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Abstract

Discovery of a large family of Fc receptor-like (FCRL) molecules,
homologous to the well-known receptors for the Fc portion of
immunoglobulin (FCR), has uncovered an impressive abundance
of immunoglobulin superfamily (IgSF) genes in the human 1q21-
23 chromosomal region and revealed significant diversity for these
genes between humans and mice. The observation that FCRL rep-
resentatives are members of an ancient multigene family that share
a common ancestor with the classical FCR is underscored by their
linked genomic locations, gene structure, shared extracellular do-
main composition, and utilization of common cytoplasmic tyrosine-
based signaling elements. In contrast to the conventional FCR,
however, FCRL molecules possess diverse extracellular frameworks,
autonomous or dual signaling properties, and preferential B lineage
expression. Most importantly, there is no strong evidence thus far to
support a role for them as Ig-binding receptors. These characteris-
tics, in addition to their identification in malignancies and autoim-
mune disorders, predict a fundamental role for these receptors as
immunomodulatory agents in normal and subverted B lineage cells.
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FCRL: Fc
receptor-like

Immunoreceptor
tyrosine-based
activation motif
ATAM): a
cytoplasmic element
conforming to the
consensus sequence
(E/D)-X-X-Y-X-X-
(L/T)-X6-8-Y-X-X-
(L/T) (where X
denotes any amino
acid) that is
phosphorylated at
tyrosine residues
following receptor
engagement and that
recruits Syk tyrosine
kinases

Immunoreceptor
tyrosine-based
inhibition motif
ATIM): a
cytoplasmic
sequence defined as
I7V/L/S)-X-Y-X-X-
(L/V/) that is
tyrosine
phosphorylated upon
extracellular ligation
and that provides a
docking site for Src
homology 2 (SH2)
domain—containing
phosphatases

Fc receptors
(FCR): members of
the immunoglobulin
superfamily broadly
expressed by
leukocytes with the
capacity to bind to
the Fc portion of
antibodies
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INTRODUCTION

B cells and T cells regulate biological re-
sponses through the differential expression
of both adaptive- and innate-type receptors.
With the advent of modern genomics, an in-
creasing number of genes encoding potential
cell surface receptors are being discovered in
a variety of organisms. These discoveries are
enlarging the pool of recognized molecules,
exposing their evolutionary relationships, and
increasing our understanding of immune sys-
tem complexity. The identification of a large
family of Fc receptor-like (FCRL) molecules
has considerably broadened the network
of lymphocyte coreceptors and uncovered
an unexpected layer of biological intricacy.
FCRLI1-6 encode type I transmembrane gly-
coproteins with variable numbers of related
extracellular Ig domains and cytoplasmic tails
containing immunoreceptor tyrosine-based
activation (ITAM) (1, 2) and/or inhibition
motifs ITIM) (3, 4). Two related genes,
termed FCRLA and FCRLB, have also been
defined, and these appear to encode intracel-
lular proteins. The preferential expression of
FCRL molecules by B cells and their poten-
tial to deliver activating and/or inhibitory sig-
nals suggest that these receptors play a role in
regulating cellular differentiation and modu-
lating the initiation and termination of B cell
responses. Although they share a common an-
cestor with the classical Ig-binding Fc recep-
tors (FCR), there has thus far been no un-
equivocal evidence that any of the FCRL fam-
ily members bind Ig. Rather, these proteins
currently remain orphan receptors that mark
distinct subpopulations of lymphocytes. Anal-
yses of their distribution in humans and mice
are beginning to reveal intriguing patterns for
them on lymphocyte subsets, some of which
have not previously been appreciated. Their
multiple isoforms, genetic polymorphisms,
and signaling features imply that the function
of individual FCRL family members may be
complex and that alteration of their normal
biological roles could have pathological con-
sequences. Although their functions currently
remain enigmatic, their discovery and initial
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characterization point to fascinating phylo-
genetic origins, distinct expression patterns,
and multifaceted signaling potential—all fea-
tures that herald their fundamental impor-
tance in immunity. This review focuses on
these aspects as well as on their rising biolog-
ical significance in immunologically related
disorders.

IDENTIFICATION OF THE Fc
RECEPTOR-LIKE MOLECULES

Although the first FCRL representative was
described in 1989 as a novel activation re-
ceptor expressed by IL-2-stimulated rat NK
cells (gp42/FCRL6) (5, 6), more than 10 years
passed before its human and mouse relatives
were molecularly defined and the substan-
tial size of this receptor family was appre-
ciated. At least five groups have contributed
to the FCRL discovery using different ap-
proaches, each of which has provided an infor-
mative perspective of their biological features.
In an effort to identify extended members of
the FCR family, our laboratory found these
genes through database searches using a 32
amino acid consensus sequence derived from
the extracellular Fc-binding portions of the
three human FCRs for IgG (FCGR1/CD64,
FCGR2/CD32, and FCGR3/CD16) (7, 8).
After analysis of four overlapping BAC clones
identified in iterative BLAST searches, five
novel immunoglobulin superfamily (IgSF)
genes were located in the midst of the clas-
sical FCR locus on chromosome 1q21-23.
Owing to their evident FCR homology, we
provisionally termed them Fc receptor ho-
mologs (FcRHI-5). They were also desig-
nated IgSF receptor translocation-associated
genes (IRTA1-5) through characterization of a
(1;14)(q21;q32) balanced translocation break-
point in a multiple myeloma cell line (9,
10). This illegitimate rearrangement with
the Ig heavy chain locus positions the in-
tron that is between Cy 3 and the transmem-
brane exon of Cu; on 14q32 directly side
by side with the second intron of IRTA1/
FCRL4. Using a phylogenetic approach,
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another group found FCRL genes through
comparative database searches using the
third Ig domain derived from FCGRI as
a query sequence (11). This initially re-
sulted in the identification of gp42 and ul-
timately yielded additional genes in humans
and mice named IgSF, FcR, gp42 (IFGP). Still
a fourth team explored expressed sequence
tag (EST) databases for transcripts encoding
ITIM consensus sequences and defined the
SH2 domain—containing phosphatase anchor
protein (SPAP1/FCRL2) (12). Finally, by char-
acterizing transcripts upregulated following
B cell receptor (BCR) ligation in a Burkitt’s
lymphoma—derived cell line, the B cell cross-
linked by anti-IgM activating sequence gene 1
(BXMAS1/FCRLS) was identified (13). Three
additional family members were also discov-
ered, FCRL6 (14, 15), FCRLA (16-18), and
FCRLB (19-21), the latter two being genes
that encode atypical proteins. These discov-
eries indicate that there is a striking wealth of
genes homologous to the FCR thatare primar-
ily expressed by B cells. Collectively, they are
related by their genomic organization, chro-
mosomal linkage, ancestral relationship with
the FCR, tyrosine-based signaling potential,
and preferential expression by B cells.

Given the confusion surrounding the mul-
tiple designations for similar molecules, a con-
sortium recently organized by the Interna-
tional Committee on Standardized Genetic
Nomenclature for Mice, the Mouse Genomic
Nomenclature Committee, and the Human
Genome Organization Gene Nomenclature
Committee has established uniform nomen-
clature to describe these genes (22). The
term Fc receptor-like (FCRL) was chosen
to indicate their phylogenetic relationships
with the conventional Fc receptors and sig-
nify their distinct characteristics as a separate
subfamily.

GENOMIC LOCATION AND
ORGANIZATION OF FCRL
FAMILY MEMBERS

A total of eight human genes have now been
identified, along with six orthologs in mice.

