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Regulatory T cells

AT cell subset that is capable
of suppressing the activity

of other antigen-specific T cells
including autoreactive T cells.
Depletion of regulatory

T cells results in the loss of
peripheral tolerance and the
development of autoimmune
disease.
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Abstract | In addition to their role in binding antigen, antibodies can regulate immune

responses through interacting with Fc receptors (FcRs). In recent years, significant progress

has been made in understanding the mechanisms that regulate the activity of IgG

antibodies in vivo. In this Review, we discuss recent studies addressing the multifaceted

roles of FcRs for IgG (FcyRs) in the immune system and how this knowledge could be

translated into novel therapeutic strategies to treat human autoimmune, infectious or

malignant diseases.

A productive immune response results from the effec-
tive integration of positive and negative signals that
have an impact on both innate and adaptive immune
cells. When positive signals dominate, cell activation
and pro-inflammatory responses ensue, resulting in the
elimination of pathogenic microorganisms and viruses.
In the absence of such productive stimulation, cell activa-
tion is blocked and active anti-inflammatory responses
can occur. Modulation of this binary system occurs
through the action of cytokines, downstream signal-
ling pathways and cell-cell contact. The perturbation of
these thresholds can result in aberrant responses that are
either insufficient to deal with pathogenic microorgan-
isms or result in the loss of tolerance and the induction
of autoimmune responses. The family of Fc receptors
(FcRs) for IgG (FcyRs) provides a prime example of how
simultaneous triggering of activating and inhibitory
signalling pathways sets thresholds for cell activation
and thus generates a well-balanced immune response’.
Indeed, in a variety of human autoimmune diseases, such
as arthritis and systemic lupus erythematosus (SLE),
aberrant expression or the presence of allelic variants of
FcyRs with altered functionality have been observed that
contribute to the pathogenesis of these diseases?. In addi-
tion to their well-defined roles in triggering activation
of innate effector cells, FcyRs function in antigen pres-
entation and immune-complex-mediated maturation
of dendritic cells (DCs), and in the regulation of B-cell
activation and plasma-cell survival’. Thus, FcyRs not only
control innate immune effector cell activation but are also
involved in regulating the production and specificity of
their ligands (that is, antibodies). Moreover, by regulat-
ing DC activity, FcyRs control whether an immunogenic
or tolerogenic response is initiated after the recognition

of antigenic peptides that are presented on the surface
of DCs to cytotoxic T cells, T helper cells, and regulatory
T cells. Thus, FcyRs are involved in regulating a multitude
of innate and adaptive immune responses, which makes
them attractive targets for the development of novel
immunotherapeutic approaches (FIC. 1).

In this Review, we summarize our current under-
standing of the role of different members of the FcyR
family in regulating immune responses. Our focus is
largely based on results obtained in mouse knockout
model systems and genetic linkage and association
studies in human patients with autoimmune disease or
cancer. Moreover, we address recent insights into how
differential antibody glycosylation influences FcyR bind-
ing and the maintenance of an anti-inflammatory envi-
ronment during the steady state. Finally, we will discuss
how these results might be useful for improving human
immunotherapy and how predictions can be tested in
novel humanized mouse models.

The family of Fcyreceptors

To date, four different classes of FcyRs, known as
FcyRI, FcyRIIB, FcyRIII and FcyRIV, have been rec-
ognized in mice (FIG. 2). Orthologous proteins corre-
sponding to the mouse FcyRs have been identified in
other mammalian species. In humans, monkeys and
mice, most of the corresponding genes are clustered in
close proximity on chromosome 1 next to the family of
FcR homologous genes*. The human and primate FcyR
systems are the most complex, as is exemplified by the
existence of an FcyRI gene family (which includes
Fcgria, Fcgrib and Fcgric) and an FcyRII gene family
(which includes Fcgriia and Fcgriic) and the presence
of several allelic FcyR variants® (FIG. 2). Based on the
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Immunoreceptor tyrosine-
based activation motif
(ITAM). A short peptide motif
containing tyrosine residues
that is found in the cytoplasmic
tail of several signalling adaptor
proteins such as the common
v- or CD3¢-chain. Itis
necessary to recruit proteins
that are involved in triggering
activating signalling proteins.
The consensus sequence is
Tyr-X-X-(Leu/lle)-X_g-Tyr-X-X-
(Leu/lle), where X denotes any
amino acid.
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Figure 1| Regulatory functions of immune complexes. Immune complexes bind to activating Fc receptors (FcR) and
inhibitory FcRs that are expressed by innate immune effector cells such as basophils, mast cells, neutrophils, monocytes
and macrophages, in which they trigger the indicated effector responses. Binding of immune complexes to FcRs on
dendritic cells results in phagocytosis and presentation of antigenic peptides on MHC class | and class Il molecules.
Antigen-specific CD8* cytotoxic T cells, CD4* helper T cells or regulatory T cells (TReg cells) that recognize these peptide—
MHC complexes become activated and mediate various effector functions such as killing of virus-infected cells,
modulation of immune responses or providing T-cell help for antigen-specific B cells. B cells only express the inhibitory
low-affinity FcR for IgG (FcyRIIB), which regulates activating signals transduced by the B-cell receptor (BCR). On plasma
cells, which produce high levels of antigen-specific antibodies, BCR expression is very low or absent, resulting in exclusive

triggering of inhibitory signalling pathways.

genomic localization and sequence similarity in the
extracellular portion, mouse FcyRIV seems to be the
orthologue of human FcyRIIIA, and mouse FcyRIII is
most closely related to human FcyRIIA*. Despite these
similarities, there are differences in the intracellular
domains and the cellular expression pattern of these
receptors that have to be taken into account when
extrapolating data from animal studies to the human
system. Human FcyRIIA, for example, contains an
immunoreceptor tyrosine-based activation motif (ITAM)
in its intracellular domain that is not present in mouse
FcyRIIIL In addition to the FcyRI and FcyRII gene
families, there is a unique human receptor, known as
FcyRIIIB, that is only expressed by neutrophils and
that is attached to the cell membrane by a glycosyl-
phosphatidylinositol (GPI) anchor. The affinity of
the human FcyRs for the different IgG subclasses is

significantly lower compared with their mouse coun-
terparts. Nonetheless, results obtained in mouse model
systems have been, and will continue to be, invalu-
able to decipher the role of FcyRs in the activity of
the different antibody isotypes in vivo. Many of the
basic principles and mechanisms underlying these
activities have been identified in mice and have been
recapitulated in humans®.

