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Abstract

The maintenance of immune homeostasis and the regulation of pro-inflammatory responses that underlie
autoimmune pathology require a coordinated interplay between cytokines, cellular receptors and downstream
signaling pathways. The family of fragment crystallizable receptors for immunoglobulin G (IgG) (FcyR) repre-
sents a good example of how controlling the simultaneous triggering of activatory and/or inhibitory receptors
results in a balanced immune response. FcyRs play a crucial role in linking the antibody-mediated recognition
of pathogens, allergens or auto-antigens to the cellular arm of the immune response. In this review, we detail
how dysfunction in FcyR pathways is linked to the development of the autoimmune disease, systemic lupus

erythematosus.
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FRAGMENT CRYSTALLIZABLE RECEPTORS
IN HUMANS

Fragment crystallizable receptors (FcRs) are receptors
on immune cells that bind to the Fc region of immu-
noglobulins. FcyRs bind to the most common type of
immunoglobulin (IgG) and are expressed on the sur-
face of many different immune cell types including
monocytes, macrophages, dendritic cells (DC), natural
killer cells and neutrophils."™* In broad terms, FcyRs
can be separated into high or low affinity receptors
based on their affinity for IgG or into activatory or
inhibitory receptors based on their signaling activity
and associated functions.” In humans, three major
classes of IgG-receptor have been described; FcyRI
(CD64), FcyRII (CD 32), and FcyRIIl (CD16). These
classes can be further sub-divided into discrete iso-
forms such as FcyRIIA, FcyRIIB, FcyRIIC, FcyRIIIA and
FcyRIIIB that exhibit significant differences in their
affinity for individual IgG sub-classes and tissue distri-
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bution. FcyRl, is a 72 kD type-I membrane glycopro-
tein that is a high affinity receptor capable of binding
to monomeric IgG and is constitutively expressed on
monocyte and macrophage lineage cells. FcyRI is a
member of the multi-chain immune recognition recep-
tor family, comprising hetero-oligomeric complexes of
a ligand-binding a chain, and a common 7y-chain that
is found in association with several other immune
receptors. FcyRI triggers its principle intracellular
signal transduction cascades through the common
y-chain that encodes an immune-receptor tyrosine-
based activation motif (ITAM). FcyRIIIA is a low-affin-
ity receptor expressed on natural killer (NK) cells and
macrophages that also utilizes the common y-chain to
trigger signal transduction.®™®

The most broadly distributed activatory receptor in
humans is FcyRIIA which is expressed on monocytes,
macrophages, neutrophils and platelets.” This is a low-
affinity receptor that preferentially binds to complexes
of 1gG, and along with FcyRIIC (found in NK cells)
expresses an inherent ITAM in its cytoplasmic tail, thus
FcyRIIA does not need to oligomerise with a y-chain
in order to signal.'*'!

FcyRIIIB is a GPI-linked receptor expressed princi-
pally on neutrophils and some eosinophils with no
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identified transmembrane domain.® Since FcyRIIIB
does not contain a cytoplasmic tail, it is thought to
signal through association with other surface proteins
such as FcyRIla and the type 3 complement receptor
(CR3).'>1

ACTIVATORY FCyR SIGNALLING AND
FUNCTION

Fcy receptor signaling is triggered upon aggregation or
cross-linking of the surface receptors.'? Under physio-
logical conditions, this occurs when multiple surface
Fcy receptors are engaged by multivalent antigens or
IgG containing immune complexes (ICs). For low-affin-
ity receptors such as FcyRII and FcyRII, multiple I1gG
molecules linked to ICs can bind simultaneously to
multiple Fcy receptors. In contrast, the high-affinity
receptor FcyRI, is normally occupied by monomeric IgG
present at high concentrations in serum, and is thus
activated when multiple FcyRI bound-IgG molecules
bind the same multivalent antigen simultaneously.’