In humans, FCRL family members are lo-
cated at three distinct loci over a ~4 Mb
region of chromosome 1q21-23 (Figure 1).
FCRLI-5 are clustered in a ~300 kb region
between 156.03-155.74 Mb, ~7 Mb telom-
eric of FCGRIA at 148.02 Mb. They are all
oriented toward the centromere and flanked
by CDSL, a scavenger receptor cysteine-
rich (SRCR) type-B encoding gene and by
the Ets variant gene 3 (Etv3). The FCRLI-
5 locus also includes a pseudogene located
between FCRL3 and FCRL4 that contains ex-
ons for three potential Ig domains, the sec-
ond of which is degenerate given its lack of
a carboxy-terminal cysteine involved in in-
trachain disulfide bond formation. FCRLI-
5 have a similar exon and intron organiza-
tion with comparable phase splicing patterns,
tandem organization of Ig domain-encoding
exons, a single exon encoding the transmem-
brane region, and five cytoplasmic exons gen-
erating I'TAM or ITIM sequences (reviewed
in 23, 24). These conserved elements result in
the transcription of multiple splice isoforms
for almost all family members and the trans-
lation of type I transmembrane glycoproteins
described in detail below and in the Supple-
mental Table (follow the Supplemental Ma-
terial link from the Annual Reviews home
page at http://www.annualreviews.org).
One particular aspect that distinguishes
the FCRL/FCR family genetically is a short
21 bp miniexon (S2) that encodes the sec-
ond half of a hydrophobic split signal peptide
(8, 25-29). This is a hallmark feature of all
FCR and FCRL family members recognized to
date, with the exception of FCRLA. This char-
acteristic also differentiates the FCRL/FCR
multigene family from the large number of
leukocyte receptor complex (LRC) genes that
encode the Fe receptor for IgA (FCAR), killer
Ig-like receptors (KIR), and leukocyte Ig-
like receptors (LILR) on human chromosome
19q13 (30-32) and the LILR orthologs in mice
known as the paired Ig-like receptors (PIR)
(33). In contrast to FCR/FCRL genes, these
LRC genes have a 36 bp exon that encodes the
second half of the split signal peptide (34-38).
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Immunoglobulin
superfamily (IgSF):
one of the largest
groups of proteins in
vertebrates, typically
extracellular
receptors;
representatives are
distinguished by
their possession of a
commonly repeated
protein motif of
~100 amino acids,
also known as an Ig
domain

Expressed
sequence tag
(EST): ashort
complementary
DNA sequence
derived from
messenger RNAs
that are transcribed
by tissues

Orthologs: genes in
different species that
have evolved from a
common ancestral
gene
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Figure 1

Mouse chromosome 1

Relative genomic positions of FCRL/FCR multigene families and pertinent orthologs in humans and
mice (not to scale). The human chromosome 1q21-23 region and syntenic loci are demonstrated on

respective portions of mouse chromosomes 1 and 3.

Representatives are color-coded according to family

membership. Gene orientations and megabase (Mb) pair locations on human chromosome 1 are also
provided. Note that mouse counterparts are in the opposite transcriptional positions compared with their

human orthologs.

The most recently identified FCRL gene,
FCRL6, is not contiguous with FCRLI-S,
but rather is positioned at a second locus
~2 Mb telomeric at 158.03 Mb (24). This
representative is located within 50 kb of
the ligand-binding chain of the high-affinity
FceR (FCERIA) gene between dual speci-
ficity phosphatase 23 (DUSP23) centromer-
ically and the SLAMFS gene at its telom-
eric end. FCRL6 has exon-intron organization
similar to FCRLI-5 and also encodes a type
I transmembrane glycoprotein with tyrosine-
based motifs. An FCRL6-like pseudogene is
situated just downstream and contains a po-
tential Ig domain—-encoding exon with homol-
ogy to D5-type subunits (see below) that is
degenerate.

FCRLA and FCRLB are located in a third
locus proximal to the genes encoding the
low-affinity IgG receptors with which they
are closely related (16). In humans, FCRLA
and FCRLB are tandemly positioned in the
same orientation around the 160 Mb region

Davis

of chromosome 1 within ~9 kb of each other
and flanked by FCGR2B and DUSPI2 genes.

There has been remarkable divergence be-
tween mice and humans in the organization
of the extended FCRL locus. The FCRL/FCR
multigene family that is distributed at 1q21-
23 in humans is divided between ortholo-
gous locations of mouse chromosomes 1 and 3
where genes have reverse transcriptional ori-
entations (29) (see Figure 1, bottomn). The di-
vision of this region is located proximal to the
Cdl1d genes and places Fegrl and Ferll-5 or-
thologs in a syntenic region of chromosome
3 and the other Ferl/Fer family members at
analogous positions on mouse chromosome
1. Discovery of the mouse Fer/ counterparts
has exposed significant interspecies diversity
since the radiation of rodents and their higher
vertebrate mammalian relatives. In contrast
to the five human genes, only two orthologs,
Fcril and FerlS, exist in mice and rats (11, 29).
Additionally, a third unusual mouse gene that
does not exist in the human genome has been
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designated Ferds. According to the most recent
genome data, Ferll and FerlS are located on
chromosome 3 approximately ~8.5 Mb cen-
tromeric of the Fcgrl gene and are flanked
by mouse Cd5/ and Erv3 orthologs. The ge-
nomic organization of Fer/l and Ferl5 is sim-
ilar to human FCRLI-5, including the char-
acteristic 21 bp second exon. Although both
genes encode type I transmembrane glyco-
proteins, they differ from their human coun-
terparts in several respects that are discussed
in the next section. The atypical Ferls gene
is situated centromeric of Cd5/ in the oppo-
site orientation of Fer/I and Ferl5 and encodes
an Ig domain-SRCR fusion protein. Given its
genetic structure and the sequence identity
of its encoded product, Feris likely resulted
from an ancientindiscriminate recombination
event involving an Fer/ family member and
Cds1 (11, 24). Importantly, its possession of
the typical S2 exon is a clear indication of Ferls’
membership in this gene family. However, its
lack of a transmembrane-encoding segment
and inclusion of an exon encoding a type
B-SRCR domain, with relatively high iden-
tity to the N-terminal domain of the encoded
CD5L receptor, is unique. This gene is also
present in the canine genome (A.V. Taranin,
personal communication). The other mouse
Ferl tamily members are located at respective
positions on chromosome 1. Mouse Fcrl6 is
situated in an orthologous region and has sim-
ilar genetic organization to its human equiva-
lent. However, like FCRL1-5, it also possesses
interspecies differences. Ferla and Ferlb are lo-
cated in syntenic regions on mouse chromo-
some 1, with high organizational conservation
relative to their human counterparts.

FCRL1-5 ENCODE MOLECULES
RELATED TO THE FCR

Our laboratory’s approach to identifying the
FCRL genes was to use a consensus se-
quence derived from the extracellular regions
of FCGR1-3. This disclosed a priori that
FCRL family members are closely related to
the conventional Fc receptors (8, 23). As these

newfound receptor genes become better char-
acterized, multiple themes are emerging that
link them with the FCR and reveal that to-
gether they are members of an extended an-
cient gene family. Common features include
their linked genomic positions, genetic orga-
nization, IgSF membership, related extracel-
lular Ig domain composition, and functional
utilization of ITAM and/or I'TIM sequences.
Although many of these elements are gen-
erally shared by both groups of molecules,
there are also distinct differences that mark
the FCRL asa discrete, multigene family. This
section focuses on FCRL1-5, and FCRLSG,
FCRLA, and FCRLB are discussed later in
this review.