The complexity in the FcyR family is mirrored by
the presence of four different IgG subclasses in humans
(IgG1-IgG4) and mice (IgG1, IgG2a, IgG2b and IgG3),
which bind with varying affinity and specificity to differ-
ent FcyR receptors®”. In general, the number of IgG sub-
classes varies widely between different species, ranging
from one subclass in rabbits to seven subclasses in horses,
making it difficult to find orthologues. In humans, for
example, IgG1 and IgG3 are the most pro-inflammatory
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Immunoreceptor tyrosine-
based inhibitory motif
(ITIM). A short peptide motif
containing a tyrosine residue
that is found in the cytoplasmic
portion of FcyRIIB and other
regulatory proteins such as
CD22 or CD72 thatis
necessary to recruit negative
regulatory signalling proteins.
The consensus sequence is
(lle/Val/Leu/Ser)-X-Tyr-X-X-
(Leu/Val), where X denotes any
amino acid.

IgG subclasses™®. In mice, however, IgG2a and IgG2b are
the most pro-inflammatory IgG molecules, and these
show a greater activity than mouse IgG1 and IgG3 in
many in vivo model systems®.

FcyRs are widely expressed throughout the haemat-
opoietic system®. Although initial studies suggested that
certain T-cell subpopulations might express FcyRs, more
recent evidence suggests that this is not the case®*™'". The
question of T-cell expression of FcyRs is, however, best
considered to be an open one, as it is notoriously difficult
to examine every possible subset or activation state of
T cells for FcyR expression. Innate immune effector cells,
such as monocytes, macrophages, DCs, basophils and
mast cells express activating and inhibitory FcyRs. For
example, in mice, monocytes and macrophages express
all activating and inhibitory FcyRs (FcyRI-FcyRIV),
neutrophils mainly express the inhibitory FcyRIIB and
the activating FcyRIII and FcyRIV, whereas the expres-
sion of FcyRI, FcyRIIB and FcyRIII dominates on DCs’.
There are two cell types that do not co-express activat-
ing and inhibitory receptors: NK cells solely express the
activating receptor FcyRIII whereas B cells only express
the inhibitory receptor FcyRIIB. FcyRIIB expressed by

Activating Fc receptors

B cells functions as an important regulator of the activating
signals that are transmitted by the B-cell receptor (BCR).
Although the lack of inhibitory FcyR expression by NK
cells suggests that these cells might be potent mediators
of antibody-dependent cytotoxicity (ADCC) reactions, a
growing body of experimental evidence in mouse model
systems in vivo does not support this model. In addition
to haematopoietic cells, FcyRs are expressed by follicular
DCs (FDCs), endothelial cells, microglial cells, osteoclasts
and mesangial cells. With the exception of FcyR expression
by FDCs, the functional significance of FcyR expression on
these other cell types has not been rigorously explored.
Traditionally, FcyR families are categorized according
to the level of the receptor’s affinity for specific IgG sub-
classes and the type of signalling pathway that it triggers
— that is, whether it is inhibitory or activating®'? (FIG. 2).
FcyRIIB is conserved in mice and humans and is the only
known inhibitory FcyR; it transmits inhibitory signals
through an immunoreceptor tyrosine-based inhibitory motif
(ITIM) contained in its cytoplasmic region. All other
receptors, with the exception of the human GPI-anchored
FcyRIIIB, activate signalling pathways through ITAMs
contained in their cytoplasmic regions. FcyRIA is the only

Inhibitory Fc receptor
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Figure 2 | The family of Fc receptors for IgG. Human and mouse Fc receptors for IgG (FcyRs) can be distinguished by
their affinity for the antibody Fc-fragment and by the signalling pathways they induce. Mice and humans have one
high-affinity receptor, FcyRI; all other FcRs have low to medium affinity for the antibody Fc fragment. With respect to
the type of signals triggered by FcR crosslinking, there is one single-chain inhibitory receptor, FcyRIIB, which contains
an immunoreceptor tyrosine based inhibitory motif (ITIM) in its cytoplasmic domain. With the exception of human
FcyRIIA and FeyRIIC, an activating FcR usually consists of a ligand-binding a-chain and a signal-transducing y-chain
dimer, which carries immunoreceptor tyrosine based activating motifs (ITAMs). In addition, humans have a glycosyl-
phosphatidylinositol (GPI)-linked receptor that is exclusively expressed by neutrophils, called FcyRIIIB, which exists in
two allelic variants called neutrophil specific antigen 1 (NA1) and NA2. Moreover, a variety of human FcyR alleles with
altered functionality exist. Thus, FcYRIIA®™ and the FcyRINAY have a higher affinity for certain IgG subclasses
compared to their allelic counterparts. The FcyRIIB?*? variant is unable to associate with lipid rafts and is therefore

strongly impaired in its negative regulatory activity.
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known high-affininty receptor in mice and humans (the
aforementioned human Fcgrib and Fcgric genes do not
code for functional proteins); it binds IgG2a in mice or
IgG1 and IgG3 in humans with an affinity of 10-10° M.
All other receptors have a 100-1000-fold lower affinity in
the low to medium micromolar range and show a broader
IgG subclass specificity®. For example, in mice, FcyRIIB
and FcyRIII can bind to IgG1, IgG2a and IgG2b. By con-
trast, the medium-affinity FcyRIV selectively interacts
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Figure 3 | Antibody-FcyR interactions. a| Crystal structure of the extracellular D1 and
D2 domains of the low-affinity Fc receptor for IgG FcyRIIIA (in green ribbon
representation) binding to the two heavy chains of human immunoglobulin G1 (IgG1).
The CH2 and CH3 domains of the two IgG1 heavy chains are shown in red and blue
ribbon representation. In addition, the two sugar moieties attached to the asparagine
297 (N297) residue of each of the CH2 domains of IgG1 are depicted in turquoise and
orange stick representation. b,c | Enlarged view of the sugar moiety of both antibody
heavy chains is shown. The N297 residue of the antibody heavy chain and the N162
residue of human FcyRIIIA, which contains an FcR-attached sugar moiety, are marked.
The fully processed sugar structure of the antibody heavy chain is shown, with special
emphasis on branching fucose (FUC) and sialic acid residues. The sialic-acid residues are
shown as potential sialylation sites, as only a small portion of IgG molecules in serum
contain one or two of these negatively charged sugar residues. The a3 and the o6 arms
of the antibody sugar moiety are marked to demonstrate their differential orientation
towards the antibody amino-acid backbone. d | The fully processed (native) antibody
sugar moiety with all potential branching and terminal sugar residues. In vivo, only a
minor fraction of IgG molecules have this sugar side chain. More frequently, partially
processed moieties can be identified, such as IgG-G0 variants that lack all terminal sialic-
acid and galactose residues. In 1lgG-G1 or IgG-G2 glycoforms, one or two galactose
residues can be identified in the sugar side chain. Pictures of crystal structures (PDB
entry: 1E4K) were generously provided by P. Sondermann (Roche).
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with IgG2a and IgG2b*”. Other isotypes, such as mouse
IgG3, interact only very weakly with known FcyRs®”. This
low affinity of most of the FcyR proteins has an important
function: it prevents binding to monomeric antibody
molecules that are always present at high levels in the
serum and thereby avoids the potential non-specific
activation of pro-inflammatory responses. By contrast,
the high-affinity FcyRI is constantly saturated with lig-
and. However, as has been described for the binding of
IgE to the high-affinity FceRI, cell activation only ensues
after the receptors have been crosslinked by antigen'>'.
Similarly, despite the capacity of certain IgG subclasses
to bind to several low-affinity receptors in vitro, it has
become clear that this does not necessarily imply that all
of these receptors are involved in mediating the effector
functions of a specific IgG subclass in vivo''S.

