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CENTRAL TOLERANCE

Refers to the lack of self-
responsiveness that is established
as lymphoid cells develop. It is
associated with the deletion of
autoreactive clones. For T cells,
this occurs in the thymus.

PERIPHERAL TOLERANCE
Refers to the lack of self-
responsiveness of mature
lymphocytes to specific antigen.
It is associated with the
suppression of production of
self-reactive antibodies by B cells
and the inhibition of self-
reactive effector cells, such as
cytotoxic T cells and natural
killer cells.
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ROLES OF Fc RECEPTORS
IN AUTOIMMUNITY

Toshiyuki Takai

The receptors for the Fc of immunoglobulins, Fc receptors (FCRs), link the humoral and cellular
branches of the immune system, and they have important functions in the activation and
down-modulation of immune responses. Balanced signalling through activating and inhibitory
FcRs regulates the activity of various cells in the immune system. Recent work in animal
models indicates that the development of many human autoimmune diseases might be
caused by impairment of the FcR regulatory system. This review provides an overview of the
mechanisms of FcR-based immune regulation and describes how autoimmune disease might

result from its dysfunction.

Autoimmune diseases are caused by immune responses
to self-antigens in various tissues, and they can be clas-
sified broadly as being either antibody mediated or
T-cell mediated. Rheumatoid arthritis, for example,
involves joint inflammation and destruction that is
caused by autoimmune antibody responses to
unknown synovial antigens. By contrast, patients with
type-1 diabetes develop insulitis as a result of T-cell
infiltration and destruction of the pancreatic islets.
Autoimmune responses are thought to have the same
basis as adaptive immune responses to foreign anti-
gens, in which antigen-specific T cells are activated by
antigen-presenting cells. It is not known what causes
the breakdown of cENTRAL and/or PERIPHERAL TOLERANCE tO
trigger autoreactive lymphocytes, but both environ-
mental and genetic factors, such as MHC genotype, are
thought to be crucial. Despite the difficulty of identify-
ing genetic susceptibility factors in autoimmune
patients, recent work has begun to focus on possible
mutation of the FcyRIIB gene, which encodes a unique
inhibitory Fc receptor (FcR) for immunoglobulin G.
Why do such efforts make sense? In this review, I out-
line how the pivotal FcR control system might regulate
the development of autoimmunity. This model is based
on recent studies of autoimmune diseases in mice, in
which activating FcRs have been shown to promote
disease development, whereas the inhibitory FcR
FcyRIIB maintains peripheral tolerance. In addition to

antibody-mediated autoimmune diseases, I discuss the
possible involvement of FcRs in T-cell-mediated
autoimmune diseases.

Fc-receptor functions

Even before the identification of cell-surface receptors
for the Fc of antibodies, it was well known that passively
administered antibodies can activate or suppress
immune responses'. So, antibody- or Fc-mediated acti-
vation and suppression have been studied since the
1960s?, which led to the identification of FcRs on vari-
ous immune cells, such as B cells’. During the past
decade, we have learned much more about FcRs at the
molecular level and have shown that they are not sim-
ply cell-surface molecules that bind immunoglobulins
— they can initiate various biological functions that
can be classified into three main categories.

First, the most prominent function of FcRs, which
has been discovered over the past several years, is the
positive and negative regulation of immune-cell
responses, such as the proliferation of B cells, phagocy-
tosis by macrophages and degranulation of mast cells
(FIG. 1a). Engagement of activating-type FcRs triggers
many biological functions, such as phagocytosis, cytoly-
sis, degranulation and the transcriptional activation of
cytokine-encoding genes, which initiates inflammatory
cascades. Simultaneously, in most cases, engagement of
the unique inhibitory FcR, FcyRIIB, down-modulates
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Fc RECEPTOR COMMON y-CHAIN
(FcRy). A membrane signal-
adaptor protein that contains an
ITAM. It is shared by FcyRI,
FeyRIIL FeeRI, FeaRI and other
receptors, including collagen-
receptor glycoprotein IV,
NKp46, ILT1/LIR7 and PIR.

SYSTEMIC LUPUS
ERYTHEMATOSUS

(SLE). A disease of unknown
origin in which tissues and cells
are damaged by the deposition
of pathogenic antibodies and
immune complexes. Generally,
patients have abnormal B- and
T-cell function.
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Figure 1 | Main functions of Fc receptors. a | Positive and negative regulation of cellular signalling. Fc receptors (FcRs) are
expressed by various cells of the immune system and have a central role in controlling immune responses after interaction with
antigen—antibody complexes. The activation cascade through FCR common y-chain (FcRy)-associating FcRs results in cellular
activation, which leads to phagocytosis, antibody-dependent cellular cytotoxicity, superoxide generation and the production and
release of cytokines and pro-inflammatory mediators. By contrast, FcyRIIB contains an immunoreceptor tyrosine-based inhibitory
motif (ITIM), and it mediates the inhibition of the immunoreceptor tyrosine-based activation motif (ITAM)-induced activation cascade.
b | Clearance of immune complexes, and MHC class-I- and class-Il-restricted antigen presentation. After phagocytosis or
endocytosis by an FcR-mediated process, the immune complexes are efficiently broken down intracellularly, followed by antigen

presentation in a class-I- and class-ll-restricted manner.

these effector responses. Most of the activating-type
FcRs associate with the Fc RECEPTOR COMMON y-CHAIN
(FcRy), which contains an immunoreceptor tyrosine-
based activation motif (ITAM) (FIG. 1a). By contrast,
FcyRIIB is a single-chain molecule that contains an
immunoreceptor tyrosine-based inhibitory motif
(ITIM) in its cytoplasmic domain. FcyRIIB is expressed
ubiquitously on immune cells — including B cells,
macrophages and mast cells — and it can inhibit vari-
ous cellular functions, such as B-cell activation/prolifer-
ation and mast-cell degranulation. This ITAM-ITIM
regulatory pair is now recognized as a typical tool that is
used frequently in the immune system.

The second important function is the uptake of
immune complexes (ICs) (FIG. 1b). FcRs can trigger the
internalization of captured ICs, which leads to degrada-
tion of the antigen—antibody complexes, as well as
directing the antigenic peptides to the MHC class I or
class IT antigen-presentation pathway*. Macrophages
take up and degrade ICs efficiently, whereas dendritic
cells are more specialized for antigen presentation. The
degradation of antigen is, of course, important for its
elimination, which is a central purpose of the immune
system. It is believed that defects in IC clearance are
linked to the initiation of autoimmune diseases, such as
SYSTEMIC LUPUS ERYTHEMATOSUS (SLE). Importantly, recent
findings indicate that antigen presentation is much
more efficient if the IC is internalized by FcRs than by
non-specific uptake mechanisms, such as fluid-phase

pinocytosis’.

Third, the neonatal FcR for IgG, FcRn, and the poly-
meric immunoglobulin receptor (poly-IgR) can transfer
antibodies transcellularly. These receptors are important
for the transplacental transfer of maternal IgG and the
transfer of IgA to mucosal surfaces, respectively, but they
are not thought to have immunoregulatory roles.