Like the classical FCR genes, FCRLI-5 en-
code type I cell surface glycoproteins with
multiple splice isoforms. In humans, FCRL1-
5 have 3-9 C-like Ig domains with variable
numbers of predicted N-linked glycosyla-
tion sites (39) (Figure 2 and Supplemental
Table), but the final protein products may
vary according to individual RNA splicing
patterns. During their early characterization,
phylogenetic comparisons of the extracellu-
lar Ig domains of FCRL1-5 and the FCR
molecules were found to be of five different
subtypes (8, 24). These distinct subunits gen-
erally follow a tandem membrane-distal to
membrane-proximal arrangement thatis con-
served for both FCRL and FCR representa-
tives in humans and mice (29). This pattern
also suggests thatan underlying genetic mech-
anism may exist for maintaining this particular
order of the extracellular framework, as has
been suggested for the FCR (28). Whereas
FCRL molecules employ different combina-
tions of all five domain subtypes, the FCRs
do not possess the D4 (light blue) or D5
(green) structural elements (see Figure 2).
These particular subunits are unique to the
FCRL family but have homology with Ig
domains present in cell adhesion molecules
such as PECAM/CD31 (8, 9, 11). They also
have very high intra- and interprotein amino
acid identity (~50%-80%) as opposed to the
membrane-distal segments that have lower
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New FCRL Family

Classical FCRs

Human

FCRL1-5
D1

Mouse

FCRL6 FCRLA FCRLB FCGR1 FCGR2A/C FCGR2B FCGR3 FCER1 FCAR
(CDe4) (CD32) (CD32) (CD16) (CD89)
ITAM q‘l
ITIM
FCRL1 FCRL5 FCRL6 FCRLS FCRLA FCRLB  FCGR1 FCGR2B FCGR3 FCGR4 FCERT
(cD64)  (CD32) (CD16) (CD16-2)
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Figure 2

A comparison of protein characteristics between human and mouse FCRL and FCR molecules.
Extracellular Ig domains are color-coded according to phylogenetic relationships as determined
previously in comprehensive family Ig domain amino acid sequence alignments (8, 24). Note that the
FCAR domains cluster independently in this analysis and thus are color-coded differently. Cytoplasmic
ITIM or ITAM are represented by red or green boxes, respectively. The FCRLS type B-SRCR domain is
shown as a gray rectangle. FCRLA possesses a partial Ig domain. Both FCRLA and FCRLB contain
C-terminal mucin-like regions (blue triangles) and are expressed intracellularly. Activating FCR family
members are shown in complex with the FCERG1 adaptor subunit, and FCER1A also associates with

FCERI1B/MS4A2.

sequence relatedness (~25%-35%). The D1
(red) and D2 (dark blue) domains that con-
fer Ig-binding competence for FCGR1-3 and
the high-affinity IgE Fc receptor (FCER1A)
are also identified in many of the human and
mouse FCRLs (24). Crystallographic analy-
ses and mutagenesis studies of these subunits

Davis

in the classical FCRs indicates that the linker
region between D1 and D2 domains as well
as the D2 domain enable Fc binding (40-
46). Furthermore, the D3 (yellow) domain
also endows the high-affinity FCGR1/CD64
with the ability to bind monomeric Ig (47).
Although the presence of these domains in



Annu. Rev. Immunol. 2007.25:525-560. Downloaded from arjournals.annualreviews.org
by University of Alabama- Birmingham on 01/14/09. For personal use only

some FCRL family members mightimply that
they bind Ig, no unambiguous biochemical
evidence for this has yet been presented in
humans or mice. However, suggestive results
of IgG binding by FCRL5 have been ob-
served but not definitively determined (9, 48).
This phylogenetic comparison also demon-
strates the insignificant identity between the
two FCAR/CD89 Ig subunits and FCRL or
FCR domains, indicating that this chromo-
some 19q13-derived LRC receptor is a more
distantrelative. Although a rat FCAR gene has
been characterized, no FCAR representative
has been identified in mice to date (33, 49).

Mouse FCRL1 and FCRLS5 counterparts
diverge slightly from their human orthologs
in their extracellular domain makeup. In mice,
FCRLI lacks a D3-type subunit, and FCRLS5
possesses all five domain subtypes but does not
have multiple copies of the D5-type domain
obvious in its human relative. Instead, mouse
FCRLS5 more closely resembles the domain
composition of human FCRL3. The equivo-
cal amino acid identities calculated for the ex-
tracellular portions of these two human recep-
tors compared with mouse FCRL5 (~40%)
suggest that this representative may possess
features common to both of them (29).

The transmembrane segments of all FCRL
molecules in humans and mice are hydropho-
bic and uncharged, with the exception of
human FCRL1, which contains an acidic glu-
tamic acid. This distinct characteristic sug-
gests that FCRL1 may engage with another
transmembrane adaptor protein containing
a complementary-charged amino acid via
a salt bridge. This relationship is typical
of activating FCGR1/CD64, FCERI1, and
FCGR3/CD16 molecules. These receptors
have short cytoplasmic tails without sig-
naling elements and require coassociation
with ITAM-bearing subunits, such as the
FCERIG or CD3¢/CD247, for surface ex-
pression and signaling function (50). Inter-
estingly, the genes for these two adaptor
molecules are also located in the extended
FCR locus (see Figure 1), and their en-
coded products may promiscuously pair with

other charged residue-containing transmem-
brane proteins, including the FCAR, KIR, and
LILR receptors (reviewed in 51). An addi-
tional point of interest is that extracellular
ligand-binding chains usually have short cyto-
plasmic segments, whereas ITAM-equipped
adaptor components typically have short ex-
tracellular portions. Thus, FCRL1’ three ex-
tracellular Ig domains, charged transmem-
brane amino acid, and long cytoplasmic tail
with two potential ITAMs are unusual in this
respect. Mouse FCRLI, by contrast, does not
have a charged transmembrane amino acid.
This finding suggests that its function may
be more limited compared with its human
counterpart that could have evolved an addi-
tional biological role. Compared with the ac-
tivating FCR/adaptor complexes, most FCRL
molecules are similar to FCGR2A-C/CD32,
which have hydrophobic, uncharged trans-
membrane regions and cytoplasmic tails with
the capacity to signal autonomously (52, 53).

Immune receptors having activation or
inhibitory potential are capable of coordi-
nating responses and facilitating the balance
necessary to initiate or terminate effector out-
comes by providing minimal peripheral dam-
age to the host. However, exaggerated ex-
pression or unbalanced regulation of these
types of molecules can have destructive bio-
logical consequences resulting in autoimmu-
nity, infection, malignancy, or developmental
abnormalities (7, 54-60). FCRL1-5 all pos-
sess one or more tyrosine-based motifs in their
cytoplasmic tails, indicating their potential
for transmitting intracellular signals follow-
ing extracellular ligation. These sequences in-
clude consensus ITIM, defined as (I/V/L/S)-
X-Y-X-X-(L/V/T) (3,4, 61, 62), where X is any
amino acid, and/or I'TAM-related sequences
with a variation of the consensus (E/D)-X-X-
Y-X-X~(L/D)-X6-5-Y-X-X-(L/T) (1, 2, 63, 64).
A third type of sequence that requires mention
is the tyrosine-based switch motif (ITSM)
with the consensus T-X-Y-X-X-(V/1) (65, 66).
Canonical I'TSM consensus sequences are not
found among FCRL cytoplasmic tails; how-
ever, potential ITSMs are present in human
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Consensus
huFCRL1
huFCRL2
huFCRL3
huFCRL4
huFCRL5
huFCRL6
moFCRL1
moFCRLS5
moFCRL6