Antibody-FcYR interactions

FcRs belong to the large immunoglobulin superfamily
and are type | transmembrane glycoproteins (with the
exception of the GPI-anchored FcyRIIIB). To pre-
cisely understand how FcRs interact with the antibody
Fc fragment, determination of the individual and
combined crystal structures of antibodies and FcRs
was necessary. To date, crystal structures of the extra-
cellular domains of several FcRs including FcyRIIA,
FcyRIIB, FcyRIII and FceRI have been solved!”-2.
Despite varying ligand specificity, the overall struc-
ture of different FcRs is closely related and can be
superimposed with that of other family members
with minimal aberrations®'. The low-affinity recep-
tors consist of two extracellular immunoglobulin-
like domains (D1 and D2) that are bent at a 50-55°
angle and are connected by a hinge region (FIC. 3). By
contrast, the high-affinity receptor FcyRI contains an
additional immunoglobulin-like domain (D3), which
has been suggested to be important for high-affinity
binding®.

Structural information on antibody Fc fragments
or intact antibodies alone or in complex with other
proteins, such as protein A or protein G, rheumatoid
factor or the neonatal FcR (FcRn), is available?*-?%. This
information has revealed that the antibody Fc frag-
ment, which consists of the CH2 and CH3 domains,
acquires a horse-shoe-like structure with the sugar
moieties attached to asparagine 297 (N297) residues
in the CH2 domains protruding into the central cavity.
The fully processed form of these sugar moieties is
shown in FIC. 3d. In human serum IgG, however, more
than 30 different variations consisting of partially proc-
essed variants can be found, introducing a high level
of heterogeneity. In addition, the o3 and 06 arms have
different orientations towards the antibody backbone
and are frequently differentially processed in the same
antibody molecule (FIC. 3).

Interestingly, variations in the composition of the
sugar moiety can lead to subtle conformational changes in
limited regions of the Fc fragment, as determined by the
crystal structure of human IgG1 with or without fucose®.
The breakthrough in the field was the solution of the
co-crystal structure of human FcyRIIIA in complex with
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Type | transmembrane
glycoproteins
Glycoproteins of which the
carboxyterminus of the
polypeptide chain is located
in the cytosol whereas the
aminoterminus is exposed to
the extracelluar space.

Neonatal FcR

(FcRn). FcRn is unrelated to
classical FcRs and binds to a
different region in the antibody
Fc fragment. Structurally it is
related to the family of MHC
class I molecules and is
responsible for regulating 1gG
half-life.

Dyad symmetry

The symmetrical arrangement
of the repetitive structural
elements an antibody molecule
is composed of.

Complement cascade

There are three independent
pathways that can lead to the
activation of the complement
cascade. The classical pathway
is activated via C1q binding to
immune complexes, the
alternative pathway is triggered
by direct C3 activation, and the
lectin pathway is initiated by
mannose-binding lectin (MBL)
binding to the surface of
microorganisms.

K/BxN serum transfer
arthritis model

A mouse strain formed by
crossing non-obese diabetic
(NOD)/Lt mice with KRN T-cell-
receptor-transgenic mice on
the C57BL/6 background. As
the KRN receptor on the T cells
recognizes a peptide from the
autoantigen glucose-6-
phosphate isomerase, these
mice develop an arthritis that is
mediated, and transferable, by
circulating antibody against
glucose-6-phosphate
isomerase.

the Fc portion of human IgG1 (REFS 30,31). Consistent
with previous studies, the crystal structure suggests a
1:1 stoichiometry for the IgG1-FcyR interaction®**.
As shown in FIC. 3, only one domain of the FcyR makes
contact with both lower hinge regions of the antibody
Fc fragment and thereby it intercalates into the groove
formed by the two different chains of the Fc fragment.
Asymmetrical contacts are formed between the single
FcyR molecule and the antibody Fc fragment, which pre-
cludes binding of a second FcyR molecule to the same Fc
fragment. Therefore, solution of the co-crystal structure
provided the molecular explanation of why crosslinking
of FcyRs and cellular activation does not occur by bind-
ing of monomeric antibodies but depends on binding of
multiple antibody Fc fragments present only in immune
complexes, which are the physiological activators of
innate immune effector cells’. This binding only slightly
changes the structure of both the Fc fragment and the
FcyR, with the Fc fragment loosing its dyad symmetry and
the FcyR slightly increasing its interdomain angle. In
addition, the otherwise disordered antibody hinge region
obtains an ordered structure in the co-crystal, suggesting
that antibody-FcyR binding stabilizes the conformation
of this region.

Activating FcYRs on innate immune effector cells
With the notable exception of human FcyRIIA and
FcyRIIC, activating FcyRs cannot transduce activat-
ing signalling pathways autonomously. Thus, a func-
tional activating FcyR consists of a ligand-binding
o-chain and a signal-transducing adaptor molecule
that contains ITAMs in its cytoplasmic domain (FIC. 2).
Depending on the cell type, these adaptor proteins
can differ. Whereas human FcyRIIIA is associated
with the ITAM-containing CD3 {-chain in NK cells,
it associates with the common 7y-chain in monocytes
and macrophages®. In basophils and mast cells, an addi-
tional B-chain, first described as a component of FceR,
is also associated with FcyRIII (REF. 34). In addition to
its signalling function, y-chain is also important for
the assembly and cell-surface transport of the respec-
tive oi-chains. Because of their expression on innate
immune effector cells, activating FcyRs have been
proposed to link the specificity of antibodies generated
by the adaptive immune system to the potent effector
functions of the innate immune system.

After crosslinking by immune complexes, the
signalling pathways initiated by the different recep-
tors are quite similar for different FcR classes and start
with tyrosine phosphorylation of the ITAMs in the
receptor-associated adaptor molecules by kinases of
the SRC family®*>*® (FIC. 4). This leads to the recruit-
ment of SYK-family kinases, followed by the activation
of various downstream targets, such as the linker for
activation of T cells (LAT), multimolecular adaptor
complexes, and phosphoinositide 3-kinase (PI3K)*%.
By generating phosphatidylinositol-3,4,5-trisphosphate
(PtdIns(3,4,5)P,), PI3K creates membrane-docking sites
for Bruton’s tyrosine kinase (BTK) and phospholipase
Cy (PLCy). Activation of PLCy leads to an increased
intracellular calcium level and triggering of further

downstream signalling events®***. Besides calcium-
dependent pathways, the RAS-RAF-MAPK(mitogen-
activated protein kinase)-pathway is of central importance
for cell activation following FcyR crosslinking®.