Upon receptor aggregation, downstream signaling is
initiated by either the ITAM motifs on the activatory
receptors, or the immune-tyrosine inhibitory motifs
(ITIMs) on the inhibitory receptors. For the activatory
receptors, regardless of whether the ITAM motifs are
intrinsic to the receptors or whether they are present
on the cytoplasmic tails of the associated y-chain, the
process of receptor aggregation causes the ITAMs to
recruit Src-family kinases, which phosphorylate the
ITAMs.® The Src-family member that is recruited each
time is unclear, as multiple Src-family kinases appear
to be capable of phosphorylating the ITAMs. This may
be dependent on the cell type involved, the exact Fcy
receptor that is activated, and the form of target anti-
gen that is providing the stimulus.>™'® However, the
current consensus is that in vivo, Lyn is the Src-family
kinase most likely to be involved in the early phos-
phorylation of tyrosine residues on ITAM motifs.'?>°

Upon phosphorylation of ITAMs on activatory Fcy
receptors, Syk-family kinases are recruited, such as Syk
itself.>'"?? Syk in turn phosphorylates and activates
downstream signaling mediators such as phospho-
inositide-3-kinase (PI3K), which results in phospho-
lipase-induced calcium signaling (PLD1 or PLCy1) and
the activation of calcium-dependent and calcium-
independent isoforms of protein kinase C (PKC) depen-
dent on the form of Fcy receptor engaged. Syk also
phosphorylates son of sevenless (SOS), the guanine
nucleotide exchange factor (GEF) that activates mitogen
activated protein (MAP) kinase signaling.>**
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INHIBITORY FCyR SIGNALING AND
FUNCTION

In humans and mice, the principal inhibitory Fc recep-
tor is FcyRIIB. FcyRIIB is expressed on monocytes,
macrophages, dendritic cells, neutrophils and B-lym-
phocytes. As part of a regulated immune response to
complexes formed between pathogens and IgG we
need simultaneous triggering of both activatory and
inhibitory receptors. When FcyRIIB is co-ligated with
the B cell receptor (BCR), it inhibits B cell prolifera-
tion and activation.”® FcyRIIB may also regulate the
activity of dendritic cells (DC)?> where expression and
aggregation controls immune complex-induced matu-
ration.! FcyRIIB activity has been linked to an imbal-
ance between tolerance and autoimmunity with
dysfunction in this receptor associated with chronic
inflammatory demyelinating polyneuropathy (CIDP)*°
and joint damage in rheumatoid arthritis.”” The best
correlation between impaired FcyRIIB function and
autoimmune pathogenesis is seen in systemic lupus
erythematosus (SLE).

FcyRIIB transmits its signal through an immunore-
ceptor tyrosine-based inhibitory motif (ITIM).**?°
Aggregation of the inhibitory receptor FcyRIIb with
another ITAM-bearing receptor such as the BCR causes
phosphorylation of its intrinsic ITIM motifs by Lyn.?’
This results in the recruitment of the inositol phospha-
tase SHIP to the ITIM motifs on FcyRIIb, where it
proceeds to convert the signaling mediator phospho-
tidylinositol 3,4,5 triphosphate (PIPs) into PI(3,4)P,.%°
Since the recruitment of Bruton’s tyrosine kinase (Btk)
and PLCy are dependent on PIP3, the decrease in
PIP3 due to SRC-homology-2-domain containing ino-
sitol-5-phosphatase (SHIP) activity will prevent Btk
and PLCy activation, as well as inhibit calcium signal-
ing. In this way, FcyRIIb acts to inhibit the activity
of ITAM-bearing receptors such as the BCR and other
activatory Fc receptors.