In addition to these three main functions of FcRs,
compelling evidence exists that some types of FcR can be
released into the blood in a soluble form and that these
soluble FcRs can modulate immune responses’. For
example, a soluble form of mouse FcyRIIb can suppress
primary and secondary in vitro antibody responses.
However, the physiological relevance of this phenome-
non to susceptibility to autoimmune disease is not
known and will not be discussed here. It has been pro-
posed also that some FcRs can modify lymphocyte dif-
ferentiation®®. In spite of the large body of accumulated
knowledge about the possible involvement of FcRs in
cellular developmental pathways, more precise informa-
tion is still required from studies of FcR-deficient mice.

This review deals mainly with the first two aspects of
FcR function — positive and negative regulation of cellu-
lar signalling, and IC clearance and antigen presentation
— and their relation to autoimmune diseases.

Recent advances in our knowledge of the regulation
of mouse hypersensitivity responses by FcRs, which are
the result of observations in FcR-deficient mice, might
also provide a basis for understanding the role of FcRs in
the development or suppression of antibody-mediated
autoimmunity. Using FcRy-, FcyRI (CD64)- or FcyRIIT
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ARTHUS REACTION

An erythematous and
oedematous reaction discovered
by Maurice Arthus when he
injected hyperimmunized
rabbits with the same soluble
antigen intradermally.

The Arthus reaction involves
Fc-receptor-mediated
inflammation and complement-
mediated inflammation.

LEUKOCYTE-RECEPTOR
COMPLEX

(LRC). The chromosomal region
19q13.4 contains the human
leukocyte-receptor complex,
which has been shown to contain
more than 25 genes encoding
leukocyte-expressed receptors of
the immunoglobulin
superfamily, such as killer
immunoglobulin-like receptors
(KIRs) and immunoglobulin-
like transpcripts (ILTs)/leukocyte
immunoglobulin-like

receptors (LIRs).

(CD16)-deficient mice, the mechanisms of initiating
hypersensitivity and inflammatory cascades have been
re-evaluated. It was shown that the binding of IgG-
containing ICs to FcyRI and FeyRIII on effector cells are
pivotal events that lead to IgG-induced anaphylaxis and
inflammation®, such as the skin arRTHUS REACTION!®1314,
By contrast, suppression of these ITAM-initiated acti-
vation events through ITIM-bearing FcyRIIb is cru-
cial for maintaining homeostasis and controlling the
inappropriate activation of effector cells, such as
mast cells'>'®. Further study of these activating and
inhibitory cascades, as well as the detailed physiological
roles of FcyRs, will indicate ways in which they might
prevent or promote autoimmunity, as discussed later.

Structural features of Fc receptors

FcR genes in humans and mice. Most FcRs are members
of the immunoglobulin superfamily of proteins and are
found on many haematopoietic lineages (TABLE 1). The
genetic organization and molecular structures of FcRs
have been reviewed extensively elsewhere'. Briefly, eight
genes have been identified that encode human FcyRs —
three genes for the high-affinity IgG receptor FcyRI
(FcyRIA, FeyRIB and FcyRIC), and five genes for the
low-affinity IgG receptors FcyRII (FeyRIIA, FeyRIIB and
FeyRIIC) and FoyRIII (FeyRITIA and FeyRIIIB) (TABLE 1).
The low-affinity FcyR genes and the gene that encodes
FcRy are clustered on human chromosome 1q23. This
region of 1q23 is syntenic with mouse chromosome 1
(92-94 cM), on which single genes for these receptors
are located. The three FcyRI genes in humans map to
chromosome 1q21; the mouse FcyRI gene has been
mapped to chromosome 3 (45.2 cM). The human FcaR
gene is located within the LEUKOCYTE-RECEPTOR COMPLEX
(LRC) locus on chromosome 19q13.4 — where genes
that encode many leukocyte receptors, such as killer
immunoglobulin-like receptors, are located — which
indicates that human FcaR might have evolved from a
different ancestor to the FcyRs. A mouse counterpart of
human FcoR has not been identified. Using expression
cloning, Shibuya et al.?* have identified in both mouse
and humans a new FcR for both IgM and IgA, called
Fco/uR. It is proposed that Fca/uR is involved in the
primary stages of the immune response to microorgan-
isms. Both of these IgA-binding receptors, FcaR and
Fco/uR, might be involved in IgA nephropathy, which is
a common form of glomerulonephritis*.

A database screen to identify new FcR-like
sequences in the human genome has identified five
clones of immunoglobulin-superfamily members,
termed FcR homology 1 (FcRH1), FcRH2, FcRH3,
FcRH4 and FcRHS5 (REFS 23,24) (TABLE 1). The genes that
encode FcRHs are located on chromosome 1921, in
the middle of the FcR genes. The anticipated capacity
for both activating and inhibitory function of the
cytoplasmic tails of individual FCRH members pre-
dicts that they have a dual role in the regulation or
modulation of signalling, although the cell-expression
profiles at the protein level, as well as the detailed sig-
nalling pathways, of these receptors remain to be
examined.

FcR structure and ligand binding. Recent studies of FcR
crystallographic structures, together with molecular
modelling, have provided us with an insight into ligand
binding®*. This is best exemplified by the three-
dimensional structural model of human IgG1 binding
to soluble FcyRIII, in which the extracellular portion of
FcyRIII binds one IgG molecule asymmetrically (BOX 1).
This 1:1 stoichiometry model explains why IgG mole-
cules are unable to trigger FcyR-mediated cellular
responses spontaneously in the absence of crosslinking
by multivalent antigens.

Of the three main types of FcyR in mice and humans,
the high-affinity receptor FcyRI can bind monomeric
IgG, whereas the two low-affinity receptors FcyRII and
FcyRIII bind IgG in the form of ICs. In mice, FcyRI and
FcyRIII trigger cell activation through a common FcRy
that contains an ITAM. By contrast, FcyRIIb — which is
the most widely expressed FCR — contains an ITIM,
which inhibits ITAM-mediated cellular activation trig-
gered by the binding of antibody or ICs to activating
FcRs*%. FcRy is not only important for cell activation,
but is also necessary for the efficient assembly and cell-
surface expression of at least four types of FER— FcyRI,
FcyRIIL FceRI and FcaRI — as well as other activating-
type receptors, such as paired immunoglobulin-like
receptor-A (PIR-A)*. Therefore, deletion of FcRy results
in the combined deficiency of activating-type FcRs (but
not FcyRIla, which does not use FcRy; TABLE 1) and
other receptors, such as PIR-A. However, we do not
know the specific phenotype of PIR-A deficiency that
results from the deletion of FcRy.

Regulation of cell signalling by Fc receptors
Activating signalling by ITAM-containing FcRs. The mol-
ecular mechanisms by which clustering of FcyRs triggers
or suppresses cell activation are crucial for defence
against IgG-complexed antigens and for the development
of autoimmune diseases*>*"*2, Intracellular SRC-family
protein tyrosine kinases are activated by the clustering of
activating FcyRs, and they phosphorylate tyrosine
residues in the ITAM. The phosphorylated ITAM then
serves as a docking site for the SRC-homology 2 (SH2)
domain of the cytosolic protein kinase SYK (FIG. 2a). The
physical and functional association of SRC-family pro-
tein tyrosine kinases, such as LYN and HCK, with FcRy-
associating FcRs and FcyRIIa has been reported®**.
Activating signalling through ITAM-containing FcRs
leads to an oxidative burst, cytokine release and phago-
cytosis by macrophages, antibody-dependent cellular
cytotoxicity (ADCC) by natural killer (NK) cells and
the degranulation of mast cells. The initiation of
inflammatory and destructive responses by these effec-
tor cells is believed to be crucial for the development
and pathogenesis of autoimmunity.