A crucial step in elucidating the important role of
activating FcyRs was the generation of y-chain-deficient
mice*'. The study of antibody activity in these mice dem-
onstrated that the key function of activating FcyRs is to
mediate IgG responses* . Antibody activity remained
largely unchanged in mice deficient in a variety of the
early components of the classical, alternative and man-
nose-binding lectin (MBL) pathway of the complement
cascade, such as complement components Clq, C2, C3
and C4, MBL and CR2 (also known as CD21)!>1642:46-51,
By contrast, late components of the complement cas-
cade, such as C5a, have been shown to be required in a
model of autoimmune haemolytic anaemia (ATHA)>>%.
Importantly, however, C5a did not participate in cytotoxic
reactions directly but rather acted as a pro-inflammatory
cytokine to upregulate activating FcyRs. In addition, gen-
eration of C5a was dependent on activating FcyRs and
independent of known pathways of complement activa-
tion®?. Further studies will be necessary to understand the
precise mechanisms that lead to this FcyR-dependent gen-
eration of C5a. In general, however, the capacity of pro-
inflammatory cytokines or mediators such as interferon-v,
tumour necrosis factor (TNF) or lipopolysaccharide to
upregulate activating FcyRs is well established and further
supports the important role of these proteins as mediators
of antibody activity under such circumstances’.

As mentioned before, studies on individual IgG
subclasses revealed that despite the capacity of the
low-affinity receptors to bind to several IgG subclasses
in vitro, a more restricted set of activating FcyRs is
involved in mediating the activity of the individual sub-
classes in vivo'>'®, For example, in models of immuno-
thrombocytopaenia (ITP), ADCC, and nephrotoxic
nephritis, the activity of IgG2b antibodies was exclu-
sively dependent on FcyRIV in vivo, despite its capacity
to bind to both FcyRIII and FcyRIV in vitro*”'>1947 In
a similar manner, the activity of IgG2a was impaired in
the presence of an FcyRIV blocking antibody in several
model systems, but not in the absence of FcyRI and
FcyRIIT*>!*. However, under some conditions, FcyRI
and FcyRIII also contributed to the activity of the IgG2a
subclass, suggesting that other factors such as anatomi-
cal location, cytokine milieu and effector-cell type have
to be considered as well**~".

The only instance in which both the in vitro bind-
ing pattern and in vivo activity overlap is for mouse
IgG1, which selectively binds FcyRIIL. In model sys-
tems in which the IgG1 subclass is exclusively respon-
sible for the phenotype, as for example in the K/BxN
serum transfer arthritis model or in antibody-mediated
tumour-cell, platelet or red-blood-cell depletion stud-
ies, animals deficient in FcyRIII showed abrogated
antibody activity'>¢°¢%8-6%_ These findings also have
some important implications with respect to the
effector-cell types that are potentially responsible
for these antibody activities in vivo. NK cells, for
example, are widely believed to be the crucial mediators
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of ADCC reactions in vivo. As mentioned before, these
cells solely express FcyRIII and none of the other acti-
vating FcyRs. Although FcyRIII can bind mouse IgGl,
IgG2a and IgG2b with a similar low affinity in vitro, the
activity of IgG2a and IgG2b is not impaired in Fegriii-
knockout mice, in which NK cells are devoid of this acti-
vating FcyR*. Moreover, FcyRIV (and to a lesser extent,

REVIEWS

FcyRI), which have been demonstrated to mediate the
activity of IgG2a and IgG2b subclasses in vivo, are not
expressed on NK cells. Finally, it has been demonstrated
in many model systems that the activity of IgG1 is nega-
tively regulated by the inhibitory FcyRIIB. Thus, deletion
of this receptor resulted in enhanced activity of the IgG1
subclass. A requirement for this negative regulatory
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Figure 4| Signalling pathways triggered by activating and inhibitory FcyRs. a | Crosslinking of activating Fc
receptors for IgG (FcyRs) by immune complexes induces the phosphorylation of receptor-associated y-chains by SRC
kinase family members. This generates SRC homology 2 (SH2) docking sites for SYK, which in turn activates a number of
other signal-transduction molecules such as phosphoinositide 3-kinase (PI3K) and son of sevenless homologue (SOS).
The generation of phosphatidylinositol-3,4,5-trisphosphate (PtdIns(3,4,5)P.) recruits Bruton’s tyrosine kinase (BTK) and
phospholipase Cy (PLCy), which leads to activation of downstream kinases and the release of calcium from the
endoplasmic reticulum (ER). b | Simultaneous crosslinking of activating receptors like the B-cell receptor (BCR) and the
inhibitory FcyRIIB leads to phosphorylation of the ITIM (immunoreceptor tyrosine-based inhibitory motif) in the
cytoplasmic tail of FcyRIIB by LYN. This results in the recruitment of SRC-homology-2-domain-containing inositol-5-
phosphatase (SHIP) and the hydrolysis of PtdIns(3,4,5)P, into phosphatidylinositol-4,5-bisphosphate (PtdIns(4,5)P ),
which ultimately inhibits recruitment of pleckstrin homology (PH)-domain containing proteins such as BTK and PLCy.

c | Isolated triggering of FcYRIIB leads to B-cell apoptosis through ITIM-and SHIP-independent signalling pathways that
involves the cABL kinase family, BTK and JUN N-terminal kinase (JNK). DAG, diacylglycerol; DOK, docking protein; InsP,,
inositol-1,4,5-trisphosphate; ITAM, immunoreceptor tyrosine-based activation motif; PKC, protein kinase C; RHO, RAS
homologue; SHC, SH2-domain-containing transforming protein C.
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Class switching

If B cells recognize their
cognate antigen in the spleen a
portion of them switch the
expression of their B-cell
receptor from IgM to other
isotypes such as 1gG, IgA or
IgE. The decision of which
isotype is generated is strongly
influenced by the specific
cytokine milieu and other cells
such as T-helper cells.

Pleckstrin homology (PH)-
domain

An amino acid motif that
enables proteins to recognize
phosphatidylinositol-3,4,5-
trisphosphate.

Plasmablasts

A short lived, dividing cell
population that can develop
from any type of activated

B cell and that is characterized
by its capacity to secrete
antibodies.

Plasma cells

Terminally differentiated
quiescent B cells that develop
from plasmablasts and are
characterized by their capacity
to secrete large amounts of
antibodies.