Consensus
huFCRL1
huFCRL2
huFCRL3
huFCRL4
huFCRL5
huFCRL6
moFCRL1
moFCRL5

————— SRKAG-RKPTGDPARSP- - ----SSS------PQEPTYSNVPASM--ELQPVYVNVN-PVSGNVVYSEVRSTQQ- -
331)----- KRKIG-RRSARDPLRSL------ PSP----- LPQEFTYLNSPTPG--QLQPIYENVN-VVSGDEVYSLAYYNQPEQ
(423)----- HKISGESSATNEPRGAS------ RPN------ PQEFTYSSPTPDME-ELQPVYVNVG-SVDVDVVYSQVWSMQQ- -
(409)HYARARRKPGGLSATGTSSHSPSECQEPSSSRPSRIDPQEPTHSKPLAPM--ELEPMYSNVN-PGDSNPIYSOIWSIQHT-
(874) -HCWRRRKSG-VGFLGDETRLP----- PAPG------ PGESSHSICPAQV--ELQ H-PKKGDLVYSEIQTTQLG-
G331)----- SRKAG-RKPASDPARSP------ SDS----- DSQEPTYHNVPAWE--ELQPVYTNAN-PRGENVVYSEVRIIQEK-
(244) - --RSWRKAG-PLPSQIPPTAP------- GG------ EQCPLYANVHHQKGKDEGVVYSVVHRTSKRSEARSAEFTVGR- -
(518)----- KRKIG-RQSE-DPVRSP------ PQT----- VLQG PDSR--QPEPLYENVN-VVSGNEVYSLVYHTPQVL
(595)----- SRKAG-GKPTSDDSRNP- - -- - - SDS----- EPQEPTYYNVPACI--ELQPVYSNE--PE-ENVIYTEVRRTQPR-
(238)-------—--—- KPCKKHAR------—--———-————— PEMPTLKE-PDSF------ LYVSVD----- NRRYK (268)

EESAANT-RTH-LED--KVSSVIYSEVKKANID-SD-E
ESVAAETLGTH-MED--KVSLDIYSRLRKANITDVDYEDAM (429)
PESSAN-IRTL-LEN--KDSQVIYSSVKKS (508)

KENSANCPMMH-QEH--EELTVLYSELKKTHPDDSAGEASSRGRAHEEDDEENYENILNPRKNKVQDFPCLCNT (742)

EEEEANTSRTL-LED--KDVSVVYSEVKTQHPDNSAGKISSK------- DEES (515)

KKHAVASDPRH-LRN--KGSPIIYSEVKVASTPVSGSLFLAS------- SAPHR 77

KDSSITICAEVRCLQPSEVSSTEVNMRSRTLQEPLSDCEEVLC (434

EPAAAQHVRTHGVSESFQVSSGLYSKPR-INIAHMDYEDAM (343)

QKHADQ-ESES-PR---------- SRCQMAEKK (596)
Figure 3
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Multiple sequence alignment of human and mouse FCRL cytoplasmic tails highlights the family’s
activating and inhibitory potential. Alignment was performed using CLUSTALW software (172). A
consensus sequence resulting from the analysis is positioned on top of the alignment. I'TAM sequences are
colored green, ITIM red, ITSM yellow, and other tyrosines that do not fit a consensus are labeled blue.

FCRL4and mouse FCRL1. Notably, they dif-
fer by their possession of another polar amino
acid (serine) at the -2 position and alterna-
tively could operate as potential I'TIMs. These
conserved signaling components place FCRL
family members in a larger category of pro-
teins united by their possession of tyrosine-
based motifs and typically paired expression
patterns (61, 62, 67, 68). Although the ITIM
sequences prominent in the FCRL cytoplas-
mic segments typically conform to the estab-
lished consensus, the ITAM sequences are less
orthodox. Furthermore, some FCRLSs possess
both types of motifs, suggesting that they may
have greater signaling complexity.
Alignment of the cytoplasmic regions de-
rived from all FCRL transmembrane recep-
tors in humans and mice indicates significant
intrafamily conservation for these segments.
This is clarified by a consensus sequence that
defines conserved amino acids and positions
exposing a subdomain structure consisting of
a highly charged/polar membrane-proximal
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portion, followed by an I'TAM sequence and
two carboxy-terminal I'TTMs (Figure 3). The
ITAM sequence in FCRL cytoplasmic tails
differs from the established consensus by hav-
ing 9 rather than 6-8 amino acids that separate
the two tandem tyrosine segments (51, 64).
Notably, however, FCGR2A, which has a 12
amino acid intervening I'TAM sequence, initi-
ates cellular activation by associating with Syk
tyrosine kinase family members (69). There-
fore, spacing of the tandem tyrosines does not
appear to affect Syk family recruitment. The
two carboxy-terminal I'TIM sequences have a
22 amino acid spacer that s typical of this mo-
tif when found in tandem (70). The presence
of both activating and inhibitory motifs in
these receptor tails, as seen in human FCRL3,
for example, indicates that these molecules
could have dual regulatory potential. This has
indeed been observed for FCRL3 in biochem-
ical experiments examining recruitment to
its respective phosphorylated tyrosines (71).
Several of the FCRL ITAM-like sequences



Annu. Rev. Immunol. 2007.25:525-560. Downloaded from arjournals.annualreviews.org
by University of Alabama- Birmingham on 01/14/09. For personal use only

are noncanonical and differ at the -2 and +3
positions relative to potentially phosphory-
lated tyrosines. Despite these differences, the
backbone spacing for these sequences is very
well conserved. For example, human FCRL1
has two potential I TAMs that do not perfectly
follow the consensus; however, this receptor
has coactivating regulatory function in B cells
(72).

The cytoplasmic tails of mouse FCRL
representatives also possess tyrosine-based
sequences. Like human FCRLI, its mouse
correspondent is predicted to have activat-
ing capability given its canonical cytoplas-
mic I'TAM. Although mouse FCRLS5 has ex-
tracellular composition that is most similar
to human FCRL3, its cytoplasmic region is
more like FCRLS, including an ITAM-like
sequence and an ITIM. Given the ambi-
guity of these predicted signaling motifs in
FCRL molecules and in other proteins (73),
detailed biochemistry and mutagenesis stud-
ies will clearly be required to clarify their
functionality.

PHYLOGENETIC
CONSERVATION OF THE FCRL
MULTIGENE FAMILY

The FCRL/FCR multigene family, LRC fam-
ily members, and other activating/inhibitory
IgSF receptors positioned at paralogous ge-
nomic loci all likely evolved from a common
ancestor that long ago assembled these bio-
logically advantageous extracellular and cy-
toplasmic signaling elements (74-80). The
intrinsic value of these molecules in coor-
dinating immune defense responses is im-
plied by their appearance in species even
prior to the advent of adaptive immune
BCRs and TCRs in jawed vertebrates. In
the hagfish, one of two extant jawless verte-
brates, a family of novel ITAM-containing
IgSF receptors (NICIR) has recently been
identified, members of which are expressed
by blood leukocytes and possess ITAM or
ITIM cytoplasmic sequences (81). Secondly, a
TCR-like molecule with cytoplasmic ITIMs

has been found in the other surviving ag-
nathan, the sea lamprey (82). Despite limited
overall sequence and structural identity be-
tween the hagfish NICIR and lamprey TCR-
like molecules with activating/inhibitory IgSF
representatives in higher vertebrates, their an-
cient existence and conserved features empha-
size the basic importance of this extracellular
and cytoplasmic combination in immunity.

FCRL orthologs have not been identi-
fied in lower vertebrates. Although these
negative findings could indicate that these
genes are nonexistent, the analysis has been
hampered by incomplete genome sequence
data. A family of recently identified modular
domain immune-type receptors (MDIR) in
the clear nose skate (Raja eglanteria) possess
domains similar to the D4- and D5-type sub-
units unique to the FCRL family (83). This
homology is noteworthy as indicated by a
low E value (E=4 x 1077) resulting from a
BLASTP comparison between the sixth do-
main of MDIR4 and the fifth domain of
human FCRLS5. This analysis also implies
a relationship between these domain types
and those pronounced in adhesion molecules
such as CD31/PECAM, as well as lectin
Ig domain—containing receptors Titin and
CD22 (8,9, 11). The other Ig subunits found
in MDIR receptors, however, are not related
to FCRL domains but more closely resemble
those present in TREM (triggering receptors
expressed in myeloid cells) (84) and CMRF
receptors (85). These differences suggest that
MDIR molecules have a mosaic extracellular
facade and are not true FCRL orthologs; how-
ever, they share some interesting extracellular
similarity that might suggest a common evo-
lutionary origin.