Inhibitory signalling by ITIM-containing FcyRIIB.
FcyRIIB acts physiologically as a negative regulator of
IC-triggered activation, and it might function in vivo to
suppress autoimmunity by regulating both B-cell
responses and effector-cell functions, such as phagocy-
tosis by macrophages. The inhibitory function of
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Table 1 | Structural overview and cellular expression profiles of Fc receptors

Receptor Structure and Affinity for immunoglobulin Expression
apparent M, Mouse Human
FcyRIA 0. 70 kDa 10-108 M- to 10-10°M-"to Macrophage,
(CD&4) lgG2a>>3,1,2b 19G1=3>4>>2 monocyte,
neutrophil,
eosinophil,
DC
FcyRIIA 40 KDa NF <10"M-"to Macrophage,
(CD32) 19G3=21,2>>4 neutrophil,
eosinophil,
ITAM-like platelet,
DC, LC
FcyRIIB 40-60 kDa <10"M-"to <10"M-"to B cell, mast cell,
(CD32) 19G1,2a,2b>>3 19G3=1>4>2 basophil, macrophage,
— 3x10°M-"to IgE eosinophil, neutrophil,
DC,LC
FcyRIIIA e <10"M-"to 2x10"M"to Macrophage,
(CcD16) o human: S0 80kDa  19G1,2a,20>>3 I9G1,3>>2,4 monocyte,
) 5x10°M-"to IgE NK cell, mast
y(or g cell, eosinophil,
DC, LC,
neutrophil (mouse)
FcyRIIIB § ~50 KDa NF <10"M"to Neutrophil,
(CD16) 19G1,3>>2,4 eosinophil
GPI link
FceRI >10"M-" to IgE >10"" M-"to IgE Mast cell,
o 45-65 kDa basophil,
eosinophil,
B32kDald y LC (human),
DC (human)
FceRll 108 M- to IgE 10°M-"to IgE Ubiquitous
> C-type 9 9 q )
(CDh23) Q(P lectin domain platelet
—~45 kDa
FcaRl NF 2 x 10" M-"to Macrophage,
(CD89) 0-85-75 kDa IgAT, IgA2 neutrophil,
eosinophil
Y
FcRn 0,50 kDa 108 M- to rat 2x108M"to Placenta,
lgG2a>2b,1,2¢ I9G small intestine,
monocyte, DC
Bom 12 kDa
Fca/uR o ~70 kDa ND 108 M- to IgM, B cell,
IgA macrophage
Poly-IgR High, but ND High, but ND Epithelium,
-85 kDa liver, small
intestine,
lung
ND ND B cell

FCRH1-5"
FcRH2
54 kDa

f,m, B,-microglobulin; DC, dendritic cell; FcRH, Fe-receptor homologue; FcRn, neonatal Fc receptor; GPI, glycosylphosphatidylinositol;

Ig, immunoglobulin; LC, Langerhans cell; M., relative molecular mass; ND, not determined; NF, not found in mice; NK, natural killer; poly-IgR,
polymeric immunoglobulin receptor. “The complementary DNAs for FCRHs encode type | transmembrane glycoproteins that have 3-6
immunoglobulin-like extracellular domains and a cytoplasmic domain that contains an immunoreceptor tyrosine-based activation motif
(ITAM) and/or immunoreceptor tyrosine-based inhibitory motif (ITIM). The protein products have 15-31% identity to their closest FcR relatives.
A putative structure of one of the members, FcRH2, is shown. At present, no null alleles for FeyRIIA or FeyRIIB are known in humans.
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Box 1 | IgG binding to FcyR

As the amino-acid sequences of immunoglobulin-like

Fc receptors (FcRs) are homologous, homology
modelling indicates that these FcRs have a similar overall
structure. In every case that has been characterized so far,
the two extracellular inmunoglobulin-like domains are
joined at an acute angle, which is maintained by a
network of hydrogen bonds between the domains.

The ligand-binding sites of FcyRs (receptors for
immunoglobin G) and FceRI (the high-affinity receptor
for IgE) are located in domain 2 (D2). The receptor-
binding site of IgG is located in the lower hinge and
constant region 2 (Cy2) and that of IgE is located in Ce3.
By contrast, FcaRI (CD89; an IgA receptor) is a
universally expressed leukocyte FcR that has
approximately 20% amino-acid identity to FcyRs.

The ligand-binding site of FcaRI is located at the tip of
domain 1, not domain 2. The receptor-binding site of
IgA is found in the interface between Coi2 and Cat3.

Human IgG1
C

FoyRlll
N

FcyRIIB is characterized best in B cells (FIG. 2b-d),
although it has also been shown in other cell types, such
as myeloid and monocytic cells*>*. During the late phases
of an immune response, ICs composed of IgG and anti-
gen might bind simultaneously to B-cell receptors
(BCRs) and FcyRIIB, which are co-expressed by B cells.
Co-aggregation of the BCR with FcyRIIB inhibits BCR
signalling, which blocks downstream biological
responses of the B cell — including activation, antigen
presentation, proliferation and antibody production —
and might reduce the development of autoimmune dis-
ease. The initial event in inhibitory signalling is
phosphorylation by the SRC-family kinase LYN of the
ITIM tyrosine that is found in the FcyRIIB cytoplasmic
tail””. This modification results in the recruitment of
SH2-domain-containing phosphatases, predominantly
SH2-domain-containing protein tyrosine phosphatase 1
(SHP1), SHP2 and SH2-domain-containing inositol
polyphosphate 5" phosphatase (SHIP)*”~. SHIP, which is
the primary effector of FcyRIIB-mediated inhibition**,
dephosphorylates phosphoinositides and inositol
polyphosphates. Its main in vivo substrate is phos-

Trp residue

important for

hydrophobic

interaction To membrane
domain

phatidylinositol-3,4,5-trisphosphate — PtdIns(3,4,5)P,
— which is formed by the action of phosphatidylinositol
3-kinase (PI3K). Thereafter, the proposed signalling cas-
cade of inhibition is subdivided into three distinct, but
mutually interacting, pathways.

First, SHIP-mediated hydrolysis of PtdIns(3,4,5)P,
leads to impaired membrane translocation of signal-
transducing molecules, including Bruton’s tyrosine
kinase (BTK) and phospholipase-Cy (PLCy)*™ (FIG.2b).
BTK is required for the activation of PLCy and the
hydrolysis of PtdIns(4,5)P,, which yields Ins(1,4,5)P,
and diacylglycerol (DAG). So, SHIP inhibits the genera-
tion of second messengers — Ins(1,4,5)P, and DAG —
that mediate calcium mobilization and the activation of
protein kinase C (PKC), respectively.

Second, the activation of mitogen-activated protein
(MAP) kinases and recruitment of the anti-apoptotic
kinase AKT are suppressed by the co-aggregation of
FcyRIIB with the BCR, which leads to the inhibition of
cell proliferation and survival®® (FIG.2c). AKT activation,
itself, is also downregulated by co-crosslinking of the
BCR with FcyRIIB*. SHIP-deficient B cells have
enhanced proliferation in response to BCR stimula-
tion*"*, and this enhancement is associated with the
increased phosphorylation (activation) of both MAP
kinases® and AKT*°.