Affinity maturation

A process in which random
mutations are introduced into
the variable regions of the B-
cell receptor genes followed by
selection of cells with a higher
affinity for the cognate antigen.
This process takes place in
specialized compartments of
the spleen, which are known as
germinal centres.

function would be the co-expression of the inhibitory
FcyR on the same cell that expresses the activating
FcyRIIL; NK cells, however, lack FcyRIIB expression.
Taken together, the current in vivo evidence obtained
in mouse model systems argues for granulocytes,
monocytes or macrophages as the responsible cell types
mediating IgG antibody activity. Definitive proof of this
conclusion will require conditional deletion of the dif-
ferent activating FcyRs on selective effector cells, such as
NK cells, macrophages, granulocytes and monocytes.

The extension of these results to human IgG and its
cognate receptors was afforded by the introduction of
therapeutic IgG1 antibodies for the treatment of neo-
plastic diseases. Several studies of lymphoma patients
who had received Rituximab, a B-cell depleting chimeric
IgG1 antibody that is specific for CD20, revealed that
those patients with activating FcyR alleles that had
a higher binding affinity for the Fc fragment of the
therapeutic antibody displayed significantly improved
clinical responses®-*. In addition, blocking FcyRIIIA in
human patients with I'TP significantly inhibited platelet
depletion by human platelet-specific antibodies®, thus
validating the conclusions drawn from mouse model
systems in vivo.

Another important function of activating FcyRs is
their capacity to endocytose or phagocytose immune
complexes, which includes antibody-coated micro-
organisms and soluble proteins®>*. In the case of gran-
ulocytes, monocytes and macrophages, this will mainly
result in the rapid degradation of the engulfed material
inlysosomal compartments. In the case of DCs, however,
peptides derived from the phagosome or from endo-
cytosed material are presented efficiently in the
context of MHC class I and MHC class II proteins,
which is a prerequisite for induction of an adaptive
cellular immune response® (FIG. 1). The physiological
importance of this FcyR-mediated uptake of antigens
by DCs is demonstrated by the fact that antigens in the
form of immune complexes prime a much stronger
immune response than the antigen alone®. This proc-
ess is modulated by the co-expression of the inhibi-
tory FcyRIIB on these cells, which is discussed in the
following section.

The regulatory function of the inhibitory FcyRIIB
The inhibitory FcyRIIB is the most broadly expressed
FcyR, and is present on virtually all leukocytes with the
exception of NK cells and T cells (FIC. 1). It is expressed
in two different forms called FcyRIIB-1 and FcyRIIB-2.
Whereas FcyRIIB-1 is exclusively expressed on B cells
and has a low capacity to endocytose bound immune
complexes, the FcyRIIB-2 form is expressed on all other
cell types and is able to efficiently induce endocytosis or
phagocytosis upon receptor crosslinking. Because of the
broad expression pattern, it is not surprising that genetic
deletion of this negative regulator results in complex phe-
notypic changes affecting innate and adaptive immune
responses. Although cell-type-specific knockouts are not
yet available, the use of different in vivo model systems
permits predictions on the role of FcyRIIB expressed by
different cell types.

FcyRIIB: A tolerance checkpoint for humoral immunity.
Antibody binding to cellular FcyRs efficiently induces
pro-inflammatory responses that lead to the removal of
virus-infected or malignant cells, but it can also lead to
the destruction of healthy tissues during autoimmune
responses. Therefore, antibody specificity, as well as
class switching to antibody isotypes that efficiently trig-
ger pro-inflammatory reactions through their interac-
tion with cellular FcyRs, have to be tightly controlled.
Groundbreaking work over the last few years has estab-
lished that several central and peripheral checkpoints
exist throughout B-cell development to prevent the
generation of autoreactive antibodies®® (FIC. 5). On a
molecular level, gene-deletion studies in mice have been
instrumental in identifying several proteins (including
the inhibitory FcyRIIB) that are involved in regulating
B-cell activity.

One common theme that emerged from these studies
is the importance of the ITIMs found in the cytoplasmic
domains of these proteins®?°. Simultaneous triggering
of ITIM-containing proteins with the BCR results in
the recruitment of phosphatases such as SHIP (SH2-
domain-containing inositol polyphosphate 5" phos-
phatase) and SHP1 (SH2-domain-containing protein
tyrosine phosphatase 1) that interfere with activating
signalling pathways by hydrolysing phosphoinositide
intermediates®”'-” (FIC. 4). This prevents the recruit-
ment of pleckstrin homology (PH)-domain-containing
kinases, such as BTK or PLCy, to the cell membrane,
thereby diminishing downstream events such as the
increase in intracellular calcium levels. Thus, deletion
of these regulatory proteins results in a lower threshold
for B-cell activation and stronger activating signals after
BCR crosslinking”.

The importance of the inhibitory FcyRIIB in modu-
lating B-cell activity and humoral tolerance is supported
by studies of mice and humans (TABLE 1). Decreased or
absent expression of FCYRIIB resulted in the development
or exacerbation of autoimmune diseases and several
mechanisms responsible for this reduced expression
were identified. Regardless of the model system studied,
FcyRIIB has emerged as a late checkpoint during periph-
eral B-cell development that acts at the level of class-
switched B cells or antibody producing plasmablasts or
plasma cells. Given the incomplete purging of autoreactive
B cells from the immature repertoire in the bone marrow
and the de novo generation of these cells during the proc-
ess of affinity maturation, late peripheral checkpoints are of
utmost importance.

Recent data suggests that the inhibitory FcyRIIB is
important for regulating plasma-cell survival itself. The
first evidence that the isolated triggering of FcyRIIB
can induce apoptosis in B cells was reported 10 years
ago. Co-engagement of the BCR and FcyRIIB in SHIP-
deficient B cells induced apoptosis’>”*. Similarly, the
homo-oligomerization of FcyRIIB resulted in increased
levels of B-cell death, and it was shown later that a sig-
nalling pathway dependent on BTK, JNK1 and cABL,
but independent of SHIP and ITIM, was responsible for
this phenotype””. It was suggested that this scenario
might arise during the germinal-centre reaction, in
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This term refers to the
competition of newly
developed plasma cells for
anatomical niches in the bone
marrow that are already
occupied by plasma cells that
were generated during
previous immune responses.

Peripheral checkpoints

Figure 5| FcyRIIB as a checkpoint of humoral tolerance. Autoreactive B cells (shown in red) that arise during the
random rearrangement of antibody gene segments in developing B cells in the bone marrow or during the process of
somatic hypermutation and affinity maturation in the spleen are controlled by several pathways, including receptor
editing, clonal deletion or anergy induction. The inhibitory low-affinity Fc receptor for IgG (FcyRIIB) operates at several
stages during later peripheral B-cell development. This receptor has been shown to be important for the follicular
exclusion of low-affinity autoreactive B cells, for preventing B cells with a higher-affinity self-reactive receptor from
becoming IgG positive plasma cells, and for triggering apoptosis of plasma cells upon immune complex binding, which is
potentially important for regulating plasma-cell homeostasis during an immune response and deleting autoreactive

plasma cells. BCR, B-cell receptor.

which B cells are in close contact with immune com-
plexes presented on the surface of FDCs. Whereas B cells
that generate a higher-affinity BCR will receive signals
from both the BCR and FcyRIIB, B cells that lose affinity
for the cognate antigen will only receive signals through
FcyRIIB and will therefore be deleted.

