific glycoforms, such as Fab glycosylated 
IgG or Fc-sialylated IgG. The latter was proposed to induce a immune modulatory effect 
via binding to DC-SIGN, but was until then not confirmed in a human setting. In Chapter 4, 
to elucidate these questions around the working mechanisms of IVIg we aimed to assess 
the blocking capacity of multiple components of IVIg, of which; the multimeric fraction, 
Fab-glycosylated/sialylated and Fc-sialylated in a human monocyte derived macrophage 
phagocytosis assay.

As it was shown by previous research that fucosylation enhances the activity of each 
IgG subclass, we aimed to further investigate this mechanism. By creating afucosylated 
variants of each human IgG subclass and testing these for binding to all human FcγR and 
allotypic variants. Furthermore, using both the monocyte derived macrophage phagocytosis 
assay and NK cell based ADCC assays we hoped to find where the functional differences 
lied, in respect to effector cell FcγR expression of the different IgG subclasses (Chapter 5).

Furthermore, we were curious to what exactly were the binding affinities of human 
IgG for the mouse FcγR family. As research into therapeutic antibodies requires validation 
in mouse models (Chapter 6). In Chapter 7 we have looked at the function of N162 glycan 
in the FcγRIIIa or FcγRIV mouse homologue and investigated whether the discriminatory 
function of this glycan is conserved between species. Additionally we aimed to see whether 
the effects of glycovariation on FcγR binding affinity found in chapter 3 for human IgG 
affinity are similar for mouse IgG glycovariants.

In the last research chapter we were wondering if the long IgG3 hinge contained 
glycans as there are putative O-glycosylation sites in the hinge of IgG3 (Chapter 8).

Finally, the work of this thesis was summarized and discussed in relevance to the 
current literature in the general discussion (Chapter 9).

 



37

11
References
1. Schur, P. H. IgG subclasses. A historical perspective. Monogr. Allergy 23, 1–11 (1988).
2. Pan, Q. & Hammarström, L. Molecular basis of IgG subclass deficiency. Immunol. Rev. 178, 99–

110 (2000).
3. Vlug, A., Nieuwenhuys, E. J., van Eijk, R. V, Geertzen, H. G. & van Houte, A. J. Nephelometric 

measurements of human IgG subclasses and their reference ranges. Ann. Biol. Clin. (Paris). 52, 
561–7 (1994).

4. Pone, E. J. et al. Toll-like receptors and B-cell receptors synergize to induce immunoglobulin 
class-switch DNA recombination: relevance to microbial antibody responses. Crit. Rev. Immunol. 
30, 1–29 (2010).

5. Pone, E. J. et al. BCR-signalling synergizes with TLR-signalling for induction of AID and 
immunoglobulin class-switching through the non-canonical NF-κB pathway. Nat. Commun. 3, 
767 (2012).

6. Berkowska, M. a et al. Human memory B cells originate from three distinct germinal center-
dependent and -independent maturation pathways. Blood 118, 2150–8 (2011).

7. Aalberse, R. C., Stapel, S. O., Schuurman, J. & Rispens, T. Immunoglobulin G4: an odd antibody. 
Clin. Exp. Allergy 39, 469–77 (2009).

8. Ferrante, A., Beard, L. J. & Feldman, R. G. IgG subclass distribution of antibodies to bacterial and 
viral antigens. Pediatr. Infect. Dis. J. 9, S16-24 (1990).

9. Jefferis, R. & Kumararatne, D. S. Selective IgG subclass deficiency: quantification and clinical 
relevance. Clin. Exp. Immunol. 81, 357–67 (1990).

10. Barrett, D. J. & Ayoub, E. M. IgG2 subclass restriction of antibody to pneumococcal 
polysaccharides. Clin. Exp. Immunol. 63, 127–34 (1986).

11. Schauer, U. et al. Levels of antibodies specific to tetanus toxoid, Haemophilus influenzae type 
b, and pneumococcal capsular polysaccharide in healthy children and adults. Clin. Diagn. Lab. 
Immunol. 10, 202–7 (2003).

12. Siber, G. R., Schur, P. H., Aisenberg, A. C., Weitzman, S. A. & Schiffman, G. Correlation between 
serum IgG-2 concentrations and the antibody response to bacterial polysaccharide antigens. N. 
Engl. J. Med. 303, 178–82 (1980).

13. Hammarström, L. & Smith, C. I. IgG2 deficiency in a healthy blood donor. Concomitant lack 
of IgG2, IgA and IgE immunoglobulins and specific anti-carbohydrate antibodies. Clin. Exp. 
Immunol. 51, 600–4 (1983).

14. Hammarström, L. et al. Subclass restriction pattern of antigen-specific antibodies in donors with 
defective expression of IgG or IgA subclass heavy chain constant region genes. Clin. Immunol. 
Immunopathol. 45, 461–70 (1987).

15. Kuijpers, T. W., Weening, R. S. & Out, T. A. IgG subclass deficiencies and recurrent pyogenic 
infections, unresponsiveness against bacterial polysaccharide antigens. Allergol. Immunopathol. 
(Madr). 20, 28–34 (2007).

16. Latiff, A. H. A. & Kerr, M. A. The clinical significance of immunoglobulin A deficiency. Ann. Clin. 
Biochem. 44, 131–9 (2007).

17. von Gunten, S. et al. Intravenous immunoglobulin contains a broad repertoire of anticarbohydrate 
antibodies that is not restricted to the IgG2 subclass. J. Allergy Clin. Immunol. 123, 1268–76.e15 
(2009).

18. Vidarsson, G. et al. Isotypes and opsonophagocytosis of pneumococcus type 6B antibodies 
elicited in infants and adults by an experimental pneumococcus type 6B-tetanus toxoid vaccine. 
Infect. Immun. 66, 2866–70 (1998).



38

1   11
19. Stapleton, N. M. et al. Competition for FcRn-mediated transport gives rise to short half-life of 

human IgG3 and offers therapeutic potential. Nat. Commun. 2, 599 (2011).
20. Hassan, M. S., Islam, K. B., Hammarström, L. & Smith, C. I. Regulation of C gamma 3 expression. 

Role of switch in the allotype-associated variation of human serum IgG3 levels. J. Immunol. 148, 
2555–62 (1992).

21. Seppälä, I. J., Sarvas, H. & Mäkelä, O. Low concentrations of Gm allotypic subsets G3 mg and G1 
mf in homozygotes and heterozygotes. J. Immunol. 151, 2529–37 (1993).

22. Brezski, R. J. & Jordan, R. E. Cleavage of IgGs by proteases associated with invasive diseases: an 
evasion tactic against host immunity? MAbs 2, 212–20 (2010).

23. Söderström, T., Enskog, A., Samuelsson, B. E. & Cedergren, B. Immunoglobulin subclass (IgG3) 
restriction of anti-P and anti-Pk antibodies in patients of the rare p blood group. J. Immunol. 
134, 1–3 (1985).

24. Brouwers, H. A. et al. Maternal antibodies against fetal blood group antigens A or B: lytic activity 
of IgG subclasses in monocyte-driven cytotoxicity and correlation with ABO haemolytic disease 
of the newborn. Br. J. Haematol. 70, 465–9 (1988).