Ancient FCRL representatives are clearly
evident in amphibian and avian species. In
frogs, an extraordinarily large number of
FCRL-like genes (designated XFL) has been
described, with characteristics emblematic of
human and mouse FCRL (86). Unpublished
reports indicate that XFL orthologs may num-
ber up to 70 in the Xenopus genome and are
transcribed in lymphoid tissues. These genes
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putatively encode transmembrane as well as
secreted isoforms that possess the five distinct
Ig subunits discernable in humans and mice,
along with conserved cytoplasmic tyrosine-
based motifs. The presence of the D3-type
(yellow) domain in many of these sequences
suggests extensive duplication for this par-
ticular subunit (76; A.V. Taranin, personal
communication). Examples of this type of
multiplicity and expanded multigene family
diversity include the chicken Ig-like receptor
(CHIR) genes (87, 88) and novel immune-
type receptors (NITR) in bony fish (89). Re-
markably, marked contraction seems to be
apparent for these genes in chickens. As of
this writing, only a single related FCRL gene
has been discovered (M.R. Odom, R.S. Davis,
and M.D. Cooper, unpublished results). This
avian ortholog has conserved genetic organi-
zation, including a 21 bp miniexon, and is pre-
dicted to encode a receptor with domain com-
position analogous to human FCRL4, with
which it shares 38% overall amino acid iden-
tity. Transcripts for this gene have also been
amplified from kidney, liver, and bursa. Ad-
ditional avian relatives have not yet been un-
covered, indicating that there is only a single
FCRL ortholog in chickens or that identifica-
tion of other FCRL genes must await comple-
tion of the chicken genome sequence.

Thus, the most current information sup-
ports the genesis of FCRL genes around the
time of amphibian speciation 350 mya, but
questions as to whether FCRL or FCR genes
arose first or concurrently are not yet clear.
The conserved features obvious for FCRL
and FCR family members clearly indicate that
these two subfamilies share a common an-
cestor. In light of the evolution of diverse Ig
heavy chain isotypes and class switch recombi-
nation, it might be logical to propose that the
FCRL family arose earlier and gave rise to the
FCR through gene duplication/deletion and
exon shuffling and exchange. Amphibians are
the first vertebrates to use class switch recom-
bination for antibody generation (90). Xeno-
pus possesses IgM, IgY [which is evolution-
arily related to IgG and IgE (91)], and IgX
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(which is functionally homologous to IgA) iso-
types (90). The duplicative explosion of these
genes overt in Xenopus could have easily re-
sulted in the generation and diversification
of primordial, classical-type FCRs that are
presently recognized to bind IgG and IgE
isotypes. Alternatively, the FCRL family may
plausibly have arisen after the FCR gene fam-
ily emerged and perhaps is a byproduct of this
dynamic region of the genome. There is re-
centevidence of a soluble FCR ortholog in the
channel catfish (Iczalurus punctatus) with IgM-
binding capability and both lymphoid and
neutrophil expression (92, 93). Thus, where in
evolution these gene families arose currently
remains uncertain. Hopefully this will be-
come clearer as additional genome sequences
are completed and finer genetic analyses are
performed.

Both FCRL and FCR gene numbers have
expanded since humans and mice shared a
common ancestor. However, whereas inter-
species domain composition and cytoplasmic
segment differences exist for encoded FCRL
molecules, little variation is evident for mouse
and human FCR counterparts. This could
suggest that there has been a higher rate of
genetic recombination for the FCRL genes as
they evolved, also possibly reflecting diver-
sification of their ligands. The relative po-
sitions of Fer/l and Ferl5 orthologs between
these genomes may be in agreement with the
hypothesis that framework loci may bookend
regions of high genetic turnover (94). This
theory has been proposed to account for the
extraordinary haplotype variability of the hu-
man KIR gene cluster observed among indi-
viduals. Despite polymorphisms found for hu-
man FCRL genes (24) and the existence of ten
nonsynonymous polymorphisms noticeable
in two Ferl5 alleles among five mouse strains
(95), the dramatic degree of intraspecies di-
versity explicit in the KIR and LILR genes
does not appear to be as prominent for the
FCRL family. However, the distinct locations
of these two genes, the outgrowth of fam-
ily members between them, and the likeli-
hood that they are under adaptive selection
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is in line with the framework loci hypothesis
(94, 96).

The 1q21-23 genomic region in humans
has distinct characteristics that include high
gene density and G+C content as well as in-
creased recombination frequencies relative to
other chromosome 1 regions (97). The 1q21-
23 locus also harbors the epidermal differ-
entiation complex that is the most rapidly
diverging gene cluster between humans and
chimpanzees (97). The presence of sequence
duplications, pericentric inversions, and copy
number polymorphisms all predict a high
rate of genetic turnover for this genomic lo-
cale, which could increase FCRL and FCR
gene diversity (98) but also possibly lead
to malignancy (see below) or autoimmunity
(99). Thus, given the relative genetic re-
combination rate catalyzed by homologous
sequence segments localized in this region,
diversification of the FCRL family is not
unexpected.

FCRLI1-5 ARE PREFERENTIALLY
EXPRESSED BY B CELL
SUBPOPULATIONS

FCRLI1-5 are all expressed by B cells but vary
in their distribution on different subpopula-
tions. FCRL3 is the only representative of this
group expressed outside the B lineage, where
it is also found on NK and T cell subsets. At
the level of transcription, FCRLI-5 are most
abundantly expressed in secondary lymphoid
tissues, including the spleen, lymph nodes,
and tonsils. During their initial characteriza-
tion, some FCRLI-5 probes were found to hy-
bridize with transcripts in nonhematopoietic
organs (8-10). These aberrant signals were
likely the result of suboptimal probe design
and/or blood cell contamination. Northern
blot and EST database analyses have also
identified splice isoforms for each of these
genes, some of which have been cloned and
attest to the sophistication of FCRLI-5S ex-
pression and regulation.

Among blood leukocytes, FCRLI-5 tran-
scripts are not detected in myeloid cells such

B CELL DIFFERENTIATION

B cells and T cells generate adaptive immunity in jawed ver-
tebrates via their unique ability to somatically recombine Ig
receptor components. B cell maturation first begins in the fetal
liver and bone marrow, where common lymphoid progenitors
give rise to committed B lineage precursor cells. Sequential re-
arrangement of random combinations of variable (V), diver-
sity (D), and joining (J) genes in pro- and pre-B cells leads to
heavy and light chain expression, which form the basic frame-
work of antibody molecules also known as B cell receptors
(BCRs). After emigration from the bone marrow, immature
and transitional B cells home to the mantle zones in secondary
lymphoid organs and become naive IgM*IgD* B cells. Upon
BCR engagement by cognate antigens and signaling via sur-
face coreceptors, naive B cells enter GC dark zones, upregu-
late genes for proliferation and the activation-induced cytidine
deaminase (AID), and undergo Ig modification and affinity
maturation as centroblasts. Both AID-dependent somatic hy-
permutation of rearranged germline VD] segments and class
switching result in increased antigen-binding affinity and di-
versification. Mutated BCRs expressed by light zone centro-
cytes are selected by B cell contact with antigen-presenting
cells and T helper cells that determine the fidelity of the
adapted receptors. Successful passage through multiple check-
points promotes B cell differentiation into antibody-secreting
PCs and memory cells that mediate robust responses to future
antigenic challenge.