Another situation in which a B cell expresses virtu-
ally no BCR and high levels of FcyRIIB is the terminally
differentiated plasma cell. Plasma cells reside predomi-
nantly in niches in the bone marrow, where they have to
receive survival signals from stromal cells”. If deprived
of these anti-apoptotic signals, plasma cells rapidly die
owing to pro-apoptotic signals triggered by a constant
endoplasmic-reticulum-stress response induced by
the continuous production of antibodies. One current
conundrum is how the limited number of niches avail-
able in the bone marrow can accommodate the vast
number of antigen-specific plasma cells that are neces-
sary to protect the body from all types of pathogens’.
How newly generated plasma cells gain access to these
niches has remained a matter of debate, and models
such as competitive dislocation have been proposed to
explain this problem”. The pro-apoptotic signals trig-
gered by isolated FcyRIIB crosslinking by immune
complexes on plasma cells might be another elegant
solution to this problem’” (FIG. 5). Immune complexes
generated de novo during an immune response could
bind to plasma cells in the bone marrow and induce
apoptosis on a fraction of cells, thus making space
for newly generated plasma cells. Indeed, secondary

immunizations with a new antigen result in reduced
numbers of bone marrow plasma cells that are specific
for the primary antigen”.

Interestingly, plasma cells from autoimmune-prone
mouse strains show absent or strongly reduced expression
of FcyRIIB, and are resistant to induction of apoptosis.
By contrast, restoration or overexpression of the inhibi-
tory receptor could correct this defect”. Therefore, the
failure to control plasma-cell persistence resulting from
impaired FcyRIIB expression levels might account for
their large number in autoimmune-prone mouse strains
and ultimately for the development of chronic autoim-
mune disease. Correction of FcyRIIB expression levels
might be a promising approach to interfere with autoim-
mune processes and to restore tolerance.

FcyRIIB as a regulator of adaptive immunity. DCs are
the most potent antigen-presenting cells and can effi-
ciently prime cellular immune responses. Besides this
well-established function it is has become clear that dur-
ing the steady state, these cells are actively involved in
the maintenance of peripheral T-cell tolerance. Thus,
targeting antigens to DCs in vivo without the addition of
co-stimulatory signals, such as those that trigger CD40
or Toll-like receptors, leads to the deletion or func-
tional inactivation of antigen-specific CD4* and CD8*
T cells®-*. This suggests that potentially self-reactive
T cells that escaped deletion by central tolerance mech-
anisms in the thymus, will be rendered inactive upon
recognition of self antigens on DCs in the periphery.
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Cross presentation

The uptake of proteins by
dendritic cells results in their
degradation into small
peptides in endosomal and
lysosomal compartments and
peptide presentation on MHC
class Il molecules. Cross
presentation describes a
process in which endocytosed
material escapes into the
cytoplasm where it is degraded
by the proteasome followed by
presentation on MHC class |
molecules.

In addition, there is evidence that antigen presentation
to CD4* T cells by DCs under tolerogenic conditions
can induce regulatory T cells de novo®’. Therefore,
the maturation state of DCs has to be tightly control-
led to prevent both the initiation of self-destructive
responses and the generation of regulatory T cells
during a protective antimicrobial immune response.
A great number of activating and inhibitory cell-
surface proteins involved in the regulation of DC acti-
vation have been identified®. Among them, the family
of activating and inhibitory FcyRs has been shown to
be of central importance for setting a threshold for
DC activation and in the modulation of the adaptive
cellular immune responses. This, however, is not the
only function of FcyRs on DCs, as they are also impor-
tant for endocytosis and/or phagocytosis of immune
complexes and presentation of antigen-derived pep-
tides on MHC molecules®. Therefore, FcyRs control
three functions that are of central importance to any
immune response initiated by DCs: antigen uptake,
antigen presentation and cell activation.

As mentioned before, most FcyRs can only interact
with antibodies in the form of immune complexes result-
ing in high-avidity binding. During an active immune
response, a large number of immune complexes are gen-
erated owing to the priming of antigen-specific B cells
(FIG. 1). Several studies have shown that immune com-
plexes are potent activators of DCs and are able to prime
stronger immune responses than antigen alone®*-,
Importantly, FcyR-dependent immune-complex inter-
nalization not only resulted in MHC-class-II-restricted
antigen presentation but also in cross-presentation on
MHC class I molecules, thereby priming both CD4
and CD8 T-cell responses® (FIG. 1). The magnitude of
this response is controlled by the inhibitory FcyRIIB,
as DCs derived from Fcgriib-knockout mice gener-
ate stronger and longer-lasting immune responses
in vitro and in vivo®-*>. More importantly, FcyRIIB-
deficient DCs or DCs incubated with a monoclonal anti-
body that blocks immune complex binding to FcyRIIB

showed a spontaneous maturation®**. This implies that
the inhibitory FcyR not only regulates the magnitude of
cell activation but also actively prevents spontaneous
DC maturation under non-inflammatory steady-state
conditions. Indeed, low levels of immune complexes
can be identified in the serum of healthy individuals,
emphasizing the importance of regulatory mechanisms
that prevent unwanted DC activation®.

In situations in which a maximal immune response
is desirable, such as immunotherapy of malignancies or
microbial infections, blocking FcyRIIB activity might be
anovel way to obtain greater therapeutic efficacy®. Along
these lines, it has been demonstrated that the genetic dele-
tion of the gene encoding FcyRIIB results in the prim-
ing of more antigen-specific T cells®. Moreover, current
approaches for targeting antigens to DCs in vivo by genetic
fusion of the antigen to an antibody Fc fragment rely on
an antibody mutant that does not bind to FcyRs to pre-
vent FcyR-mediated modulation of cell activity. With the
availability of antibody variants with enhanced binding
to either activating or inhibitory FcyRs, however, it might
become possible to integrate an additional activating or
inhibitory second signal into the antibody-antigen fusion
protein®®*”. Depending on the application, this would per-
mit the generation of either tolerogenic or immunogenic
responses without adding secondary reagents. As will
be discussed later, mouse models in which the mouse
FcyRs have been replaced with their human counterparts
(referred to as FcyR humanized mice) will be essential to
test these optimized antibody variants in vivo.