25. Mawas, F., Wiener, E., Williamson, L. M. & Rodeck, C. H. Immunoglobulin G subclasses of anti-
human platelet antigen 1a in maternal sera: relation to the severity of neonatal alloimmune 
thrombocytopenia. Eur. J. Haematol. 59, 287–92 (1997).

26. Pollock, J. M. & Bowman, J. M. Anti-Rh(D) IgG subclasses and severity of Rh hemolytic disease 
of the newborn. Vox Sang. 59, 176–9 (1990).

27. Meyts, I., Bossuyt, X., Proesmans, M. & De, B. Isolated IgG3 deficiency in children: to treat or not 
to treat? Case presentation and review of the literature. Pediatr. Allergy Immunol. 17, 544–50 
(2006).

28. Aalberse, R. C. et al. IgG4 as a blocking antibody. Clin. Rev. Allergy 1, 289–302 (1983).
29. Aalberse, R. C., van der Gaag, R. & van Leeuwen, J. Serologic aspects of IgG4 antibodies. I. 

Prolonged immunization results in an IgG4-restricted response. J. Immunol. 130, 722–6 (1983).
30. Nouri-Aria, K. T. et al. Grass pollen immunotherapy induces mucosal and peripheral IL-10 

responses and blocking IgG activity. J. Immunol. 172, 3252–9 (2004).
31. Jutel, M. & Akdis, C. A. Immunological mechanisms of allergen-specific immunotherapy. Allergy 

66, 725–32 (2011).
32. Andersen, B. R. & Terry, W. D. Gamma G4-Globulin Antibody causing Inhibition of Clotting Factor 

VIII. Nature 217, 174–175 (1968).
33. Iizuka, A. & Nagao, T. Analysis of IgG heavy chain subclasses of alloantibodies to factor IX 

by crossed immunoelectrophoresis of factor IX using the intermediate gel technique. Br. J. 
Haematol. 53, 687–8 (1983).

34. van Helden, P. M. W. et al. IgG subclasses of anti-FVIII antibodies during immune tolerance 
induction in patients with hemophilia A. Br. J. Haematol. 142, 644–52 (2008).

35. Hart, M. H. et al. Differential effect of drug interference in immunogenicity assays. J. Immunol. 
Methods 372, 196–203 (2011).

36. Adjobimey, T. & Hoerauf, A. Induction of immunoglobulin G4 in human filariasis: an indicator of 
immunoregulation. Ann. Trop. Med. Parasitol. 104, 455–64 (2010).

37. Ottesen, E. A., Skvaril, F., Tripathy, S. P., Poindexter, R. W. & Hussain, R. Prominence of IgG4 in the 
IgG antibody response to human filariasis. J. Immunol. 134, 2707–12 (1985).

38. Kurniawan, A. et al. Differential expression of IgE and IgG4 specific antibody responses in 
asymptomatic and chronic human filariasis. J. Immunol. 150, 3941–50 (1993).

39. Sah, R. P. & Chari, S. T. Serologic issues in IgG4-related systemic disease and autoimmune 



39

11
pancreatitis. Curr. Opin. Rheumatol. 23, 108–13 (2011).

40. Yamamoto, M. et al. Value of serum IgG4 in the diagnosis of IgG4-related disease and in 
differentiation from rheumatic diseases and other diseases. Mod. Rheumatol. 22, 419–25 
(2012).

41. Mahajan, V. S., Mattoo, H., Deshpande, V., Pillai, S. S. & Stone, J. H. IgG4-related disease. Annu. 
Rev. Pathol. 9, 315–47 (2014).

42. Martin, R. M., Brady, J. L. & Lew, A. M. The need for IgG2c specific antiserum when isotyping 
antibodies from C57BL/6 and NOD mice. J. Immunol. Methods 212, 187–92 (1998).

43. Lieberman, R. Genetics of IgCH (allotype) locus in the mouse. Springer Semin. Immunopathol. 
1, 7–30 (1978).

44. Masmoudi, H., Bonhomme, F. & Cazenave, P. A. ‘New’ allotypes of the murine gamma 1 
immunoglobulins. Mol. Immunol. 26, 551–5 (1989).

45. Huang, C. M., Parsons, M., Wakeland, E. K., Moriwaki, K. & Herzenberg, L. A. New immunoglobulin 
IgG allotypes and haplotypes found in wild mice with monoclonal anti-allotope antibodies. J. 
Immunol. 128, 661–7 (1982).

46. Huang, C. M., Huang, H. J. & Lee, S. C. Detection of immunoglobulin heavy chain IgG3 
polymorphism in wild mice with xenogeneic monoclonal antibodies. Immunogenetics 20, 565–
75 (1984).

47. Mink, J. Serum Immunoglobulin Levels and Immunoglobulin Heterogeneity in the Mouse. Diss. 
Erasmus MC (1980).

48. Natsuume-Sakai, S., Motonishi, K. & Migita, S. Quantitative estimations of five classes of 
immunoglobulin in inbred mouse strains. Immunology 32, 861–6 (1977).

49. Clark, M. R. IgG effector mechanisms. Chem. Immunol. 65, 88–110 (1997).
50. Burton, D. R. Immunoglobulin G: functional sites. Mol. Immunol. 22, 161–206 (1985).
51. Azeredo da Silveira, S. et al. Complement activation selectively potentiates the pathogenicity of 

the IgG2b and IgG3 isotypes of a high affinity anti-erythrocyte autoantibody. J. Exp. Med. 195, 
665–72 (2002).

52. Duncan,  a R. & Winter, G. The binding site for C1q on IgG. Nature 332, 738–40 (1988).
53. Bruhns, P. Properties of mouse and human IgG receptors and their contribution to disease 

models. Blood 119, 5640–9 (2012).
54. Nimmerjahn, F. & Ravetch, J. V. Divergent immunoglobulin g subclass activity through selective 

Fc receptor binding. Science 310, 1510–2 (2005).
55. Dekkers, G. et al. Affinity of human IgG subclasses to mouse Fc gamma receptors. MAbs 1–7 

(2017). doi:10.1080/19420862.2017.1323159
56. Coutelier, J. P., van der Logt, J. T., Heessen, F. W., Warnier, G. & Van Snick, J. IgG2a restriction of 

murine antibodies elicited by viral infections. J. Exp. Med. 165, 64–9 (1987).
57. Hussain, R. et al. Selective increases in antibody isotypes and immunoglobulin G subclass 

responses to secreted antigens in tuberculosis patients and healthy household contacts of the 
patients. Clin. Diagn. Lab. Immunol. 2, 726–32 (1995).

58. D’Addabbo, P., Scascitelli, M., Giambra, V., Rocchi, M. & Frezza, D. Position and sequence 
conservation in Amniota of polymorphic enhancer HS1.2 within the palindrome of IgH 
3’Regulatory Region. BMC Evol. Biol. 11, 71 (2011).

59. Potter, M. Structural correlates of immunoglobulin diversity. Surv. Immunol. Res. 2, 27–42 
(1983).

60. Wu, T. T., Johnson, G. & Kabat, E. A. Length distribution of CDRH3 in antibodies. Proteins 16, 1–7 
(1993).



40

1   11
61. Kabat, E. A., Wu, T. T. & Bilofsky, H. Variable region genes for the immunoglobulin framework are 

assembled from small segments of DNA--a hypothesis. Proc. Natl. Acad. Sci. U. S. A. 75, 2429–33 
(1978).