Third, SHIP functions as an adaptor protein that
binds SHC®' and p62DOK?®? (FIG. 2d). The binding of
SHIP to FcyRIIB inhibits RAS activation. After tyrosine
phosphorylation of the FcyRIIB ITIM, the recruited
SHIP is tyrosine phosphorylated and associates with
SHC, a RAS-pathway adaptor®. It is proposed that
SHIP competes with growth-factor-receptor-bound
protein 2 (GRB2)-SOS complexes (which stimulate the
RAS activation pathway) for SHC binding, and this is
responsible for the observed decrease in RAS-bound
GTP. As a result, impaired downstream activation of
MAP kinases, and arrest of cell-cycle progression and
proliferation occur.

Inhibition of MAP kinases has been attributed also to
impaired PLCy-mediated activation of protein kinase C
(PKC)>* (FIG. 2b). Also, p62DOK inhibits the activation
of MAP kinases, and it is indispensable for FcyRIIB-
mediated suppression of proliferation®. Therefore,
FcyRIIB-mediated inhibition of MAP kinases might
occur by at least two mechanisms — SHIP linkage to
SHC or DOK, and SHIP-mediated enzymatic degrada-
tion of PtdIns(3,4,5)P,, which prevents the activation
of PKC.

FcyRIIB-mediated inhibition of BCR signalling
might be mediated, at least in part, by selective dephos-
phorylation of CD19, which is a BCR accessory mole-
cule and co-receptor. CD19 dephosphorylation prevents
the association of CD19 with PI3K, and this, in turn,
leads to termination of Ins(1,4,5)P, production, intracel-
lular Ca?* release and Ca?* influx*®. It is speculated that
SHP1 is responsible for the observed effects.

FcyRIIB might deliver an apoptotic signal. During the
germinal-centre reaction, B cells that express high-affinity
BCRs will be selected for antigenic stimulation and

584 | AUGUST 2002 [ VOLUME 2

www.nature.com/reviews/immunol



REVIEWS

cognate T-cell interactions, which are facilitated by the
preferential uptake of antigen by these high-affinity
BCRs. In the absence of these stimulatory signals, cells
that express low-affinity BCRs undergo apoptotic death.
Atleast in vitro, the engagement of FcyRIIB on B cells

Macrophage

can generate an apoptotic signal*"¥’. Crosslinking of
FcyRIIB alone was sufficient to induce apoptosis in
B cells independent of BCR co-ligation®®. Interestingly,
this response requires only an intact FcyRIIB trans-
membrane domain. Therefore, FcyRIIB might be an

b

Co-crosslink
/’ bylgGIC T

FoyRIB

o

7

SRC-family

i I |
kinases RAC
/

!
l InsPg [—
PKC N\ 1
l Ca2+ Actin
MAPK mobilization reorganization |

|—> Phagocytosis
Cytokine/chemokine production
Oxidative burst

Ptdins <—Ptdins <—Ptdins
(3,4P, (3,4,5P; (4,5P,
ITIM a

an

Membrane Ca?*- T > PKC > MAPK
o InsPg
channel activation

Ca?+ mobilization Cell proliferation

ADCC
c Co-crosslink d Co-crosslink
/’ bylgGIC T, / bylgGIC T
FoyRIB \ FoyRIB NN
Qo BCR
Vi

p
Ptdins <—PtdIns <—Ptdins
(3,4P,  (3,4,5)P3 (4,5P,

ITIM
BCAP
mmﬁ1
Activation
@ by PDK1

e
=N

RAS-GDP  RAS-GTP —> RAF

\
\_/ !
—> RAS-GAP MAlPK

Cell proliferation

Figure 2 | Signalling mechanisms of ITAM- and ITIM-induced regulatory FcR signalling. a | Activating signalling by [TAM-
containing FcyRs in macrophages. Tyrosine residues in the ITAM become phosphorylated by SRC-family protein kinases, such as
SRC, FYN, FGR, HCK and LYN, after crosslinking of cell-surface FcyRs by immunoglobulin-G-containing immune complexes. The
downstream events of SYK activation include stimulation of phospholipase Cy (PLCy), phosphatidylinositol 3-kinase (PI3K), the
cytoskeletal protein paxilin, ERK (mitogen-activated protein kinase; MAPK), and GTPases of the RHO and RAC families, which are
involved in reorganization of the actin cytoskeleton. The activation pathway can be inhibited by co-aggregation of FcyRIIB. b | Inhibition
of Bruton’s tyrosine kinase (BTK) and the PLCy pathway in B cells after co-crosslinking of B-cell receptor (BCR) and FcyRIIB. The
activation of SH2-domain-containing inositol polyphosphate 5’ phosphatase (SHIP) causes hydrolysis of phosphatidylinositol-3,4,5-
trisphosphate (Ptdins(3,4,5)P,) to Ptdins(3,4)P,. Ptdins(3,4,5)P, is the docking site for pleckstrin-homology (PH)-domain-containing
proteins, including BTK and PLCy. BTK and PLCy cannot be recruited to memibrane Ptdins(3,4,5)P,, which blocks Ca?* influx and
protein kinase C (PKC) activation®. ¢ | The AKT pathway. The anti-apoptotic kinase AKT cannot be recruited to the memibrane by
binding of its PH domain to Ptdins(3,4,5)P, in the presence of activated SHIP. The current model of activation of AKT, a
serine-threonine kinase, is that AKT is recruited to the membrane, causing a conformational change in AKT, which allows
phosphorylation and activation by PDK1. AKT is activated by stimulation through the BCR in a PIBK-dependent manner. An adaptor,
BCAP, has been identified as binding to PI3K, and its deletion rendered B cells less responsive to BCR crosslinking, although CD19
phosphorylation might be more important for PI3K activation'2. d | RAS-MAPK pathway. Phosphorylated SHIP creates a binding site
for the phosphotyrosine-binding (PTB) domains of SHC and DOK, which recruits these molecules to the plasma membrane. DOK
becomes tyrosine phosphorylated and recruits RAS-GAP, which catalyses the conversion of RAS-GTP to RAS-GDP, leading to
inhibition of the ERK-MAPK pathway. An inactivation study of the DOK gene showed that after BCR crosslinking, DOK suppresses
MAPKSs and is indispensable for FeyRIIB-mediated suppression of proliferation®®. ADCC, antibody-dependent cellular cytotoxicity;
DG, diacylglycerol; GRB2, growth-factor-receptor-bound protein 2; IC, immune complex; ITAM, immunoreceptor tyrosine-based
activation motif; ITIM, immunoreceptor tyrosine-based inhibitory motif.
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Table 2 | In vivo phenotypes of Fc-receptor-deficient mice

Deleted gene In vivo phenotype References

product

FcyRlI Impaired IgG2a-IC-induced phagocytosis, cytokine 16,17
release, ADCC and antigen presentation; impaired
hypersensitivity; reduced arthritis; enhanced antibody
response; impaired protection from bacterial infection