THE ROLE OF FCy RECEPTORS IN
IMMUNE DYSFUNCTION AND SLE

In human patients as well as in experimental animal
models, FcyRs have been implicated in immune dys-
function and the development of autoimmunity.
FcyRIIB expression on B cells has been shown to regu-
late the accumulation of autoreactive plasma cells®’
and malfunctioning FcyRs result in impaired phago-
cytosis of apoptotic cells by monocyte-derived macro-
phages.®” FcyRIIl mediates neutrophil recruitment
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by immune complexes®® and transgenic expression of
FcyRIIIB and FcyRIIA in Fcy-chain-deficient mice
restores susceptibility to progressive glomerulonephri-
tis and the cutaneous reverse passive Arthus (RPA)
reaction.*® In mice, FcyR-bearing myeloid cells are
responsible for triggering murine lupus nephritis®”
and in SLE patients, FcyRIIA is involved in the activa-
tion of interferon (IFN)-o production from plasma-
cytoid dendritic cells (pDC).*° Mutations in FcyRs
have been shown to alter the function of monocytic
cells and B-lymphocytes. For example, FcyRIIA has
two codominant alleles that differ by a single amino
acid, termed R131 and H131%7 and allele R131 exhib-
its decreased binding affinities for human I1gG2.%3"3%
Also the change of valine (V) to phenylalanine (F) at
amino acid position 176 in FcyRIIIA results in a recep-
tor that binds IgG1, IgG3, and IgG4 with less avidly®’
than V/V homozygotes. Studies in human cohorts
have shown that SLE is significantly associated with
both alleles, R131 and F176, that encode lower affin-
ity isoforms of FcyRIIA and FcyRIIIA respectively.*®

Several additional genetic association studies link
FcyR polymorphisms with susceptibility to SLE. SLE is
a severe, chronic autoimmune disease that is character-
ized by overproduction of autoantibodies to nuclear
constituents with associated tissue deposition and
inflammation.*"*? In clinical practice, the American
College of Rheumatology has proposed 11 Revised
Diagnostic Criteria for the classification of SLE with
four or more of the 11 criteria usually required over
time for confirmation of the diagnosis.43 In SLE,
women have higher rates of disease than men (a ratio
of 4 : 1 worldwide) and disease frequency and clinical
manifestations vary greatly between racial groups with
Asian populations exhibiting a higher frequency of
severe disease versus European populations.** SLE
etiology is still unknown and multiple gene candi-
dates, located on several chromosomes, have been
investigated.

In a meta-analysis carried out by Lehrnbecher and
colleagues, the development of SLE was significantly
associated with the alleles encoding the low affinity
isoforms of both FcyRIIA (FcyRIIA-R/R131) and
FcyRIIIA (FcyRIIIA-F/F158).*° More recently, a similar
meta-analysis study carried out by Karassa and col-
leagues found that an FcyRIIA-R/H131 polymorphism
represents a significant risk factor for the development
of SLE but had no clear effect on susceptibility for
lupus nephritis in a large patient cohort.*> This study
also intimated that there is no significant heterogene-
ity between racial subgroups and susceptibility to
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SLE.*> A genome-wide association scan of 317 501
single nucleotide polymorphisms (SNPs), included
720 women of European ancestry with SLE and 2337
controls carried out by Harley and colleagues found
evidence for an association between an R131 FcyRIIA
single nucleotide polymorphism and SLE with a
P-value of P < 1 x 107°.*° When we combine the data
from all of these studies, we can conclude that the
FcyRIIA-R131 allele is a risk factor for SLE found in
all human populations. Additional confirmation that
FcyRIIB and FcyRIIIB play an important role in SLE
comes from a study on a Chinese patient cohort that
showed that 50Ter-225Thr (34.1%, in FcyRIIB gene)
and 72Arg-118Asn (40%, in the FcyRIIIA gene) haplo-
type were more frequently transmitted in SLE than
other haplotypes.*’

Polymorphisms in human and mouse FcyRIIB genes
have been implicated in immune dysfunction and
increased susceptibility to SLE. A single amino acid
substitution at amino acid position 232 within the
transmembrane domain of the FcyRIIB receptor*®
results in impaired receptor function.*® FcyRIIB,s, is
unable to inhibit other activatory receptors because it
is excluded from sphingolipid rafts.*” The defect in
activatory receptor regulation and signaling enhances
the inflammatory response and phagocytic activity of
human macrophages. Experiments in transgenic mice,
overexpressing FcyRIIB on B cells, show a reduced IgG
component of T-dependent antibody responses plus
early disease resolution in collagen induced arthritis
(CIA). Moreover, these mice exhibited reduced sponta-
neous SLE. In the same mouse strains, FcyRIIB overex-
pression on macrophages (rather than B cells) had no
effect on CIA and SLE but increased mortality after
S. pneumonie infection.’® These results demonstrate
contrasting roles for FcyRIIB in two different immune
cell types, B cells and macrophages, with important
implications for the development of SLE.