FcyRIIB as a regulator of innate immunity. The inhibi-
tory FcyRIIB is expressed on innate immune effector
cells, such as mast cells, granulocytes and macrophages.
As these cells have the capacity to trigger strong pro-
inflammatory responses, their activation needs to be tightly
controlled. In the case of antibody-mediated responses,
such as phagocytosis, ADCC, allergic reactions and
release of pro-inflammatory mediators, this is the function
of the inhibitory FcyRIIB®. This crucial role is exemplified

Table 1 | Involvement of FcyRIIB in autoimmune diseases

Species Type of Phenotype Mechanism Refs
impairment
Mouse Gene knockout SLE Expansion of autoreactive IgG* plasma cells; impaired 119-12
(C57BL/6) plasma-cell apoptosis; impaired follicular exclusion
High susceptibility to induced Autoreactive B cells and higher activity of innate 79,123
autoimmue disease immune cells
Mouse (BALB/c) Gene knockout Higher susceptibility forinduced SLE  Absent FcyRIIB expression 99,124
Autoimmune hydronephrosisinPD1  Dysregulation of B- and T-cell responses 98
and FcyRIIB double knockout
Mouse (BXSB, Promoter Autoimmunity (SLE, diabetes) Reduced expression level 125-128
N NIOIP) SELIIEPTET Expanded plasmablast/plasma cell population 125-130
Human Promoter Increased level of SLE; Increased Low expression due to decreased binding of activating ~ 131-133
polymorphism disease severity transcription factors
Allelic variant (1232T)  SLE associated Impaired recruitment to lipid rafts 134,135
Not defined SLE associated Impaired expression of FcyRIIB 136

FcyRIIB, low-affinity Fc receptor for IgG; NOD, non-obese diabetic; NZM, New Zeland mixed; SLE, systemic lupus erythematosus; PD1, programmed cell death 1.
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by enhanced macrophage responses in Fegriib-knockout
mice in models of collagen-induced arthritis and
immune-complex-mediated alveolitis®® (TABLE 1).

Interestingly, recent studies demonstrated that the
inhibitory receptor contributes a varying level of nega-
tive regulation depending on the specific IgG subclass
that is bound to the receptor’. This is consistent with
the observation that different IgG subclasses have
different activities in vivo. For example, in a variety
of mouse model systems, IgG2a or IgG2b antibody
subclasses are more active than IgG1 or IgG3 (REF. 4).
Whereas IgG1 shows the strongest level of FcyRIIB-
mediated negative regulation, the activity of IgG2a and
IgG2b was increased less dramatically by the absence
of this receptor'®. This can be explained by the differ-
ences in the affinity of these isotypes for the different
activating and inhibitory FcyRs. This ratio of affinities
of a given IgG subclass for the activating versus the
inhibitory receptor has been termed the A/I-ratio and
it has emerged as a good predictive value for the activ-
ity of a specific IgG subclass in vivo*'®. These studies
indicate that the effector cells responsible for mediat-
ing the activity of the different IgG subclasses express
both activating and the inhibitory FcyRs. As NK cells
lack FcyRIIB expression this argues against a role for
NK cells as the responsible effector cell in mice in vivo.
Indeed, myeloid cells that abundantly express FcyRIIB
have been suggested to be the responsible effector-cell
type in models of ADCC and SLE*"'°.

Antibody glycosylation and FcyR binding

The availability of structural information has allowed
an understanding of which amino-acid side groups of
antibodies and FcyRs directly interact or come into
close contact on an atomic level. It has also become
clear that, in addition to interactions between differ-
ent amino acids, parts of the sugar moiety attached to
N297 in the antibody Fc fragment also participate in
this interaction (FIC. 3). This sugar side chain consists of
a conserved biantennary heptasaccharide core struc-
ture containing mannose and N-acetylglucosamine
(GlcNac) with varying additions of terminal and
branching residues such as fucose, GlcNac, galactose
and sialic acid'”. Whereas the core sugar is highly
ordered in the crystal structure, the terminal residues
are more flexible. Deletion of the whole sugar moiety
changes the structure of the antibody Fc fragment
resulting in greatly impaired binding to cellular
FcyRs?”. By contrast, the interaction of deglyco-
sylated IgG with FcRn is not affected, and this is con-
sistent with other studies demonstrating that FcRn
binds to a different region in the Fc portion.

Besides deglycosylated IgG, other more subtle vari-
ations in antibody glycosylation also have an impact on
FcyR binding and antibody activity in vivo. Branching
sugar residues such as N-acetylglucosamine or fucose
have been implicated in affecting antibody activity
in vitro and in vivo'>'*"1%, The lack of fucose increases
the affinity of all IgG subclasses to human activating
FcyRIIIA, and to its mouse orthologue FcyRIV, 10-50-
fold. By contrast, binding to other human activating
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and inhibitory receptors, such as FcyRIIA or FcyRIIB,
remains largely unchanged, suggesting that despite the
overall similarity in protein structure, individual FcyRs
have unique binding patterns. It is important to keep in
mind that FcyRs as well as antibodies are glycoproteins
and that the FcyR-associated sugar side chain or vari-
ations therein between different receptors might be of
relevance. Indeed, it was demonstrated recently that the
sugar moiety attached to the N162 residue in FcyRIIIA
might be responsible for recognizing the presence
or absence of branching fucose residues'”. Whereas
glycosylated FcyRIIIA had a higher affinity for Fc frag-
ments without fucose, the same aglycosylated FcyR was
unable to detect these differences'®. Based on these
data, a model was suggested in which the presence
of fucose might sterically interfere with the antibody
sugar moiety, resulting in a less stable interaction.

Another residue in the sugar moiety of the antibody
Fc fragment that has been implicated in affecting anti-
body activity is galactose. Depending on the absence or
presence of galactose, IgG glycovariants are either called
IgG-GO (no galactose) or IgG-G1 or IgG-G2 variants,
containing one or two galactose residues (FIC. 3). It is
known that humans with autoimmune disorders such
as arthritis have an increased level of IgG antibodies
without terminal galactose and sialic acid'”". In addition,
autoimmune-prone mouse strains such as MRL also
have an increase in this specific IgG glycovariant, sug-
gesting that the absence of these terminal sugar residues
might be involved in autoantibody pathogenicity'®-'?".
In vitro studies showed that the absence of galactose
allows de novo binding of MBL, the first component of
the lectin pathway of complement activation'®. Thus,
it was speculated that activation of the complement
cascade might be responsible for the pathogenicity of
these IgG-GO glycovariants in vivo. More recent data,
however, argues against the involvement of the lectin
pathway of complement activation'®. By using differ-
ent IgG-GO antibody subclasses and mouse models of
autoimmunity, such as ITP or arthritis, it was demon-
strated that these antibody glycovariants were not func-
tionally impaired in mouse strains deficient in MBL.
Similar results were obtained for downstream factors,
such as the complement component C3 (REF. 109). By
contrast, the activity of IgG-GO as well as IgG-G1 and
IgG-G2 glycovariants was abrogated in mouse strains
deficient in all activating FcRs, suggesting that FcRs and
not the complement pathway are responsible for IgG-G0
antibody activity in vivo.