FcyRlib Attenuated effect of IVIG treatment; 111
enhanced CIA after immunization with C-Il; 71,72
enhanced development of Goodpasture’s syndrome 82
after C-IV immunization;
spontaneous development of glomerulonephritis on 83
C57BL/6 background;
enhanced Arthus reaction; 70
enhanced IC-induced alveolitis; 12
enhanced IgG- and IgE-induced systemic anaphylaxis; 15
enhanced anti-GBM antibody-induced glomerulonephritis; 66
enhanced IgG1-induced local anaphylaxis 18

FeyRlll Attenuated antibody-induced vasculitis; 63
reduced sensitivity to AIHA, 64
reduced Arthus reaction 14

FcR y-chain Attenuated IC-induced alveolitis; 12
attenuated antibody-induced vasculitis; 63
attenuated NZB/W F1 glomerulonephritis; 65
attenuated anti-GBM antibody-induced glomerulonephritis; 66,67
reduced sensitivity to AIHA,; 11
attenuated Arthus reaction; 10
attenuated IgE-induced cutaneous anaphylaxis 9

FceRla Augmented IgG1-induced anaphylaxis; 68
attenuated IgE-induced passive and systemic anaphylaxis 69

FceRIb Relation to FceRI- and FcyRIll-mediated anaphylaxis 115

FceRll Enhanced humoral response to IgE-dependent 116
stimulation; enhanced antigen-specific IgE production

FcRn (as B,m Lowered level of serum IgG 117,118

deletion)

Poly-IgR Marked increase in level of serum IgA 119

ADCC, antibody-dependent cellular cytotoxicity; AIHA, autoimmune haemolytic anaemia;

B,m, B,-microglobulin; C-Il, collagen type II; G-IV, collagen type IV; CIA, collagen-induced arthritis;
FcRn, neonatal Fc receptor; GBM, glomerular basement membrane; IC, immune complex;

IVIG, intravenous immunoglobulin; poly-IgR, polymeric immunoglobulin receptor.

PHAGOCYTOSIS

An endocytic process in which
relatively large (=1 um) particles
are incorporated into cells in an
energy-dependent manner.

CROSS-PRESENTATION

This term refers to the ability of
certain antigen-presenting cells
to load peptides that are derived
from exogenous antigens onto
MHC class I molecules. This
property is atypical, as most cells
exclusively present peptides from
their endogenous proteins on
MHC class I molecules. Cross-
presentation is essential for the
initiation of immune responses
against viruses that do not infect
antigen-presenting cells.

active determinant in the negative selection of B cells that
express low-affinity BCRs. A defect in the negative selec-
tion of B cells could be a risk factor for autoimmunity.

Fc-receptor-mediated antigen presentation

One of the crucial features of FcyRs is their ability to
enhance antigen presentation of IgG-containing ICs by
antigen-presenting cells, such as dendritic cells (DCs)
and epidermal Langerhans’ cells, which leads to the acti-
vation of antigen-specific T cells* (FIG. 1). Indeed, most
FcyRs efficiently internalize antigen—antibody complexes
and thereby induce the efficient processing of antigens
into peptides that are presented by MHC class I and
class II molecules in vitro. Importantly, ITAMs and cyto-
solic effectors of cell signalling determine the endocytic-
transport and antigen-presentation capacities of
FcyRs**. Recent findings indicate that ubiquitylation is
required for FcyRIIA-mediated endocytosis, but not for
pHAGOcYTOsIs®, which indicates that there are quite dif-
ferent mechanisms for endocytosis and phagocytosis by
FcRs, although both of these processes lead to antigen
presentation. FcyR-mediated antigen uptake can
enhance antigen presentation by DCs to activate CD4*
and CD8" T cells both in vitro>>®' and in vivo®?; this

implies that FcyRs have a pivotal role in augmenting
humoral and cellular immune responses at the antigen-
presentation step, which is an initial phase of the
immune response (FIG. 1). In recent studies, targeting
antigen to FcyRs on bone-marrow-derived DCs by
complexing the antigen (ovalbumin; OVA) with anti-
OVA IgG successfully elicited humoral responses that
consisted of OVA-specific IgG production in vivo.
Antigen-pulsed DCs from wild-type mice, but not from
FcyR-deficient mice, could also activate antigen-specific
cytotoxic T lymphocytes in vivo, which indicates a
pivotal role for FcyRs in the efficient MHC class-1-
restricted presentation of exogenous antigens, which
is known as cross-presentaTiON®® (K. Akiyama et al.,
unpublished observations).

Fc-receptor mechanisms in autoimmunity

The development of autoimmune diseases is complex
and dependent on many genes and environmental fac-
tors. Therefore, animal models are useful for elucidat-
ing the genetic control of the various pathways that
lead to disease. Mice that are deficient for FcRy are
unable to phagocytose IgG-opsonized particles or to
mediate ADCC by NK cells, and they respond poorly to
IgE-mediated mast-cell activation®. Mounting evidence
indicates that the ITAM-containing FcRs have a role in
initiating type I, II and III HYPERSENSITIVITY REACTIONS and
anaphylaxis'®'7%-% Importantly, FcRy-deficient mice
are resistant to the induction or spontaneous onset of
various autoimmune diseases''#6*4-67 a5 summarized
in TABLE 2. These results indicate that a wide range of
inflammatory and autoimmune diseases — such as vas-
culitis, glomerulonephritis and AUTOIMMUNE HAEMOLYTIC
ANAEMIA (ATHA)— might be mediated by FcyRs and
not, as previously thought, primarily by complement
factors. It is possible that the complement system medi-
ates mainly innate immune responses, in which the ini-
tial interaction of NaTuraL ANTIBODIES Of the IgM class
with pathogens triggers complement-mediated inflam-
mation, whereas FcyR-mediated inflammation, which
involves the interaction of IgG-containing ICs with
effector cells, can only occur after the establishment of
aquired immunity?'.

In contrast to FcRy-deficient mice, targeted disrup-
tion of FcyRIIb in mice results in various enhanced
responses — such as elevated immunoglobulin levels in
response to both thymus-dependent and -independent
antigens, enhanced passive cutaneous and systemic ana-
phylaxis reactions in response to antigen challenge'>',
and enhanced IC-mediated inflammatory responses'>%”°
— which indicates that FcyRIIb acts as a negative regu-
lator of humoral responses and IC-triggered activation
(TABLE2). In particular, FcyRIIb might determine sus-
ceptibility to and severity of IC-mediated autoimmune
diseases, such as collagen-induced arthritis (CIA)""7.

FIGURE 3 illustrates the current view of the whole
system of regulation by FcRs in terms of the two
main roles of FcRs — regulation of cellular signalling
and clearance of ICs linked to antigen presentation.
FIGURE 3 also illustrates four main ways in which FcRs
might contribute to the development of autoimmune
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IL-12

HYPERSENSITIVITY REACTIONS
Hypersensitivity reactions are
classified in terms of the
antibody classes and effector
cells that are responsible, and by
the time-course of the reaction.
Type Iis an immediate reaction
mediated by IgE and mast cells.
Type Il responses are directed
against cell-surface or matrix
antigens bound by IgG, whereas
type Il reactions are also IgG-
mediated but directed against
soluble antigens. Type IV
hypersensitivity is a T-cell-
mediated reaction.