62. Subedi, G. P. & Barb, A. W. The Structural Role of Antibody N-Glycosylation in Receptor 
Interactions. Structure 23, 1573–83 (2015).

63. Sondermann, P., Huber, R., Oosthuizen, V. & Jacob, U. The 3.2-A crystal structure of the human 
IgG1 Fc fragment-Fc gammaRIII complex. Nature 406, 267–73 (2000).

64. Kapur, R. et al. A prominent lack of IgG1-Fc fucosylation of platelet alloantibodies in pregnancy. 
Blood 123, 471–80 (2014).

65. Wuhrer, M. et al. Regulated glycosylation patterns of IgG during alloimmune responses against 
human platelet antigens. J. Proteome Res. 8, 450–6 (2009).

66. Kapur, R. et al. Low anti-RhD IgG-Fc-fucosylation in pregnancy: a new variable predicting severity 
in haemolytic disease of the fetus and newborn. Br. J. Haematol. 166, 936–45 (2014).

67. Sonneveld, M. E. et al. Antigen specificity determines anti-red blood cell IgG-Fc alloantibody 
glycosylation and thereby severity of haemolytic disease of the fetus and newborn. Br. J. 
Haematol. 176, 651–660 (2017).

68. Sonneveld, M. E. et al. Glycosylation pattern of anti-platelet IgG is stable during pregnancy 
and predicts clinical outcome in alloimmune thrombocytopenia. Br. J. Haematol. 174, 310–20 
(2016).

69. Yang, Z. et al. Engineered CHO cells for production of diverse, homogeneous glycoproteins. Nat. 
Biotechnol. 33, 2014–2017 (2015).

70. Ackerman, M. E. et al. Natural variation in Fc glycosylation of HIV-specific antibodies impacts 
antiviral activity. J. Clin. Invest. 123, 2183–92 (2013).

71. Guhr, T. et al. Enrichment of sialylated IgG by lectin fractionation does not enhance the efficacy 
of immunoglobulin G in a murine model of immune thrombocytopenia. PLoS One 6, e21246 
(2011).

72. Stadlmann, J. et al. A close look at human IgG sialylation and subclass distribution after lectin 
fractionation. Proteomics 9, 4143–53 (2009).

73. Wright, A., Tao, M. H., Kabat, E. A. & Morrison, S. L. Antibody variable region glycosylation: 
position effects on antigen binding and carbohydrate structure. EMBO J. 10, 2717–23 (1991).

74. van de Bovenkamp, F. S., Hafkenscheid, L., Rispens, T. & Rombouts, Y. The Emerging Importance 
of IgG Fab Glycosylation in Immunity. J. Immunol. 196, 1435–41 (2016).

75. van de Bovenkamp, F. S. et al. Adaptive antibody diversification through N-linked glycosylation 
of the immunoglobulin variable region. (2017).

76. Radcliffe, C. M. et al. Human follicular lymphoma cells contain oligomannose glycans in the 
antigen-binding site of the B-cell receptor. J. Biol. Chem. 282, 7405–15 (2007).

77. Hamilton, R. G. Human IgG subclass measurements in the clinical laboratory. Clin. Chem. 33, 
1707–25 (1987).

78. Roux, K. H., Strelets, L. & Michaelsen, T. E. Flexibility of human IgG subclasses. J. Immunol. 159, 
3372–82 (1997).

79. Michaelsen, T. E., Naess, L. M. & Aase, A. Human IgG3 is decreased and IgG1, IgG2 and IgG4 are 
unchanged in molecular size by mild reduction and reoxidation without any major change in 
effector functions. Mol. Immunol. 30, 35–45 (1993).

80. Saluk, P. H. & Clem, L. W. The unique molecular weight of the heavy chain from human IgG3. J. 
Immunol. 107, 298–301 (1971).

81. Carrasco, B. et al. Crystallohydrodynamics for solving the hydration problem for multi-domain 



41

11
proteins: open physiological conformations for human IgG. Biophys. Chem. 93, 181–96 (2001).

82. Wypych, J. et al. Human IgG2 antibodies display disulfide-mediated structural isoforms. J. Biol. 
Chem. 283, 16194–205 (2008).

83. Zhang, B., Harder, A. G., Connelly, H. M., Maheu, L. L. & Cockrill, S. L. Determination of Fab-
hinge disulfide connectivity in structural isoforms of a recombinant human immunoglobulin G2 
antibody. Anal. Chem. 82, 1090–9 (2010).

84. Dillon, T. M. et al. Structural and functional characterization of disulfide isoforms of the human 
IgG2 subclass. J. Biol. Chem. 283, 16206–15 (2008).

85. Lightle, S. et al. Mutations within a human IgG2 antibody form distinct and homogeneous 
disulfide isomers but do not affect Fc gamma receptor or C1q binding. Protein Sci. 19, 753–62 
(2010).

86. Yoo, E. M., Wims, L. A., Chan, L. A. & Morrison, S. L. Human IgG2 can form covalent dimers. J. 
Immunol. 170, 3134–8 (2003).

87. Chivers, P. T., Prehoda, K. E. & Raines, R. T. The CXXC motif: a rheostat in the active site. 
Biochemistry 36, 4061–6 (1997).

88. Bloom, J. W., Madanat, M. S., Marriott, D., Wong, T. & Chan, S. Y. Intrachain disulfide bond in the 
core hinge region of human IgG4. Protein Sci. 6, 407–15 (1997).

89. Angal, S. et al. A single amino acid substitution abolishes the heterogeneity of chimeric mouse/
human (IgG4) antibody. Mol. Immunol. 30, 105–8 (1993).

90. Rispens, T., Ooijevaar-de Heer, P., Bende, O. & Aalberse, R. C. Mechanism of immunoglobulin G4 
Fab-arm exchange. J. Am. Chem. Soc. 133, 10302–11 (2011).

91. van der Neut Kolfschoten, M. et al. Anti-inflammatory activity of human IgG4 antibodies by 
dynamic Fab arm exchange. Science 317, 1554–7 (2007).

92. van der Zee, J. S., van Swieten, P. & Aalberse, R. C. Serologic aspects of IgG4 antibodies. II. IgG4 
antibodies form small, nonprecipitating immune complexes due to functional monovalency. J. 
Immunol. 137, 3566–71 (1986).

93. Rispens, T. et al. Dynamics of inter-heavy chain interactions in human immunoglobulin G (IgG) 
subclasses studied by kinetic Fab arm exchange. J. Biol. Chem. 289, 6098–109 (2014).

94. Labrijn, A. F. et al. Species-specific determinants in the IgG CH3 domain enable Fab-arm 
exchange by affecting the noncovalent CH3-CH3 interaction strength. J. Immunol. 187, 3238–46 
(2011).

95. Labrijn, A. F. et al. Therapeutic IgG4 antibodies engage in Fab-arm exchange with endogenous 
human IgG4 in vivo. Nat. Biotechnol. 27, 767–71 (2009).

96. Lefranc, M.-P. & Lefranc, G. Human Gm, Km, and Am allotypes and their molecular 
characterization: a remarkable demonstration of polymorphism. Methods Mol. Biol. 882, 635–
80 (2012).

97. de Lange, G. G. Polymorphisms of human immunoglobulins: Gm, Am, Em and Km allotypes. Exp. 
Clin. Immunogenet. 6, 7–17 (1989).