as monocytes, dendritic cells, or neutrophils,
indicating that they most likely are lymphoid
specific. FCRLI-3 and FCRLS are highly ex-
pressed in blood B cell populations, whereas
FCRL4 is barely detectable (100-102). Inter-
estingly, FCRL3 is unique in its expression by
blood NK cells and T cells as well as B cells
(101, 103, F. Li, J. Pan, and R. Davis, unpub-
lished observations). Transcriptional analysis
of FCRLI-5 inisolated tonsillar B cells and by
in situ hybridization in intact tissue sections
highlights the intriguing variation of FCRLI-
5 among distinct subpopulations and respec-
tive topographic localization (8-10, 72, 104)
(Table 1). FCRLI and FCRL2 transcription is
mainly confined to the follicular mantle zone,
where naive B cells localize. However, FCRL2
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Table 1 Comparison of FCRL1-5 transcription and protein expression®
FCRL expression by flow cytometry
FCRL FCRL
transcription immunohistology
Receptor| Bone Marrow Blood Tonsil Spleen (tonsil) (tonsil and spleen)
FCRLI1 B > pre-B > pro-B | Pan-B N>M=>GC N, M Mantle zone Mantle zone (T+S)
FCRIL2 (=) M M >N, PC M Mantle zone Marginal zone (S),
interfollicular,
intraepithelial (T)
FCRL3 M > pre-B,NK, T | B,NK, T M>N>GCNK, T | M>N,NK, T | GC light zone, GC light zone,
intraepithelial, interfollicular,
interfollicular, intraepithelial (T)
mantle zones
FCRL4 (=) (=) M>N M>»N Intraepithelial, Intraepithelial (T),
interfollicular monocytoid B and GC
(LN)
FCRL5 Pre-B, PC Pan-B? PC>M=> N> GC PC>M>N GC light zone, n.d.
intraepithelial,
interfollicular

*Abbreviations: plasma cell (PC), naive (N), memory (M), germinal center (GC), tonsil (T), spleen (S), lymph node (LN), no data (n.d.).

Germinal center
(GO):
microenvironments
within secondary
lymphoid tissues
where T
cell-dependent
antibody responses
and antibody
diversification occur.

MZ: marginal zone

PC: plasma cell
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is also found at low levels just outside this re-
gion. Thisisin contrastto FCRL3 and FCRLS,
which accumulate in the light zone of the ger-
minal center (GC), a compartment that is rich
in centrocytes. Both of these genes are also
identified in interfollicular and intraepithe-
lial regions, also known as the marginal zone
(MZ) equivalent in tonsils, where memory B
cells are positioned (105), and at lower lev-
els in follicular mantle zones. FCRL4 displays
a third distinct pattern of expression, partic-
ularly in intraepithelial regions. This distri-
bution largely, but not completely, correlates
with cell surface protein expression on tonsil
cell suspensions.

At this time, our understanding of the dis-
tribution of FCRLI-5 expression is incom-
plete. However, in view of their transcrip-
tion patterns and the few protein surveys that
have been published, it is becoming clear that
these receptors will be useful as distinct cel-
lular markers. Monoclonal antibodies (mAbs)
specific for FCRL1-5 are now being devel-
oped by several groups and have been ana-
lyzed to variable degrees (48, 72, 102, 106,
107). These patterns are discussed below and
summarized in Table 1 and Figure 4.

Davis

FCRL1

In the bone marrow, FCRLI expression be-
gins on precursor B cells and increases as a
function of differentiation, attaining its high-
est levels among mature B cells (48, 72).
Upon emigration to the blood, FCRLI is
detected on all CD19* B cells. In the ton-
sil, FCRL1 expression peaks on IgD*CD38~
naive B cells that localize in the follicular
mantle zone and correlates with its abun-
dant transcription by the cells in this region
(10). As these cells become IgD*CD38% ac-
tivated pre-GC cells and differentiate into
IgD~CD38* GC B cells, FCRLI is down-
regulated from the cell surface. Its relative
expression increases on IgD~CD38~ mem-
ory B cells; however, IgD~CD38** plasma
cells (PCs) express FCRL1 at lower levels.
FCRLI expression in the spleen is also con-
fined to B lineage naive and memory cells.
Comparisons of FCRLI gene expression and
flow cytometric mean fluorescence intensities
for the five tonsillar B cell subsets defined by
IgD and CD38 expression (108) indicate that
FCRLI transcript levels are more tightly con-
trolled than is FCRL1 surface expression (72).
Although high levels of FCRLI transcripts
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Mantle zone

Light zone

Germinal center

Figure 4

Epithelium

Marginal zone

Interfollicular
region

Dark zone

A summary of human FCRL1-5 topographical localization patterns in the tonsil. Epithelial-associated
(EA), memory (M), naive (N), germinal center (GC), and plasma cell (PC) B cell subpopulations are
illustrated with their FCRL receptors (identical to those in Figure 2) to approximate their expression at
observed regions within the tonsil. Different sizes of FCRL receptors symbolize their relative expression
levels on each subset. Histological landmarks are labeled. These patterns summarize data of the
transcript and protein levels (8-10, 48, 72, 102, 106; and D. Mason, M. Cooper, and R. Davis,
unpublished observations). Note FCRLS5 localization is based on its transcription and expression pattern

in suspended cells.

mirror its peak expression on naive B cells,
its messenger RNA is significantly decreased
in pre-GC, GC, and PC subsets, where pro-
tein is seen to linger. Nevertheless, our un-
published observations using mAbs for im-
munohistochemistry confirm the mantle zone
tropism of FCRLI1-expressing cells. Thus,
FCRLI appears to be a pan-B cell marker
that reaches highest expression on naive
B cells.

FCRL2

A survey of FCRL2 expression by Polson
et al. (48) indicates that this family member is
predominantly expressed by memory B cells.
FCRL2 is not identified on precursor B cells
or CD1387CD38*" PCs in the bone mar-
row; however, in blood it is found on a sub-
set of CD20% B cells, the majority of which
express the human memory B cell marker
CD27 (109, 110). In dissociated tonsillar
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cells, FCRL2 is identified primarily on the
IgD~CD38~ memory B cell population and at
low levels on PCs in most tonsil samples (48).
However, our unpublished results (F. Li and
R. Davis) suggest high levels of FCRL2 ex-
pression on PCs in tonsils and spleen sam-
ples. In accord with this expression pattern
on freshly isolated cells, in frozen sections
FCRL2 expression is concentrated in intra-
and subepithelial regions proximal to the
mantle zone where memory B cells situate
(48, 105; and D. Mason, M. Cooper, and R.
Davis, unpublished observations). This pat-
tern is also consistent with exclusive localiza-
tion patterns for I[gD and FCRL2 within man-
tle zone and MZ regions, respectively, in the
spleen (48). Analysis by in situ hybridization
gives a different result in that FCRL2 tran-
scripts are confined to the naive B cell-rich
and memory B cell-poor mantle zone (10).

FCRL3

Like FCRL2, FCRL3 expression is not
markedly detected on bone marrow B cells
(48). In the blood, FCRL3 is identified at
relatively low levels on CD20% B cells but
may vary by individual sample and accord-
ing to monoclonal reagent (F. J. Li and R.S.
Davis, unpublished observations). Consistent
with its transcription, FCRL3 is expressed on
the surface of CD56" NK cells, but interest-
ingly it is variably expressed on T cell subsets
as well (E. J. Li and R.S. Davis, unpublished
observations). FCRL3 expression is observed
atlow levels among naive, GC, and memory B
cells in the tonsil and at slightly higher levels
on splenic naive and memory B cells (48). This
expression pattern once again seems to differ
from the high relative transcript levels appar-
ent in the light zone of the GC and in inter-
follicular regions of tonsils (10). These incon-
sistencies may have several explanations: (#)
Surface expression is lost once cells are placed
in suspension, (b) there are dramatic differ-
ences in the posttranscriptional and transla-
tional regulation of FCRL3 gene expression,
or (¢) the distinct epitopes recognized by dif-
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ferent antibodies may vary between receptor
isoforms.