AUTOIMMUNE HAEMOLYTIC
ANAEMIA

Anaemia caused by
autoantibodies to red-blood-cell
surface antigens, which become
targets for destruction by
complement and by
erythrophagocytosis.
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Figure 3 | Overall view of activating Fc receptors and inhibitory FcyRIIB, and related autoimmune diseases. Fc receptors
(FcRs) can initiate or augment an immune response at the initial antigen-presentation step (a) by facilitating immune complex (IC)
uptake, and can drive cellular (b) and humoral (c) immune responses. In both cascades, FcyRIIB is crucial for inhibiting several
activation loops of ITAM-containing FcRs (d,e). In humans, several FcR polymorphisms induce incomplete IC clearance, which leads
to the sustained activation of effector cells and provokes IC-induced autoimmune diseases, such as systemic lupus erythematosus
(SLE), rheumatoid arthritis (RA) and multiple sclerosis (MS) (f). In mice, FcyRllb deletion leads to autoantibody production (g) and
activation of effector cells (h), which also induce IC-mediated autoimmune diseases (i), such as Goodpasture’s syndrome,
collagen-induced arthritis and glomerulonephritis. IVIG treatment (j; see also BOX 2) results in upregulation of the expression of
FeyRIIB on macrophages. FeyRIIB engagement inhibits B-cell antigen presentation!!*!14, The negative regulation of the antigen-
presentation process by FCRs on dendritic cells is not known. DC, dendritic cell; IFN-y, intereferon-y; IL, interleukin; ITAM,
immunoreceptor tyrosine-based activation motif; IVIG, intravenous immunoglobulin; T,,, T helper.

disease. First, tissue-deposited ICs can cross-link FcRs,
causing the release of pro-inflammatory molecules,
mainly from neutrophils and macrophages, as seen in
CIA and Goodpasture’s syndrome (GPS), which will
be discussed later. Second, FcR dysfunction can result
in systemic autoimmune diseases, such as SLE, owing
to the inefficient clearance of 1gG-containing ICs.
Third, the triggering of FcRs on cytotoxic effector cells,
such as macrophages, can lead to the destruction of
autoantibody-opsonized cells, such as erythrocytes in
ATHA, or platelets in IDIOPATHIC THROMBOCYTIC PURPURA
(ITP).

Fourth, FcyRIIB is one of the pivotal elements for con-
trolling the activation of autoreactive B cells — which are
often present even in normal individuals — and is impor-
tant for maintaining peripheral tolerance. Its functional
impairment leads directly to IC-induced autoimmune
diseases. In relation to this, the extent of downregulation
of expression of FcyRIIb in germinal-centre B cells was
shown to be inversely related to the upregulation of

IgG antibody responses and to correlate well with sus-
ceptibility to autoimmune diseases in several mouse
strains’>’*, which indicates that maintaining the expres-
sion level of FcyRIIB, especially in germinal-centre B cells,
is important for suppressing the unwanted expansion of
autoreactive B-cell populations.

So, FcyRIIB deletion, which leads to marked aug-
mentation of autoantibody production, due to loss of
the negative-feedback loop of B-cell regulation, and
enhanced effector-cell responses, is sufficient for the
onset of induced or spontaneous autoimmune disease,
at least in mice (see below and FIG.3).

Induced autoimmunity

Collagen-induced arthritis. CIA, a model of rheumatoid
arthritis in humans, is a chronic inflammatory arthropa-
thy that can be induced in susceptible rodents, such
as DBA/1 mice, by immunization with type-II collagen
(C-II)7. The development of arthritis is thought to be
associated with the synergistic effects of high levels
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NATURAL ANTIBODIES
Antibodies that can bind
pathogens and self-antigens,
such as ABO blood-group
antigens, which are detected in
the sera of normal individuals
without any previous
sensitization to the antigen.

IDIOPATHIC THROMBOCYTIC
PURPURA

(ITP). An autoimmune type IT
hypersensitivity reaction that
develops after the destruction of
thrombocytes by the binding of
autoantibodies to cell-surface
antigens.

ANTI-DNA ANTIBODIES
Anti-DNA autoantibodies are
found in autoimmune animal
models and patients, and can be
subdivided into those that are
specific for double- or single-
stranded DNA. They are used as
a supportive marker for the
diagnosis of several autoimmune
diseases, such as SLE.

CRYOGLOBULINAEMIA

Refers to the presence of one or
more immunoglobulins that
precipitate at temperatures
below 37°C.

of cell-mediated and humoral immunity to C-II.
Susceptibility is controlled by specific MHC class II
molecules, such as H2-A9, that bind defined immuno-
dominant peptides of C-II. Activation of C-II-peptide-
specific T cells triggers an immune-mediated cascade
that results in inflammatory destruction of the periph-
eral joints. Many pathways and factors are likely to par-
ticipate. B-cell-deficient mice do not develop arthritis’,
and arthritis can be transferred between mice by hyper-
immune anti-C-II serum concentrate’” or polyclonal
IgG anti-C-II antibodies™”.

DBA/1 mice that lack FcRy are protected from CIA
compared with wild-type mice, although both groups
produce similar levels of IgG anti-C-II antibodies”
(T. Takai et al., unpublished observations). By contrast,
FcyRIIb-deficient DBA/1 mice developed an augmented
IgG anti-C-II humoral response and more severe
arthritis compared with control DBA/1 mice” (T. Takai
et al., unpublished observations) (FIG. 3). Even on non-
susceptible genetic backgrounds, such as C57BL/6,
FcyRIIb deletion was sufficient to render mice suscepti-
ble to CIA”%. These results indicate clearly that the
development of CIA is dependent on the presence of
the activating FcRs FcyRI and/or FcyRIII, and is nega-
tively regulated by FcyRIIb, which downregulates both
B-cell and effector-cell responses.

Models of Goodpasture’s syndrome. A similar suppres-
sive role for FcyRIIB might also be found in many
other autoimmune disease models and in human
autoimmune disorders. In humans, GPS is character-
ized by a rapid and progressive glomerulonephritis
and haemorrhagic pneumonitis, often with fatal
results®. The presence of antibodies that are specific
for type-1V collagen (C-IV) and IC deposition along
the basement membranes of both lungs and glomeruli
has led to the proposal that autoantibodies specific for
C-IV are important in the pathogenesis of this dis-
ease®!. However, the mechanisms that result in the loss
of tolerance and the development of autoantibodies to
C-IV were unknown, until the recent success in devel-
oping an animal model for this disease in FcyRIIb-
deficient mice®. Immunization of FcyRIIb-deficient
mice with C-IV results in pulmonary haemorrhage
and glomerulonephritis, whereas wild-type controls
and FcRy-deficient mice do not have evidence of dis-
ease, which indicates a role for the FcyRIIb regulatory
pathway in the aetiology of this autoimmune disease.
Importantly, FcyRIIb-deficient, but not wild-type or
FcRy-deficient, mice have elevated autoantibody
responses to C-1V, which indicates that mouse GPS
depends on autoantibody production in this suscep-
tible background. The enhanced responses of effector
cells, such as alveolar macrophages, to deposited
autoantibodies are an important contributing factor
to the development of disease, as described for IC-
mediated alveolitis'? and CIA%. The role of FcyRIIb
in mouse GPS, as well as mouse CIA, indicates that
alterations in its function or expression could be a
susceptibility factor for the pathogenesis of the
human diseases.