98. Jefferis, R. & Lefranc, M.-P. Human immunoglobulin allotypes: possible implications for 
immunogenicity. MAbs 1, 332–8 (2009).

99. Brusco, A., de Lange, G. G., Boccazzi, C. & Carbonara, A. O. Molecular characterization of Gm(n+) 
and G2m(n-) allotypes. Immunogenetics 42, 414–7 (1995).

100. Brusco, A. et al. Molecular characterization of immunoglobulin G4 gene isoallotypes. Eur. J. 
Immunogenet. 25, 349–55 (1998).

101. Dard, P., Lefranc, M. P., Osipova, L. & Sanchez-Mazas, A. DNA sequence variability of IGHG3 
alleles associated to the main G3m haplotypes in human populations. Eur. J. Hum. Genet. 9, 



42

1   11
765–72 (2001).

102. de Lange, G. Monoclonal antibodies against human immunoglobulin allotypes. (University of 
London, 1988).

103. Fudenberg, H. H. & Fudenberg, B. R. Antibody to hereditary human gamma-globulin (GM) 
factor resulting from maternal-fetal incompatibility. Science 145, 170–1 (1964).

104. Bartelds, G. M. et al. Surprising negative association between IgG1 allotype disparity and anti-
adalimumab formation: a cohort study. Arthritis Res. Ther. 12, R221 (2010).

105. Magdelaine-Beuzelin, C. et al. IgG1 heavy chain-coding gene polymorphism (G1m allotypes) 
and development of antibodies-to-infliximab. Pharmacogenet. Genomics 19, 383–7 (2009).

106. Diebolder, C. a. et al. Complement is activated by IgG hexamers assembled at the cell surface. 
Science 343, 1260–3 (2014).

107. Bondt, A. et al. Immunoglobulin G (IgG) Fab glycosylation analysis using a new mass spectrometric 
high-throughput profiling method reveals pregnancy-associated changes. Mol. Cell. Proteomics 
13, 3029–39 (2014).

108. Hafkenscheid, L. et al. Structural analysis of variable domain glycosylation of anti-citrullinated 
protein antibodies in rheumatoid arthritis reveals the presence of highly sialylated glycans. Mol. 
Cell. Proteomics 1–34 (2016). doi:10.1074/mcp.M116.062919

109. Allhorn, M., Olin, A. I., Nimmerjahn, F. & Collin, M. Human IgG/Fc gamma R interactions are 
modulated by streptococcal IgG glycan hydrolysis. PLoS One 3, e1413 (2008).

110. Allhorn, M. et al. The IgG-specific endoglycosidase EndoS inhibits both cellular and complement-
mediated autoimmune hemolysis. Blood 115, 5080–5088 (2010).

111. Bowden, T. a et al. Chemical and structural analysis of an antibody folding intermediate trapped 
during glycan biosynthesis. J. Am. Chem. Soc. 134, 17554–63 (2012).

112. Mimura, Y. et al. Role of oligosaccharide residues of IgG1-Fc in Fc gamma RIIb binding. J. Biol. 
Chem. 276, 45539–47 (2001).

113. Ferrara, C. et al. Unique carbohydrate-carbohydrate interactions are required for high affinity 
binding between FcgammaRIII and antibodies lacking core fucose. Proc. Natl. Acad. Sci. U. S. A. 
108, 12669–74 (2011).

114. Mizushima, T. et al. Structural basis for improved efficacy of therapeutic antibodies on 
defucosylation of their Fc glycans. Genes Cells 16, 1071–80 (2011).

115. Shields, R. L. et al. Lack of fucose on human IgG1 N-linked oligosaccharide improves binding to 
human Fcgamma RIII and antibody-dependent cellular toxicity. J. Biol. Chem. 277, 26733–40 
(2002).

116. Quast, I. et al. Sialylation of IgG Fc domain impairs complement-dependent cytotoxicity. J. Clin. 
Invest. 125, 4160–4170 (2015).

117. Malhotra, R. et al. Glycosylation changes of IgG associated with rheumatoid arthritis can activate 
complement via the mannose-binding protein. Nat. Med. 1, 237–43 (1995).

118. Bondt, A. et al. Association between galactosylation of immunoglobulin G and improvement 
of rheumatoid arthritis during pregnancy is independent of sialylation. J. Proteome Res. 12, 
4522–31 (2013).

119. Tjon, A. S. W., van Gent, R., Geijtenbeek, T. B. & Kwekkeboom, J. Differences in Anti-Inflammatory 
Actions of Intravenous Immunoglobulin between Mice and Men: More than Meets the Eye. 
Front. Immunol. 6, 197 (2015).

120. Zauner, G. et al. Glycoproteomic analysis of antibodies. Mol. Cell. Proteomics 12, 856–65 (2013).
121. Parekh, R. B. et al. Association of rheumatoid arthritis and primary osteoarthritis with changes 

in the glycosylation pattern of total serum IgG. Nature 316, 452–7 (1985).



43

11
122. Wang, T. T. et al. IgG antibodies to dengue enhanced for FcγRIIIA binding determine disease 

severity. Science 355, 395–398 (2017).
123. Mahan, A. E. et al. Antigen-Specific Antibody Glycosylation Is Regulated via Vaccination. PLoS 

Pathog. 12, e1005456 (2016).
124. Menni, C. et al. Glycosylation of immunoglobulin g: role of genetic and epigenetic influences. 

PLoS One 8, e82558 (2013).
125. Chen, G. et al. Human IgG Fc-glycosylation profiling reveals associations with age, sex, female 

sex hormones and thyroid cancer. J. Proteomics 75, 2824–34 (2012).
126. Prados, M. B., La Blunda, J., Szekeres-Bartho, J., Caramelo, J. & Miranda, S. Progesterone induces 

a switch in oligosaccharyltransferase isoform expression: consequences on IgG N-glycosylation. 
Immunol. Lett. 137, 28–37 (2011).

127. Wang, J. et al. Fc-glycosylation of IgG1 is modulated by B-cell stimuli. Mol. Cell. Proteomics 10, 
M110.004655 (2011).

128. Hristodorov, D., Fischer, R. & Linden, L. With or without sugar? (A)glycosylation of therapeutic 
antibodies. Molecular Biotechnology 54, 1056–1068 (2013).

129. Taylor, M. E. & Drickamer, K. Introduction to Glycobiology. (Oxford University Press Inc., 2011).
130. Maverakis, E. et al. Glycans in the immune system and The Altered Glycan Theory of 

Autoimmunity: a critical review. J. Autoimmun. 57, 1–13 (2015).
131. Jones, M. B. et al. B-cell-independent sialylation of IgG. Proc. Natl. Acad. Sci. U. S. A. 113, 7207–

12 (2016).
132. Sha, S., Agarabi, C., Brorson, K., Lee, D.-Y. & Yoon, S. N-Glycosylation Design and Control of 

Therapeutic Monoclonal Antibodies. Trends Biotechnol. 34, 835–46 (2016).
133. Lauc, G. et al. Loci Associated with N-Glycosylation of Human Immunoglobulin G Show Pleiotropy 

with Autoimmune Diseases and Haematological Cancers. PLoS Genet. 9, e1003225 (2013).
134. Liou, L. & Huang, C. Sialyltransferase and Neuraminidase Levels/Ratios and Sialic Acid Levels in 

Peripheral Blood B Cells Correlate with Measures of Disease Activity in Patients with Systemic 
Lupus Erythematosus and Rheumatoid Arthritis: A Pilot Study. PLoS One 11, e0151669 (2016).