FCRL4

FCRLA4 expression has been extensively ana-
lyzed by three independent groups using both
monoclonal and polyclonal antibodies (48,
102, 106). Collectively these studies validate
its expression on a unique subset of tissue-
based memory B cells that preferentially lo-
calize to subepithelial regions. FCRL4 does
not appear to be expressed at appreciable lev-
elsin the bone marrow or on blood leukocytes.
In tonsils, however, FCRL4 is consistently de-
tected on ~10% of B cells, but its expression
can vary among samples. FCRL4" cells are
primarily enriched in the memory B cell frac-
tion and in smaller numbers among the naive
subset. FCRL4 is also identified on memory
B cells in the spleen, albeit at lower levels.
Interestingly, among IgD~CD38~ memory B
cells the majority of FCRL4" cells (~75%)
are CD27~, with only a minority of cells ex-
pressing both FCRL4 and CD27.

Several groups have performed immuno-
histochemistry for FCRL4 expression, and
these data are consistent with the distribu-
tion of transcripts in tonsils (106, 111, 112).
In the spleen and mesenteric lymph nodes,
few FCRL4-expressing cells are detected, and
these are strictly confined to the MZ, whereas
in tonsils and other mucosal-associated lym-
phatic tissues (MALT) more cells express it.
Staining is found proximal to the tonsillar ep-
ithelium near the sinuses but is less plentiful
near the boarders of mantle zones and in inter-
follicular regions. In Peyer’s patches, FCRL4
is also identified on B cells located near ep-
ithelial borders as well as on intraepithelial
B cells. A second population of reactive B
cells known as interfollicular large monocy-
toid B cells, which are enriched in toxoplas-
mosis, mononucleosis, and HIV-infected tis-
sues, are strongly FCRL4 positive (106, 111,
112). These cells are situated around the bor-
der of the mantle zone and subcapsular sinus.
These data indicate that FCRL4 marks B cells
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with epitheliotropism in the MALT and sec-
ondly stains reactive monocytoid B cells. The
observation that few cells are FCRL4 positive
in the bona fide splenic MZ has assisted in re-
solving some controversy concerning the ori-
gins of these B cells. The finding that FCRL4
marks epithelial-associated and monocytoid B
cells, but not MZ B cells, implies that these
cells are distinct subpopulations that probably
do not arise from a single progenitor (111).

Compared with CD27*FCRL4™ memory
B cells, FCRL4-expressing memory B cells are
larger as measured by light scatter and con-
firmed microscopically by their more abun-
dant cytoplasm, smaller nuclei, and distinct
villous-like projections that extend from the
cell surface (102, 106). Consistent with their
morphologic appearance, they have an acti-
vated phenotype as defined by comparably
higher levels of CD32, CD40, CD44, CD80,
and CD84 and lower levels of CD21 than
FCRL4™ memory B cells.

Most FCRL4" memory B cells express cell
surface IgG (IgG > IgA > IgM), and their Vj,
region genes are mutated at frequencies simi-
lar to CD27" B cells (102). However, the des-
ignation of FCRL4 as a marker of memory
B cells requires additional qualification.
There is some discrepancy involving their
IgVy mutation status and phenotype and,
perhaps, differences between suspended cells
and whole tissues. Variations between ton-
sil samples, including the characteristic im-
mune responses endemic to these tissues,
must also be considered. It appears by pheno-
type that FCRL4 cells may mark both mem-
ory and naive B cells; however, the majority of
FCRLA4" tonsillar cells in suspension display
the IgD~CD38~ memory phenotype, indicat-
ing that they are antigen experienced (108).
Despite the fact that most of these cells harbor
somatic mutations, by flow cytometry only a
minority of FCRL4* cells expresses the con-
ventionally accepted memory B cell marker
CD27 (102). Furthermore, a small number of
these cells lacks mutation, even though they
have an evocative phenotype. In reactive tis-
sues, a small number of FCRL4" cells are

found in GCs and express both FCRL4 and
CD27, but not BCL6 (112). In the same study
by Lazzi etal. (112), microdissection and Igh
analysis of single FCRL4™ cells from GC and
sinus regions revealed that 100% of FCRL4"
cells in the GC possess somatic mutations,
whereas FCRL4" cells in the sinuses have
mixed mutation status. These cellsalso tend to
have slightly lower mutation frequencies than
do GC-derived cells, but have a comparable
spectrum. Interestingly, the sinus areas stain
mostly negative for CD27. It thus remains un-
clear how FCRL4TCD27" cells acquire so-
matic mutations and whether these particular
cells enter traditional GC reactions or par-
ticipate in an alternative pathway of affinity
maturation, as has been suggested by others
(113, 114).

Differences between FCRL4" or FCRL4~
memory B cells also extend to their re-
sponses to mitogens. Whereas FCRL4™ cells
respond similarly to T-independent and T-
dependent stimuli, cells marked by FCRL4
more strongly proliferate in response to com-
binations of T-dependent cytokines/signals
(IL-2/1L-10/CD40L). However, there is only
minimal activation following direct BCR lig-
ation with anti-Ig antibodies or Protein A*
heat-killed bacteria (102). FCRL4" cells also
demonstrate more robust Ig secretion than
their FCRL4~ memory B cell counterparts,
with isotype frequencies reflective of their
phenotype. Although these results suggest
that FCRL4" cells might be poised to dif-
ferentiate into Ig-secreting PCs, and several
PC representative cell lines do stain positively
for FCRL4, primary FCRL4" cells derived
from tonsils of normal donors do not appear
to be committed to PC differentiation. This
is indicated not only by an absence of CD138
(102) and BLIMP1 coexpression (115), but
also by a failure to transcribe Blimp-1, IRF-4,
and spliced XBP-1 transcription factors that
are fundamental to PC development (102).
Consistent with previous histological findings
(112), isolated FCRL4™" cells also do not ex-
press Bel-6. However, they do contain message
for the CCRI and CCR5 chemokine receptors
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that could explain their localization to epithe-
lial regions where their cognate ligands have
been identified (116). Thus, FCRL4 labels a
unique memory B cell population with dis-
tinct epithelial-associated tissue localization
that displays an activated phenotype and pref-
erentially responds to T-dependent stimula-
tion, but may not necessarily bear Igly so-
matic mutations.

FCRLS

FCRLS expression has not been extensively
characterized, but mAbs have been generated
by two groups (48, 107). FCRL5 can be iden-
tified on pre-B cells in the bone marrow, but
similar to other family members obtains max-
imum levels of expression in the periphery.
Its detection on blood B lymphocytes, how-
ever, appears to differ according to the inves-
tigators who have studied it. Although Polson
etal. (48) have found FCRLS5 on all circulating
CD207" B cells in blood, we and others do not
(F. J. Li and R.S. Davis, unpublished obser-
vations; and 107). This incongruity could be
explained by the multiple splice isoforms that
are generated for this particular receptor, re-
flecting variations in epitopes recognized by
different mAbs for the FCRLS5 variants (9,
10). Analysis of tonsils and spleen indicates
high levels of FCRLS5 expression on memory
B cells and slightly lower levels on naive cells.
GC B cells may also express it, but at low den-
sity. Among FCRL family members, however,
FCRLS is distinguished by its strong expres-
sion on PCs from different tissue sources, in-
cluding the bone marrow, tonsils, and spleen.
Although FCRLS5 and FCRL3 display similar
patterns of transcription among GC cells in
the light zone as well asamong memory B cells
in the interfollicular regions in situ, FCRLS
protein expression in suspension appears to
differ from this finding. It is found at lowest
levels on isolated GC B cells (9, 10). Unfortu-
nately, immunohistology data for FCRLS are
incomplete at this point; however, its surface
expression on PCs confirms previous results
of its transcription in these cells (8).
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FCRL Expression in Mice

In mice, Ferll and FerlS are also expressed by
B cells in secondary lymphoid tissues, whereas
the atypical Ferls gene isidentified primarily in
nonhematopoietic organs (29). In bone mar-
row B cells, Ferll and FerlS are transcribed
at very low levels, but they can be detected
beginning at the pre-B cell stage and in-
crease with differentiation. Like their human
equivalents, both genes’ expression peaks in
the periphery. Feril is broadly expressed by
newly formed, follicular, and MZ B cells in
the spleen and in B1- and B2-type cells in the
peritoneal cavity. Notably, Ferl5 is distinctly
enriched in splenic MZ B cells and peri-
toneal B1 cells. Expression outside the B lin-
eage has not been observed for either of these
genes.