Spontaneous autoimmunity

The involvement of FcRs in autoimmunity has been well
documented in various ‘induced’ autoimmune disease
models, as described above. However, it is important to
clarify how FcRs are involved in the ‘spontaneous’ onset
of autoimmune diseases to evaluate the role of FcRs in
the crucial initiation phase of autoimmunity and in
maintaining peripheral tolerance.

FeyRIIb deficiency and spontaneous autoimmunity. In
this respect, Bolland and Ravetch® have provided an
unexpected example by showing that FcyRIIb-deficient
mice develop autoantibodies and autoimmune
glomerulonephritis in a strain-dependent fashion.
Deficiency of FcyRIIb on the C57BL/6 backround
results in the production of anTi-pNA ANTIBODIES. These
mice develop fatal autoimmune glomerulonephritis and
have reduced survival. By contrast, FcyRIIb-deficient
BALB/c mice maintain tolerance to nuclear antigens and
are resistant to the development of autoimmunity. The
most crucial element causing loss of tolerance in
FcyRIIb-deficient C57BL/6 mice has been shown to be
the absence of FcyRIIb on B cells®. Attempts to identify
the other susceptibility loci for the enhanced production
of anti-nuclear antibodies in C57BL/6, but not BALB/c,
mice have been successful. Two new, recessive loci have
been mapped to chromosomes 12 and 17, and are
termed sbb2 and sbb3, respectively.

Protection from spontaneous autoimmunity. IC forma-
tion and tissue deposition triggers the pathogenic conse-
quences of systemic autoimmune disease. Clynes et al.®®
have found that the disruption of FcRy results in the
uncoupling of IC formation and deposition from the
spontaneous onset of lupus nephritis in NZB/W F,
mice. FcRy-deficient NZB/W F, mice generated and
deposited ICs, and activated complement, but they were
protected from severe nephritis, which indicates that the
activation of effector cells through FcRy is crucial for dis-
ease development. In addition, Suzuki et al.®® have
shown that FcRs have a pivotal role in anti-glomerular-
basement-membrane antibody-induced glomerulo-
nephritis. In FcRy-deficient mice, renal injuries were
markedly attenuated, whereas FcyRIIb-deficient mice
had accelerated development of glomerular injuries.
However, it remains to be determined whether FcyRIIb-
deficient NZB/W F  mice develop more severe renal
disease than control mice.

MRL. Fas'*"®" mice — which have a Fas mutation —
have a lymphoproliferative phenotype with anti-nuclear-
antibody production, which culminates in glomerulo-
nephritis, vasculitis, arthritis and crvoGroBuLINAEMIA. This
disease is similar to the human autoimmune disease
SLE. Interestingly, however, after backcrossing to
C57BL/6 or C3H/HeJ genetic backgrounds, Fas®"*" mice
no longer develop any spontaneous autoimmune dis-
eases, which indicates the presence of unknown
inhibitory element(s), one of which could be FcyRIIb”>7
(K. Yajima et al., unpublished observations). In a recent
article, Bolland et al.3 reported that Fas mutation
rendered C57BL/6 FcyRIIb™~ mice more resistant to
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MULTIPLE SCLEROSIS

(MS). A neurological disease
that is characterized by focal
demyelination in the central
nervous system with
lymphocytic infiltration.

EXPERIMENTAL AUTOIMMUNE
ENCEPHALOMYELITIS

(EAE). An experimental model
of multiple sclerosis
(inflammation of the brain and
spinal cord) that is induced in
animals by immunization with
myelin basic protein, myelin
phospholipid protein or myelin
oligodendrocyte glycoprotein, or
their synthetic peptides.

Table 3 | Fc-receptor polymorphisms in human autoimmune diseases

Autoimmune disease FcyRIIA FcyRIIB
Systemic lupus 131Arg -
erythematosus (SLE) - -

- 232Thr
Rheumatoid arthritis (RA) - -
Wegener’s granulomatosis - -
Guillain-Barré syndrome 131Arg -
Multiple sclerosis 131Arg -

FcyRIIIA FcyRIIIB* References
- - 94-96
158Phe - 9799
158Phe - 91
- NA2 100
158Phe - 101
- NA1 102

- NA2 103

- NA2 87

NA, neutrophil antigen. *FcyRIIIB seems to be lacking in several Caucasian individuals without there being any significant disease

susceptibilities'2’

lupus-like disease, and they speculated that the Fas'P/*
mutation might attenuate IC deposition or effector-cell
responses to these ICs by modifying the apoptotic path-
way, thereby reducing disease progression. It will be
interesting to clarify the mechanism of this protective
effect of Fas*"r mutation.

NOD mice and FcR defects. The non-obese diabetic
(NOD) mouse is a model of human type-1 diabetes, an
autoimmune disease that is characterized by T-cell-
mediated destruction of insulin-producing pancreatic
[B-cells. In addition, NOD mice have anomalies in the
humoral immune response, including an elevation of
serum levels of IgG (hyper IgG) and the production of
autoantibodies — such as anti-insulin antibodies and
natural thymocytotoxic antibodies — although the
underlying mechanisms are largely unknown. Luan
et al® have mapped a locus for hyper IgG in NOD mice
to the distal part of chromosome 1, in the region of the
FeyRIIand FeyRIII genes. They also identified a defect of
FcyRIIb expression in macrophages of NOD mice that is
associated with the hyper-IgG phenotype, which indicates
that macrophage FcyRIIb might regulate serum levels
of IgG1 and IgG2b by means of their catabolism. An
additional intriguing observation is that NOD mice can
be induced to develop SLE, and that the susceptibility
locus for anti-nuclear-autoantibody production in this
inducible SLE model in NOD mice has been mapped to a
distal region of chromosome 1 that contains FcyRIIb®.

It is not known yet whether FcyR-deficient NOD
mice have more or less severe diabetes than control
NOD mice. Such observations would clarify the involve-
ment of FcyRs in autoimmune diabetes, particularly in
terms of the antigen-presentation capacity of FcyRs.

FcR defects and EAE. As discussed below, FcR polymor-
phism could be a susceptibility factor for MuLTIPLE SCLEROSIS
(MS) in humans®’. Recent observations®® in EXPERIMENTAL
AUTOIMMUNE ENCEPHALOMYELITIS (EAE), an animal model of
MS, might provide an insight into the mechanisms that
are involved in the onset of the disease in humans. The
development of EAE is dependent crucially on myeloid
cells, both in the induction phase and the effector phase.
Abdul-Majid et al.®® analysed the induction of EAE in
FcRy-deficient or FcyRIIb-deficient mice. They showed
that the lack of FcyRIIb enhanced susceptibility to
myelin oligodendrocyte glycoprotein (MOG)-induced

. Afew members of a single family lacking FcyRI have been reported, but they did not suffer from any disease

122

EAE and increased the extent of demyelination. By con-
trast, FcRy-deficient mice were protected from EAE. The
authors speculated that the resistance of FcRy-deficient
mice to EAE is due to the inefficient antigen processing
or presentation of myelin proteins during the induction
of secondary immune responses locally in the central
nervous system.