135. Anthony, R. M. et al. Recapitulation of IVIG anti-inflammatory activity with a recombinant IgG 
Fc. Science 320, 373–6 (2008).

136. Beck, A. & Reichert, J. M. Marketing approval of mogamulizumab: A triumph for glyco-
engineering. mAbs 4, 419–425 (2012).

137. Jefferis, R. Recombinant antibody therapeutics: the impact of glycosylation on mechanisms of 
action. Trends Pharmacol. Sci. 30, 356–62 (2009).

138. Yamane-Ohnuki, N. & Satoh, M. Production of therapeutic antibodies with controlled 
fucosylation. MAbs 1, 230–6 (2009).

139. Peipp, M. et al. Antibody fucosylation differentially impacts cytotoxicity mediated by NK and 
PMN effector cells. Blood 112, 2390–9 (2008).

140. Shibata-Koyama, M. et al. Nonfucosylated rituximab potentiates human neutrophil phagocytosis 
through its high binding for FcgammaRIIIb and MHC class II expression on the phagocytotic 
neutrophils. Exp. Hematol. 37, 309–21 (2009).

141. Selman, M. H. J. et al. Changes in antigen-specific IgG1 Fc N-glycosylation upon influenza and 
tetanus vaccination. Mol. Cell. Proteomics 11, M111.014563 (2012).

142. Baković, M. P. et al. High-throughput IgG Fc N-glycosylation profiling by mass spectrometry of 
glycopeptides. J. Proteome Res. 12, 821–31 (2013).

143. Kodar, K., Stadlmann, J., Klaamas, K., Sergeyev, B. & Kurtenkov, O. Immunoglobulin G Fc N-glycan 
profiling in patients with gastric cancer by LC-ESI-MS: relation to tumor progression and survival. 



44

1   11
Glycoconj. J. 29, 57–66 (2012).

144. Ferrara, C. et al. Modulation of therapeutic antibody effector functions by glycosylation 
engineering: influence of Golgi enzyme localization domain and co-expression of heterologous 
beta1, 4-N-acetylglucosaminyltransferase III and Golgi alpha-mannosidase II. Biotechnol. 
Bioeng. 93, 851–61 (2006).

145. Zou, G. et al. Chemoenzymatic synthesis and Fcγ receptor binding of homogeneous glycoforms 
of antibody Fc domain. Presence of a bisecting sugar moiety enhances the affinity of Fc to 
FcγIIIa receptor. J. Am. Chem. Soc. 133, 18975–91 (2011).

146. Subedi, G. P. & Barb, A. W. The immunoglobulin G1 N-glycan composition affects binding to 
each low affinity Fc γ receptor. MAbs 8, 1512–1524 (2016).

147. Houde, D., Peng, Y., Berkowitz, S. a & Engen, J. R. Post-translational modifications differentially 
affect IgG1 conformation and receptor binding. Mol. Cell. Proteomics 9, 1716–1728 (2010).

148. Thomann, M. et al. In vitro glycoengineering of IgG1 and its effect on Fc receptor binding and 
ADCC activity. PLoS One 10, e0134949 (2015).

149. Kapur, R., Einarsdottir, H. K. & Vidarsson, G. IgG-effector functions: ‘the good, the bad and the 
ugly’. Immunol. Lett. 160, 139–44 (2014).

150. Nimmerjahn, F., Anthony, R. M. & Ravetch, J. V. Agalactosylated IgG antibodies depend on 
cellular Fc receptors for in vivo activity. Proc. Natl. Acad. Sci. U. S. A. 104, 8433–7 (2007).

151. Sondermann, P., Pincetic, A., Maamary, J., Lammens, K. & Ravetch, J. V. General mechanism 
for modulating immunoglobulin effector function. Proc. Natl. Acad. Sci. U. S. A. 110, 9868–72 
(2013).

152. Ahmed, A. a et al. Structural characterization of anti-inflammatory immunoglobulin G Fc 
proteins. J. Mol. Biol. 426, 3166–79 (2014).

153. Kaneko, Y., Nimmerjahn, F. & Ravetch, J. V. Anti-inflammatory activity of immunoglobulin G 
resulting from Fc sialylation. Science 313, 670–3 (2006).

154. Yu, X., Vasiljevic, S., Mitchell, D. a, Crispin, M. & Scanlan, C. N. Dissecting the molecular 
mechanism of IVIg therapy: the interaction between serum IgG and DC-SIGN is independent of 
antibody glycoform or Fc domain. J. Mol. Biol. 425, 1253–8 (2013).

155. Boesch, A. W. et al. Highly parallel characterization of IgG Fc binding interactions. MAbs 6, 915–
927 (2014).

156. Varki, A. Essentials of Glycobiology. Cold Spring Harbor Laboratory Press (Cold Spring Harbor, 
2009).

157. Okeley, N. M. et al. Development of orally active inhibitors of protein and cellular fucosylation. 
Proc. Natl. Acad. Sci. U. S. A. 110, 5404–9 (2013).

158. Malphettes, L. et al. Highly efficient deletion of FUT8 in CHO cell lines using zinc-finger nucleases 
yields cells that produce completely nonfucosylated antibodies. Biotechnol. Bioeng. 106, 774–
83 (2010).

159. Umaña, P., Jean-Mairet, J., Moudry, R., Amstutz, H. & Bailey, J. E. Engineered glycoforms of 
an antineuroblastoma IgG1 with optimized antibody-dependent cellular cytotoxic activity. Nat. 
Biotechnol. 17, 176–180 (1999).

160. Li, H. et al. Optimization of humanized IgGs in glycoengineered Pichia pastoris. Nat. Biotechnol. 
24, 210–5 (2006).

161. Palmberger, D., Wilson, I. B. H., Berger, I., Grabherr, R. & Rendic, D. SweetBac: a new approach 
for the production of mammalianised glycoproteins in insect cells. PLoS One 7, e34226 (2012).

162. Yusibov, V., Kushnir, N. & Streatfield, S. J. Antibody Production in Plants and Green Algae. Annu. 
Rev. Plant Biol. 67, 669–701 (2016).



45

11
163. Loos, A. & Steinkellner, H. IgG-Fc glycoengineering in non-mammalian expression hosts. Arch. 

Biochem. Biophys. 526, 167–73 (2012).
164. Raymond, C. et al. Production of α2,6-sialylated IgG1 in CHO cells. MAbs 7, 571–83 (2015).
165. Washburn, N. et al. Controlled tetra-Fc sialylation of IVIg results in a drug candidate with 

consistent enhanced anti-inflammatory activity. Proc. Natl. Acad. Sci. U. S. A. 112, 201422481 
(2015).

166. Wang, L. & Huang, W. Chemoenzymatic Glycoengineering of Antibodies and Fc Fragments 
Thereof. (2013).

167. Le, N. P. L., Bowden, T. A., Struwe, W. B. & Crispin, M. Immune recruitment or suppression by 
glycan engineering of endogenous and therapeutic antibodies. Biochim. Biophys. Acta 1860, 
1655–68 (2016).