REGULATION OF EXPRESSION OF
FCyRS AND SLE

Cytokine-mediated regulation of activatory and inhibi-
tory Fcy receptors is important in controlling the
immune functions of monocytes and B cells. Results
obtained in human monocyte cell lines show that
tumor necrosis factor o (TNFa), interleukin 10 (IL-10)
and IL-13 reduce the transcriptional activity of the
FcyRIIB promoter, and thus would be beneficial under
inflammatory conditions, but may also in the long-
term increase susceptibility to autoimmunity.’! In
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addition, TNFo in combination with IL-4 and IL-13,
decreased the expression of activatory FcyRs suggesting
an anti-inflammatory effect.”’ Negative regulation of
B cell immune responses depends on the activity of
four inhibitory receptors: CD22, FcyRIIB, CD72 and
the paired immunoglobulin-like receptor (PIR)-B.
Experiments in mice suggest that IL-4 enhances B cell
immune responses by reducing expression of all four
inhibitory receptors at the protein and mRNA level.””
Findings from previous studies suggest that the same
cytokine within a different milieu can have opposing
functions, while FcyRIIB activity is always associated
with immune inhibition.

In Caucasian cohorts, a polymorphism in the regu-
latory region of the FcyRIIB promoter, known as the
2B.4 haplotype, is a risk factor for SLE and further
implicates this receptor in disease pathogenesis.””
When the relative expression levels of FcyRIIB are
compared between patients and controls, healthy con-
trols exhibit an up-regulation on memory B cell sub-
sets as opposed to naive B cells. In contrast active SLE
patients show FcyRIIB down-regulation on both mem-
ory and plasma B-lymphocytes.>® However, FcyRIIB
expression on myeloid lineage cells in SLE and healthy
controls is similar.>* An important role for FcyRIIB is
in controlling apoptosis of plasma cells. Survival of
migratory plasma cells in bone marrow is independent
of antigen® and highly dependent on factors®® that
form ‘survival niches’. These survival niches in bone
marrow have a limited capacity for plasma cells®® and
other redundant B cells are thus eliminated by apopto-
sis. Experiments in mice demonstrate that FcyRIIB
controls persistence of bone marrow plasma cells with
cross-linking of FcyRIIB inducing cell-autonomous
apoptosis.”>” Persistence of bone marrow plasma cells
and increased Ig production occurs in FcyRIIB~/~ mice
after immunization®® and these mice strains are prone
to SLE.>®> We can extend these observations on plasma
cells in mice to FcyRIIB dysfunction in humans that
leads to accumulation of plasma cells and to the
development of autoimmune disease.’”

CONCLUSIONS

Taken together, these data support the idea that both
activatory (FcyRIIA and FcyRIIA) and inhibitory FcyRs
(FcyRIIB) can play important roles in the immune reg-
ulation and dysfunction associated with the develop-
ment of SLE in human populations. In particular,
FcyRIIB appears critical for maintaining the balance of
an efficient inflammatory response and/or unwanted
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autoimmunity. This is supported by multiple clinical
studies that have shown that FcyRIIB is a reliable
biomarker for SLE susceptibility in different ethnic
groups. With regards to the pathological mechanisms
that underlie SLE, FcyRIIB and its signaling pathway
represent an important checkpoint in peripheral and
central tolerance and in controlling the development
of autoreactive antibodies.®® This suggests that a better
understanding of FcyRIIB function will aid the devel-
opment of early-diagnostic methods and enable refine-
ments in existing therapeutic protocols for SLE and
other autoimmune diseases.
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