It should be noted that mice that are deficient for
DAP12 (also known as KARAP) — an adaptor molecule
that is homologous to FcRy — are also protected from
EAE¥*, which indicates that ITAM-containing receptor
complexes, such as activating-type FcyRs and unidenti-
fied DAP12-associating receptors, might have important
roles in the disease.

Fc-receptor polymorphisms in humans

Genetic differences between FcRs have been described
in patients with autoimmune diseases'>*”?'-1% (TABLE 3).
In this section, I provide a brief overview of the poly-
morphisms that are found in FcR genes and their possi-
ble relation to autoimmune diseases. It should be noted,
however, that there are some negative studies, in which
no link between SLE and FcR polymorphisms was
found'**!1%, Because FcyR genes are in close proximity to
each other on human chromosome 1, it remains possi-
ble that they are in linkage disequilibrium with each
other, so correlations with one FcyR genotype might in
fact implicate other FcyR genes in disease susceptibility.

FeyRIIA. The high-responder/low-responder (HR/LR)
polymorphism of FcyRIIA is named after the ability of
T cells from some normal individuals to proliferate in
response to mouse IgG1. It was shown that IgG1 anti-
T-cell-receptor-complex antibody was mitogenic to all
human T cells in vitro, if the culture contained high-
responder monocytes.'%. FcyRIIA in high responders
has an arginine at position 131 (131Arg), whereas this
residue is a histidine in the low responders. The affinity
of the high-responder FcyRIIA for all human IgG sub-
classes is reduced compared with the low-responder
allele, and is almost abolished for IgG2, which indicates
that this polymorphism is located near to the IgG-
binding site of FcyRIIA. The distribution of FcyRIIA
alleles differs according to ethnicity. The FcyRIIA-HR
(FcyRIIA 131Arg) phenotype has been reported as a
susceptibility factor for SLE in Caucasians®, African—
Americans® and Koreans*.
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Box 2 | Intravenous IgG treatment

Therapeutic preparations of pooled, normal polyspecific IgG for intravenous use
(intravenous immunoglobulin; IVIG) have been shown to be effective, and have been
used for many years for the treatment of several autoimmune and systemic
inflammatory conditions. IVIG was first shown to be effective for the treatment of
idiopathic thrombocytopaenic purpura (ITP). Since then, the beneficial effects of IVIG
have been established for Guillain-Barré syndrome, multiple sclerosis, myasthenia
gravis, dermatomyositis, Kawasaki syndrome, anti-Factor-VIII autoimmune disease,
vasculitis, uveitis and graft-versus-host disease!'’. These therapeutic effects have been
attributed to Fc receptor (FcR) blockade, the attenuation of complement-mediated
tissue damage and the downregulation of B-cell responses. Samuelsson et al.'!! used a
mouse model of ITP to show that the administration of IVIG protected against disease.
The induction of ITP was dependent on the presence of FcyRIII, but not FcyRI. FcyRIIb-
deficient mice were defective in the protective response to IVIG administration, which
indicates that there is a requirement for FcyRIIb for the mechanism of IVIG-mediated
protection. After treatment with IVIG, splenic macrophages expressed higher levels of
FcyRIIb, which indicates that the enhanced surface expression of FcyRIIb might be
responsible for mediating the protective effect of IVIG. Their report shows the
importance of manipulating the inhibitory FcR pathway as a practical therapeutic
means to control autoantibody-mediated inflammation.

FcyRIIIA and FeyRIIIB. FcyRIIIA variants are also
known, and they might be associated with autoimmu-
nity. The 158Val allelic variant of FcyRIIIA has a higher
affinity for IgG1 and IgG3 than the 158Phe-type recep-
tor. The FcyRIIIA 158Phe/Phe phenotype is proposed to
be a susceptibility factor for SLE”*’ and rheumatoid
arthritis'”!, possibly due to the inefficient clearance of
circulating or tissue-deposited ICs, as noted above.

Two common allelic forms of neutrophil-specific
FcyRIIIB were recognized originally by serological tech-
niques as neutrophil antigen 1 (NA1) and NA2 alloanti-
gens'””, which are involved in blood-transfusion reac-
tions and alloimmune neutropaenia. There seems to be
no difference in IgG-binding affinity between NA1 and
NA2. However, NA2 is suggested to have a lower ability
to mediate phagocytosis than NA1 (REF. 108). The NA2
allele has been reported to be a susceptibility factor for
SLE in Japanese individuals'®, whereas the NAI allele
has been reported to be associated with Wegener’s gran-
ulomatosis, a type of systemic vasculitis that is caused by
anti-neutrophil cytoplasmic antibodies'®?. A correlation
between the FcyRIIA 131Arg (HR) and FcyRIIIB NA2
allotypes and the severity of GUILLAIN-BARRE SYNDROME
(GBS) and MS has been reported also®”' (TABLE 2).

GUILLAIN-BARRE SYNDROME
(GBS). A possible autoimmune
disease that is characterized
generally by acute muscle
weakness and the absence of
reflexes, possibly due to the
production of autoantibodies
that are specific for gangliosides
on neuronal cells after
Campylobacter jejuni enteritis.

FcyRIIB. Among 100 Japanese healthy donors, seven
single-nucleotide substitutions were identified in the
FcyRIIB gene, five of which are missense substitutions in
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the IgG-binding domain, which might affect the binding
capacity of FcyRIIB!'®. A recent analysis of Japanese
patients with SLE has identified a single-nucleotide poly-
morphism in the FcyRIIB gene that results in the
Ile232Thr substitution®’. The 232Thr/Thr phenotype
was found at a significantly higher frequency in Japanese
SLE patients compared with normal individuals. These
observations might be important, because no one has
reported any reliable association of mutations in
FcyRIIB with autoimmune diseases in general. Amino-
acid position 232 of FcyRIIB is in the transmembrane
region, and although it has not yet been determined
whether the 232Thr/Thr phenotype leads to impairment
of FcyRIIB function, this seems probable, because the
intact membrane domain is necessary for induction of
the apoptotic signal by mouse FcyRIIb.

Conclusions and future perspectives
ITAM-containing FcRs can prime various autoimmune
diseases, whereas FcyRIIB is one of the pivotal elements
for maintaining peripheral tolerance. The impairment
of the functional balance between activating and
inhibitory FcRs leads directly to IC-mediated autoim-
mune diseases. In mice, the impairment of homeostatic
mechanisms for eliminating autoreactive B cells, such as
Fas mutation, and the loss of peripheral tolerance due to
impaired FcyRIIb function might be sufficient for disease
development. So far in humans, attempts to identify
polymorphisms in FcRs have focused exclusively on their
ectodomains, mutations of which might influence IC
binding and clearance. Now, it is important to identify
polymorphisms or mutations that impair FcR-regulated
signalling. In particular, the identification of mutations in
the human FeyRIIB gene will greatly facilitate our under-
standing of the role of FcRs in autoimmune diseases, as
has been shown in mice.

Strategies that result in the upregulation of FcyRIIB
signalling are potential new therapeutic approaches for
the treatment of autoimmune diseases (BOX 2). Whereas
most studies so far have focused on antibody-mediated
autoimmune diseases, additional studies are now neces-
sary to elucidate the role of FcRs in autoimmune dis-
eases for which T-cell-mediated responses are believed
to be an important causal pathway, such as type-1 dia-
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