168. Kao, D. et al. A Monosaccharide Residue Is Sufficient to Maintain Mouse and Human IgG 
Subclass Activity and Directs IgG Effector Functions to Cellular Fc Receptors. Cell Rep. 1–10 
(2015). doi:10.1016/j.celrep.2015.11.027

169. Lin, C.-W. et al. A common glycan structure on immunoglobulin G for enhancement of effector 
functions. Proc. Natl. Acad. Sci. U. S. A. 112, 201513456 (2015).

170. Sarma, J. V. & Ward, P. A. The complement system. Cell Tissue Res. 343, 227–35 (2011).
171. Bindon, C. I., Hale, G., Brüggemann, M. & Waldmann, H. Human monoclonal IgG isotypes differ 

in complement activating function at the level of C4 as well as C1q. J. Exp. Med. 168, 127–42 
(1988).

172. Schumaker, V. N., Calcott, M. A., Spiegelberg, H. L. & Müller-Eberhard, H. J. Ultracentifuge 
studies of the binding of IgG of different subclasses to the Clq subunit of the first component of 
complement. Biochemistry 15, 5175–81 (1976).

173. Tao, M. H., Smith, R. I. & Morrison, S. L. Structural features of human immunoglobulin G that 
determine isotype-specific differences in complement activation. J. Exp. Med. 178, 661–7 
(1993).

174. Brekke, O. H., Michaelsen, T. E., Aase, A., Sandin, R. H. & Sandlie, I. Human IgG isotype-specific 
amino acid residues affecting complement-mediated cell lysis and phagocytosis. Eur. J. Immunol. 
24, 2542–7 (1994).

175. Idusogie, E. E. et al. Mapping of the C1q binding site on rituxan, a chimeric antibody with a 
human IgG1 Fc. J. Immunol. 164, 4178–84 (2000).

176. Morgan, A. et al. The N-terminal end of the CH2 domain of chimeric human IgG1 anti-HLA-DR is 
necessary for C1q, Fc gamma RI and Fc gamma RIII binding. Immunology 86, 319–24 (1995).

177. Dall’Acqua, W. F., Cook, K. E., Damschroder, M. M., Woods, R. M. & Wu, H. Modulation of the 
effector functions of a human IgG1 through engineering of its hinge region. J. Immunol. 177, 
1129–38 (2006).

178. Dangl, J. L. et al. Segmental flexibility and complement fixation of genetically engineered 
chimeric human, rabbit and mouse antibodies. EMBO J. 7, 1989–94 (1988).

179. An, Z. et al. IgG2m4, an engineered antibody isotype with reduced Fc function. MAbs 1, 572–
579 (2009).

180. Tan, L. K., Shopes, R. J., Oi, V. T. & Morrison, S. L. Influence of the hinge region on complement 
activation, C1q binding, and segmental flexibility in chimeric human immunoglobulins. Proc. 
Natl. Acad. Sci. U. S. A. 87, 162–6 (1990).

181. Natsume, A. et al. Engineered antibodies of IgG1/IgG3 mixed isotype with enhanced cytotoxic 
activities. Cancer Res. 68, 3863–72 (2008).

182. Aalberse, R. C. & Schuurman, J. IgG4 breaking the rules. Immunology 105, 9–19 (2002).



46

1   11
183. Abe, Y., Gor, J., Bracewell, D. G., Perkins, S. J. & Dalby, P. A. Masking of the Fc region in human 

IgG4 by constrained X-ray scattering modelling: implications for antibody function and therapy. 
Biochem. J. 432, 101–11 (2010).

184. Rispens, T. et al. Measurement of serum levels of natalizumab, an immunoglobulin G4 
therapeutic monoclonal antibody. Anal. Biochem. 411, 271–276 (2011).

185. van der Zee, J. S., van Swieten, P. & Aalberse, R. C. Inhibition of complement activation by IgG4 
antibodies. Clin. Exp. Immunol. 64, 415–22 (1986).

186. Saeland, E. et al. Central role of complement in passive protection by human IgG1 and IgG2 
anti-pneumococcal antibodies in mice. J. Immunol. 170, 6158–64 (2003).

187. Recke, A. et al. Pathogenicity of IgG subclass autoantibodies to type VII collagen: induction of 
dermal-epidermal separation. J. Autoimmun. 34, 435–44 (2010).

188. Ramsland, P. a et al. Structural basis for Fc gammaRIIa recognition of human IgG and formation 
of inflammatory signaling complexes. J. Immunol. 187, 3208–17 (2011).

189. Bruhns, P. et al. Specificity and affinity of human Fcgamma receptors and their polymorphic 
variants for human IgG subclasses. Blood 113, 3716–25 (2009).

190. Caaveiro, J. M. M., Kiyoshi, M. & Tsumoto, K. Structural analysis of Fc/FcγR complexes: a 
blueprint for antibody design. Immunol. Rev. 268, 201–221 (2015).

191. Guilliams, M., Bruhns, P., Saeys, Y., Hammad, H. & Lambrecht, B. N. The function of Fcγ receptors 
in dendritic cells and macrophages. Nat. Rev. Immunol. 14, 94–108 (2014).

192. Bruhns, P. & Jönsson, F. Mouse and human FcR effector functions. Immunol. Rev. 268, 25–51 
(2015).

193. Ernst, L. K., van de Winkel, J. G., Chiu, I. M. & Anderson, C. L. Three genes for the human high 
affinity Fc receptor for IgG (Fc gamma RI) encode four distinct transcription products. J. Biol. 
Chem. 267, 15692–700 (1992).

194. Ernst, L. K., Duchemin, A. M., Miller, K. L. & Anderson, C. L. Molecular characterization of six 
variant Fcgamma receptor class I (CD64) transcripts. Mol. Immunol. 35, 943–54 (1998).

195. Hulett, M. D. & Hogarth, P. M. The second and third extracellular domains of FcgammaRI (CD64) 
confer the unique high affinity binding of IgG2a. Mol. Immunol. 35, 989–96 (1998).

196. Armour, K. L., Clark, M. R., Hadley, A. G. & Williamson, L. M. Recombinant human IgG molecules 
lacking Fcgamma receptor I binding and monocyte triggering activities. Eur. J. Immunol. 29, 
2613–24 (1999).

197. Canfield, S. M. & Morrison, S. L. The binding affinity of human IgG for its high affinity Fc receptor 
is determined by multiple amino acids in the CH2 domain and is modulated by the hinge region. 
J. Exp. Med. 173, 1483–91 (1991).

198. Chappel, M. S. et al. Identification of the Fc gamma receptor class I binding site in human IgG 
through the use of recombinant IgG1/IgG2 hybrid and point-mutated antibodies. Proc. Natl. 
Acad. Sci. U. S. A. 88, 9036–40 (1991).

199. Lund, J. et al. Human Fc gamma RI and Fc gamma RII interact with distinct but overlapping sites 
on human IgG. J. Immunol. 147, 2657–62 (1991).

200. Shields, R. L. et al. High resolution mapping of the binding site on human IgG1 for Fc gamma RI, 
Fc gamma RII, Fc gamma RIII, and FcRn and design of IgG1 variants with improved binding to the 
Fc gamma R. J. Biol. Chem. 276, 6591–604 (2001).

201. Redpath, S., Michaelsen, T. E., Sandlie, I. & Clark, M. R. The influence of the hinge region length 
in binding of human IgG to human Fcgamma receptors. Hum. Immunol. 59, 720–7 (1998).