Regardless of the role of galactose, the specific increase
in IgG-GO variants in mice and humans with autoim-
mune disease suggests that the terminal sugar residues
of the antibody associated sugar moiety have some role
in the regulation of antibody activity. Indeed, terminal
sialic-acid residues have recently been demonstrated to
be centrally involved in regulating antibody activity. In
normal human serum and in purified serum IgG prepa-
rations such as intravenous immunoglobulin G (IVIG),
a minor proportion of the IgG molecules carry terminal
sialic-acid residues that are attached to the N297-linked
sugar moiety'”". By contrast, in other antibody isotypes
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such as IgM, or on serum proteins such as transferrin,
the majority of sugar moieties are fully processed and
contain terminal sialic-acid residues. It has been sug-
gested that structural constraints specific to the three
dimensional arrangement of the sugar moiety in the
IgG molecule, constrained within the groove formed
by the two antibody heavy chains, prevent its complete
processing. Interestingly, antibodies with site-directed
mutations, such as D265A, in which acidic amino
acids in the Fc fragment are exchanged with non-polar
residues, have an increased level of terminal sialic acid
suggesting that these negative charges in the antibody
backbone do not favour additional negative charges in
the sugar moiety that comes in close contact with these
amino acids'™.

Evidence that this sugar residue is involved in
immune regulatory processes was obtained by study-
ing the mechanism of the anti-inflammatory activity
of IVIG therapy'"’. IVIG therapy has proved to be an
effective symptomatic treatment for acute and chronic
inflammatory diseases such as ITP, SLE and rheumatoid
arthritis*. Data from human clinical trials and a variety
of mouse model systems clearly demonstrated that the
Fc fragment contains most of the anti-inflammatory
activity’”!'"183, The high-dose requirement suggested
that only a minor fraction of the IVIG preparation con-
tains the active, anti-inflammatory component. In an
effort to define if some of the more than 30 glycovariants
are responsible for the therapeutic efficacy of IVIG, it
was demonstrated that enriching the IVIG Fc fragment
for sialic acid resulted in a greater than 10-fold enhance-
ment of the anti-inflammatory activity''’. Conversely,
removal of sialic acid abrogated the therapeutic activity.
Moreover, cytotoxic IgG antibodies enriched for sialic
acid had a diminished activity in vivo, consistent with
their reduced affinity for cellular FcyRs'"°. This suggests
that the enhanced activity of this IVIG preparation is
not dependent on direct binding to FcyRs, but rather
indicates that other receptors exist that are able to sense
sialic-acid-rich IgG*. Importantly, however, the anti-
inflammatory activity of sialic-acid-rich IVIG was still
crucially dependent on the presence and upregulation
of the inhibitory FcyRIIB as has been demonstrated
before in other mouse autoimmune models* "1,
In other models systems a role for the activating FcyRIII
in mediating IVIG-like effects was proposed'*!'.
Clearly, blocking the activating Fc receptor that is
responsible for autoantibody activity will result in
anti-inflammatory effects that resemble IVIG activity.
Because of the low affinity of soluble IgG molecules to
cellular FcyRs this seems very unlikely to be the actual
mechanism of IVIG activity*.

Combined with other studies showing that CSF1
(colony-stimulating factor 1)-dependent regulatory
macrophages might be the cell population that is targeted
by IVIG, a model was proposed in which sialic-acid-rich
IVIG binds to an as yet unknown receptor on CSF1-
dependent macrophages in the spleen with the capacity
to recognize this IgG glycovariant*®'"!, Triggering of
this receptor would induce the trans-upregulation of
the inhibitory FcyRIIB on effector macrophages, thus

raising the threshold for cell activation and the down-
modulation of pro-inflammatory processes and tissue
destruction. Further enhancing this effect, a simultane-
ous downmodulation of the responsible activating FcyR
was observed in a model of nephrotoxic nephritis®.
Taken together these results suggest that IgG-G0 serum
antibodies do not gain functional activity, but it is rather
the loss of the sialic-acid-rich IgG fraction that creates
an environment favouring pro-inflammatory responses
and the efficient interaction of autoantibodies with
cellular FcyRs.

Future aspects
The family of FcyRs, owing to their central role in regu-
lating humoral tolerance, antibody mediated effector
functions and cellular immune responses, have emerged
as central regulators for modulating both pro- and anti-
inflammatory responses. The overwhelming evidence for
the importance of the inhibitory FcyRIIB in controlling
virtually all of these processes makes this a promising
target for immunotherapy. Thus, restoring the function
of FcyRIIB in human autoimmune diseases might be one
novel therapeutic avenue for restoring tolerance in these
patients. Indeed, this approach successfully prevented
the development of autoimmune disease in several
mouse strains prone to autoimmunity''. Similarly, the
dominant role of activating FcyRs in mediating the patho-
genic effects of autoantibodies suggests that blocking the
interaction of immune complexes with specific FcyRs
will interfere with chronic inflammatory processes. The
reverse strategy might be useful to enhance ADCC reac-
tions in immunotherapeutic settings such as antibody
mediated destruction of malignant or virus-infected
cells. Optimizing antibody activity by enhancing the
interaction with activating FcyRs, or blocking antibody
binding to the inhibitory receptor, is likely to improve
the therapeutic outcome. Finally, the use of antibodies as
targeting molecules to deliver antigens to DCs for antigen
presentation to T cells might be optimized by using tar-
geting antibody variants that specifically interact either
with activating or inhibitory FcyRs on DCs, thereby
providing either co-stimulatory or inhibitory signals.
The ability of antibodies to trigger innate effector
cells renders them potentially dangerous molecules.
Unwanted activation of these cell types might result
in the massive release of pro-inflammatory cytokines
leading to life-threatening complications. In instances
in which the activity of an antibody does not require
effector-cell activation, such as is the case for some
blocking antibodies, variants that cannot interact
with cellular FcyRs should be considered. Therefore,
whether an antibody is engineered to enhance or
inhibit specific FcyR interactions will depend on the
clinical application. How are such engineered anti-
bodies to be evaluated? As described above, in vitro
systems fail to recapitulate the diversity and specifi-
city of Fc-FcyR interaction. Animal models, be they
rodent or non-human primate models, are inadequate,
as exemplified by the catastrophic outcome of a recent
clinical trial with a CD28-specific superagonistic
antibody'"”. Therefore, new animal models that fully
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recapitulate the human immune system more closely
would be a great benefit. The development of such
systems, however, presents formidable technical
challenges. However, an intermediate tool that is
within reach is the use of FcyR humanized mice. The
feasibility of this approach has been demonstrated
in recent years with the generation of the human
FcyRIA, FcyRIIA, FeyRIIB, FeyRIIIA and FeyRIIIB
transgenic mouse strains that reproduce the unique
pattern of human gene expression'®**!'8, Introduction
of these transgenes into mouse strains deleted for their
mouse counterparts has resulted in humanized FcyR
animals which can now be used as a preclinical, in vivo
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