202. Armour, K. L., van de Winkel, J. G. J., Williamson, L. M. & Clark, M. R. Differential binding to human 
FcgammaRIIa and FcgammaRIIb receptors by human IgG wildtype and mutant antibodies. Mol. 



47

11
Immunol. 40, 585–93 (2003).

203. Parren, P. W. et al. On the interaction of IgG subclasses with the low affinity Fc gamma RIIa 
(CD32) on human monocytes, neutrophils, and platelets. Analysis of a functional polymorphism 
to human IgG2. J. Clin. Invest. 90, 1537–46 (1992).

204. Wines, B. D., Powell, M. S., Parren, P. W., Barnes, N. & Hogarth, P. M. The IgG Fc contains distinct 
Fc receptor (FcR) binding sites: the leukocyte receptors Fc gamma RI and Fc gamma RIIa bind to 
a region in the Fc distinct from that recognized by neonatal FcR and protein A. J. Immunol. 164, 
5313–8 (2000).

205. Breunis, W. B. et al. Copy number variation of the activating FCGR2C gene predisposes to 
idiopathic thrombocytopenic purpura. Blood 111, 1029–38 (2008).

206. van der Heijden, J. et al. Phenotypic variation in IgG receptors by nonclassical FCGR2C alleles. J. 
Immunol. 188, 1318–24 (2012).

207. Sibéril, S. et al. Selection of a human anti-RhD monoclonal antibody for therapeutic use: impact 
of IgG glycosylation on activating and inhibitory Fc gamma R functions. Clin. Immunol. 118, 
170–9 (2006).

208. Huizinga, T. W., Kleijer, M., Tetteroo, P. A., Roos, D. & von dem Borne, A. E. Biallelic neutrophil 
Na-antigen system is associated with a polymorphism on the phospho-inositol-linked Fc gamma 
receptor III (CD16). Blood 75, 213–7 (1990).

209. Huizinga, T. W. et al. Binding characteristics of dimeric IgG subclass complexes to human 
neutrophils. J. Immunol. 142, 2359–64 (1989).

210. Radaev, S., Motyka, S., Fridman, W. H., Sautes-Fridman, C. & Sun, P. D. The structure of a human 
type III Fcgamma receptor in complex with Fc. J. Biol. Chem. 276, 16469–77 (2001).

211. Brambell, F. W. The transmission of immunity from mother to young and the catabolism of 
immunoglobulins. Lancet (London, England) 2, 1087–93 (1966).

212. Brambell, F. W., Hemmings, W. A. & Morris, I. G. A theoretical model of gamma-globulin 
catabolism. Nature 203, 1352–4 (1964).

213. Ghetie, V. et al. Abnormally short serum half-lives of IgG in beta 2-microglobulin-deficient mice. 
Eur. J. Immunol. 26, 690–6 (1996).

214. Israel, E. J., Wilsker, D. F., Hayes, K. C., Schoenfeld, D. & Simister, N. E. Increased clearance of IgG 
in mice that lack beta 2-microglobulin: possible protective role of FcRn. Immunology 89, 573–8 
(1996).

215. Junghans, R. P. & Anderson, C. L. The protection receptor for IgG catabolism is the beta2-
microglobulin-containing neonatal intestinal transport receptor. Proc. Natl. Acad. Sci. U. S. A. 
93, 5512–6 (1996).

216. Roopenian, D. C. et al. The MHC class I-like IgG receptor controls perinatal IgG transport, IgG 
homeostasis, and fate of IgG-Fc-coupled drugs. J. Immunol. 170, 3528–33 (2003).

217. Burmeister, W. P., Huber, A. H. & Bjorkman, P. J. Crystal structure of the complex of rat neonatal 
Fc receptor with Fc. Nature 372, 379–83 (1994).

218. West, A. P. & Bjorkman, P. J. Crystal structure and immunoglobulin G binding properties of the 
human major histocompatibility complex-related Fc receptor(,). Biochemistry 39, 9698–708 
(2000).

219. Chaudhury, C. et al. The major histocompatibility complex-related Fc receptor for IgG (FcRn) 
binds albumin and prolongs its lifespan. J. Exp. Med. 197, 315–22 (2003).

220. Gastinel, L. N., Simister, N. E. & Bjorkman, P. J. Expression and crystallization of a soluble and 
functional form of an Fc receptor related to class I histocompatibility molecules. Proc. Natl. 
Acad. Sci. U. S. A. 89, 638–42 (1992).



48

1   11
221. Burmeister, W. P., Gastinel, L. N., Simister, N. E., Blum, M. L. & Bjorkman, P. J. Crystal structure at 

2.2 A resolution of the MHC-related neonatal Fc receptor. Nature 372, 336–43 (1994).
222. Einarsdottir, H. et al. H435-containing immunoglobulin G3 allotypes are transported efficiently 

across the human placenta: implications for alloantibody-mediated diseases of the newborn. 
Transfusion 54, 665–71 (2014).

223. Borvak, J. et al. Functional expression of the MHC class I-related receptor, FcRn, in endothelial 
cells of mice. Int. Immunol. 10, 1289–98 (1998).

224. Akilesh, S., Christianson, G. J., Roopenian, D. C. & Shaw, A. S. Neonatal FcR expression in bone 
marrow-derived cells functions to protect serum IgG from catabolism. J. Immunol. 179, 4580–8 
(2007).

225. Kacskovics, I., Cervenak, J., Erdei, A., Goldsby, R. a & Butler, J. E. Recent advances using 
FcRn overexpression in transgenic animals to overcome impediments of standard antibody 
technologies to improve the generation of specific antibodies. MAbs 3, 431–9 (2011).

226. Israel, E. J., Patel, V. K., Taylor, S. F., Marshak-Rothstein, A. & Simister, N. E. Requirement for 
a beta 2-microglobulin-associated Fc receptor for acquisition of maternal IgG by fetal and 
neonatal mice. J. Immunol. 154, 6246–51 (1995).

227. Israel, E. J. et al. Expression of the neonatal Fc receptor, FcRn, on human intestinal epithelial 
cells. Immunology 92, 69–74 (1997).

228. Yoshida, M. et al. Human neonatal Fc receptor mediates transport of IgG into luminal secretions 
for delivery of antigens to mucosal dendritic cells. Immunity 20, 769–83 (2004).

229. Spiekermann, G. M. et al. Receptor-mediated immunoglobulin G transport across mucosal 
barriers in adult life: functional expression of FcRn in the mammalian lung. J. Exp. Med. 196, 
303–10 (2002).

230. Claypool, S. M. et al. Bidirectional transepithelial IgG transport by a strongly polarized basolateral 
membrane Fcgamma-receptor. Mol. Biol. Cell 15, 1746–59 (2004).

231. Dickinson, B. L. et al. Bidirectional FcRn-dependent IgG transport in a polarized human intestinal 
epithelial cell line. J. Clin. Invest. 104, 903–11 (1999).

232. Shah, U. et al. Distribution of the IgG Fc receptor, FcRn, in the human fetal intestine. Pediatr. Res. 
53, 295–301 (2003).

233. Robert-Guroff, M. IgG surfaces as an important component in mucosal protection. Nat. Med. 6, 
129–30 (2000).

234. Yoshida, M. et al. Neonatal Fc receptor for IgG regulates mucosal immune responses to luminal 
bacteria. J. Clin. Invest. 116, 2142–2151 (2006).

235. Horton, R. E. & Vidarsson, G. Antibodies and their receptors: different potential roles in mucosal 
defense. Front. Immunol. 4, 200 (2013).

236. Zhu, X. et al. MHC class I-related neonatal Fc receptor for IgG is functionally expressed in 
monocytes, intestinal macrophages, and dendritic cells. J. Immunol. 166, 3266–76 (2001).

237. Cervenak, J. et al. Neonatal FcR overexpression boosts humoral immune response in transgenic 
mice. J. Immunol. 186, 959–68 (2011).

238. Vidarsson, G. et al. FcRn: an IgG receptor on phagocytes with a novel role in phagocytosis. Blood 
108, 3573–9 (2006).

239. Baker, K. et al. Neonatal Fc receptor for IgG (FcRn) regulates cross-presentation of IgG immune 
complexes by CD8-CD11b+ dendritic cells. Proc. Natl. Acad. Sci. U. S. A. 108, 9927–32 (2011).

240. Mi, W. et al. Targeting the neonatal fc receptor for antigen delivery using engineered fc 
fragments. J. Immunol. 181, 7550–61 (2008).

241. Qiao, S.-W. et al. Dependence of antibody-mediated presentation of antigen on FcRn. Proc. Natl. 



49

11
Acad. Sci. U. S. A. 105, 9337–42 (2008).

242. Heijnen, I. A. et al. Antigen targeting to myeloid-specific human Fc gamma RI/CD64 triggers 
enhanced antibody responses in transgenic mice. J. Clin. Invest. 97, 331–8 (1996).

243. Gavin, A. L., Leiter, E. H. & Hogarth, P. M. Mouse FcgammaRI: identification and functional 
characterization of five new alleles. Immunogenetics 51, 206–11 (2000).

244. Nimmerjahn, F., Bruhns, P., Horiuchi, K. & Ravetch, J. V. FcyRIV: A novel FcR with distinct IgG 
subclass specificity. Immunity 23, 41–51 (2005).

245. Neuber, T. et al. Characterization and screening of IgG binding to the neonatal Fc receptor. MAbs 
6, 928–42 (2014).

246. Ehrhardt, G. R. A. et al. The inhibitory potential of Fc receptor homolog 4 on memory B cells. 
Proc. Natl. Acad. Sci. U. S. A. 100, 13489–94 (2003).

247. Haga, C. L., Ehrhardt, G. R. a, Boohaker, R. J., Davis, R. S. & Cooper, M. D. Fc receptor-like 5 
inhibits B cell activation via SHP-1 tyrosine phosphatase recruitment. Proc. Natl. Acad. Sci. U. S. 
A. 104, 9770–5 (2007).

248. Polson, A. G. et al. Expression pattern of the human FcRH/IRTA receptors in normal tissue and 
in B-chronic lymphocytic leukemia. Int. Immunol. 18, 1363–73 (2006).

249. Ehrhardt, G. R. a et al. Expression of the immunoregulatory molecule FcRH4 defines a distinctive 
tissue-based population of memory B cells. J. Exp. Med. 202, 783–91 (2005).

250. Frank, M. B. et al. The mapping of the human 52-kD Ro/SSA autoantigen gene to human 
chromosome 11, and its polymorphisms. Am. J. Hum. Genet. 52, 183–91 (1993).

251. Keeble, A. H., Khan, Z., Forster, A. & James, L. C. TRIM21 is an IgG receptor that is structurally, 
thermodynamically, and kinetically conserved. Proc. Natl. Acad. Sci. U. S. A. 105, 6045–50 
(2008).

252. Yang, Y. S., Yang, M. C., Wang, B. & Weissler, J. C. Autoantigen Ro52 directly interacts with human 
IgG heavy chain in vivo in mammalian cells. Mol. Immunol. 37, 591–602 (2000).

253. Rhodes, D. a & Trowsdale, J. TRIM21 is a trimeric protein that binds IgG Fc via the B30.2 domain. 
Mol. Immunol. 44, 2406–14 (2007).

254. Mallery, D. L. et al. Antibodies mediate intracellular immunity through tripartite motif-containing 
21 (TRIM21). Proc. Natl. Acad. Sci. U. S. A. 107, 19985–90 (2010).

255. Rakebrandt, N., Lentes, S., Neumann, H., James, L. C. & Neumann-Staubitz, P. Antibody- and 
TRIM21-dependent intracellular restriction of Salmonella enterica. Pathog. Dis. 72, 131–7 
(2014).

256. Vaysburd, M. et al. Intracellular antibody receptor TRIM21 prevents fatal viral infection. Proc. 
Natl. Acad. Sci. U. S. A. 110, 12397–401 (2013).

257. Watkinson, R. E., Tam, J. C. H., Vaysburd, M. J. & James, L. C. Simultaneous neutralization and 
innate immune detection of a replicating virus by TRIM21. J. Virol. 87, 7309–13 (2013).

258. McEwan, W. a et al. Intracellular antibody-bound pathogens stimulate immune signaling via the 
Fc receptor TRIM21. Nat. Immunol. 14, 327–36 (2013).

259. Anthony, R. M., Kobayashi, T., Wermeling, F. & Ravetch, J. V. Intravenous gammaglobulin 
suppresses inflammation through a novel T(H)2 pathway. Nature 475, 110–3 (2011).

260. Anthony, R. M., Wermeling, F., Karlsson, M. C. I. & Ravetch, J. V. Identification of a receptor 
required for the anti-inflammatory activity of IVIG. Proc. Natl. Acad. Sci. U. S. A. 105, 19571–8 
(2008).

261. Massoud, A. H. et al. Dendritic cell immunoreceptor: a novel receptor for intravenous 
immunoglobulin mediates induction of regulatory T cells. J. Allergy Clin. Immunol. 133, 853–63.
e5 (2014).



50

1   11
262. von Gunten, S. et al. Immunologic and functional evidence for anti-Siglec-9 autoantibodies in 

intravenous immunoglobulin preparations. Blood 108, 4255–9 (2006).
263. von Gunten, S. et al. Intravenous immunoglobulin preparations contain anti-Siglec-8 

autoantibodies. J. Allergy Clin. Immunol. 119, 1005–11 (2007).
264. Séïté, J.-F. et al. IVIg modulates BCR signaling through CD22 and promotes apoptosis in mature 

human B lymphocytes. Blood 116, 1698–704 (2010).
265. Schaub, A. et al. Dimeric IVIG contains natural anti-Siglec-9 autoantibodies and their anti-

idiotypes. Allergy 66, 1030–7 (2011).
266. Kato, K. et al. Structural basis of the interaction between IgG and Fcgamma receptors. J. Mol. 

Biol. 295, 213–24 (2000).
267. Radaev, S. & Sun, P. Recognition of immunoglobulins by Fcgamma receptors. Mol. Immunol. 38, 

1073–83 (2002).
268. Abdiche, Y. N. et al. The neonatal Fc receptor (FcRn) binds independently to both sites of the IgG 

homodimer with identical affinity. MAbs 7, 331–43 (2015).
269. Unkeless, J. C. & Eisen, H. N. Binding of monomeric immunoglobulins to Fc receptors of mouse 

macrophages. J. Exp. Med. 142, 1520–33 (1975).