A recent survey of the FCRLS receptor in
mice confirms its expression on subpopula-
tions of B cells (95). Histologically, FCRLS
is mainly restricted to the splenic MZ. How-
ever, a few scattered FCRLS5 ™" cellsare also de-
tected in follicular areas that are IgM ™. These
cells could be class switched IgG3* B1 cells
or possibly memory B cells. In dissociated
cells, FCRLS5 is identified on only a small frac-
tion of bone marrow B cells, but it is abun-
dantly expressed on splenic MZ B cells and
B1 B cells. It cannot be detected on follicu-
lar or newly formed B cells from unimmu-
nized mice or at significant levels on GC B
cells or PCs after immunization. Interestingly,
FCRLS5 is also identified on a recently charac-
terized subset of CD217CD23" MZ precur-
sor B cells that also express CD1d and CD9
(117, 118). This correlates with the deficiency
of conventional MZ B cells in CD19-knockout
mice but with the presence of a population
of CD21*tCD23* cells in this model that
is FCRLS reactive. These data suggest that
FCRLS could be a commitment marker of the
MZ compartment. Furthermore, FCRLS5 ex-
pression may require an intact btk signaling
pathway for its optimal expression. This is in-
dicated by the presence in CBA/CaHN strain
xid mice of phenotypically distinguishable



Annu. Rev. Immunol. 2007.25:525-560. Downloaded from arjournals.annualreviews.org
by University of Alabama- Birmingham on 01/14/09. For personal use only

MZ B cells that have considerably reduced
levels of FCRLS5 expression. Outside the
spleen, FCRLS5 is normally found on both Bla
and B1b cells in the peritoneal cavity as well
as on a subpopulation of B2 cells that varies
by strain. Thus, mouse FCRLS appears to be
a discrete marker of MZ and B1 B cells.
Interspecies differences that exist between
mouse and human FCRLS5 orthologs in their
extracellular and cytoplasmic regions also
seem to extend to their patterns of expres-
sion. Discrepancies are additionally apparent
for distinct lymphocyte subsets, such as tran-
sitional, MZ, and B1 B cells between these
two species (119-122). Expression by human
MZ B cell counterparts has been found for
human FCRL3 (120), which has some simi-
larity to mouse FCRLS. FCRLS expression
on mouse memory B cells, however, has yet
to be verified. Given the similar features and
topographic locations of memory and MZ B
cells, FCRLS5 could be found on both subpop-
ulations in mice (123, 124). Further investiga-
tion of this molecule in both species will help
clarify differences in the functions of these re-
ceptors and the origins of the cells that express

them.

BIOLOGICAL ROLES OF FCRL
MOLECULES

Despite the identification of the FCRL1-5
molecules using a consensus sequence derived
from the Fc-binding interface of FCRs, and
the clear phylogenetic relationship between
these receptor subfamilies, it is ironic that in-
controvertible biochemical evidence has yet
to be presented demonstrating Ig binding by
any of the FCRL proteins. One report has
now shown suggestive results for IgG reac-
tivity with FCRLS5 (48). In this flow cyto-
metric analysis, FCRLS5 was observed to bind
to a sample of mixed IgG isotypes, but not
to monomeric Ig. Apparently ~10% of this
preparation was aggregated by size exclusion
chromatography; however, the authors indi-
cate that aliquots with comparable or higher

levels of aggregation failed to bind. Further-
more, Ig binding for FCRLS5 or the other
four FCRL molecules was undetectable by
Bio-Layer Interferometry. In light of sur-
face plasmon resonance detectable binding of
monomeric Ig to the low-affinity FCGR (125,
126), these data remain difficult to interpret.
Similar observations of Ig binding for FCRLS5
have been discussed previously (9), but at this
point more detailed kinetic and biochemical
analysis is needed to declare FCRLS a con-
ventional FCR.

Key features that the FCRL molecules
share with the classical FCR, including their
conserved domain composition and utiliza-
tion of tyrosine-based motifs, point to the
likelihood that FCRL molecules may have
endogenous ligands. This is supported not
only by the functionality of their closest
phylogenetic relatives but by other charac-
teristics as well. The unusual combination
of membrane-distal D1-D3 subunits resem-
bling those used for Fc binding and distinct
membrane-proximal D4-D5 domains with
homology to cell adhesion molecules indicates
that some family members, such as FCRL3-
3, could have multiple ligands. The presence
of both ITAM and ITIM in some represen-
tatives may also favor an endogenous coun-
terstructure, given the probability that these
molecules signal to fine-tune responses rather
than to exert all-or-none effects.

Even with the initial identification of Ig-
binding receptors on cells more than four
decades ago (127) and their molecular char-
acterization over the past two decades, only
recently have the discrete outcomes dictated
by variable affinities between IgG subclasses
and their multiple FCGR partners become
appreciated (128). It will likely take a while
to determine the nature of the FCRL ligands.
Although characterization of mouse models
for FCRL1 and FCRL5 will help shed light
on some aspects of their biology, their sig-
naling potential and expression in human
pathology are active independent areas of
investigation.
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FCRL MOLECULES MAY HAVE
ACTIVATING, INHIBITORY, OR
DUAL POTENTIAL

FCRLI1-5 are all equipped with cytoplas-
mic ITAM-like and/or ITIM elements that
indicate their potential for modulating B
cell regulation via the recruitment of SH2
domain—containing molecules. Following re-
ceptor engagement, [ TAM-bearing receptors
are phosphorylated by Src family kinases that
facilitate docking and activation of tyrosine
kinases such as Syk to promote downstream
phosphorylation (129). Opposing inhibitory
competence is exerted by ITIMs that are also
phosphorylated upon receptor ligation by Src
family kinases. Instead, ITIMs recruit phos-
phatases such as the SH2-containing inositol
phophatase (SHIP) or SH2-containing phos-
photyrosine phosphatase (SHP)-1 that have
the potential to dephosphorylate neighbor-
ing receptors and abrogate cellular activa-
tion (62). Similar to ITIMs, I'TSM sequences
can engage SH2-containing phosphatases
but are also capable of binding to adap-
tor molecules such as SH2D1A and EAT-2,
Src family kinases, and the p85 subunit of
phosphatidylinositol-3 kinase (PI3K) (65, 66).
Therefore, the switch motif can enable recep-
tors that contain it to associate with both in-
hibitory and activating components. The sig-
naling capacity of human FCRLI1, FCRL3,
and FCRL4 has been examined to varying
extents, but all FCRL receptors in humans
and mice that possess tyrosine-based mo-
tifs are capable of being tyrosine phospho-
rylated (J. Pan and R.S. Davis, unpublished
observations).

FCRL1 possesses two potential ITAMs
(see Figures 2 and 3). These sequences di-
verge from the consensus in the first ['TAM-
like sequence by a serine at the +3 position
relative to the first tyrosine and in the sec-
ond activation-like motif by an acidic amino
acid (aspartic acid) at the -2 position rather
than at -3, and an alanine at +3 relative to
the second tandem tyrosine. Despite these
differences, FCRLI1 appears to have acti-
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vating coreceptor function on B cells (72).
FCRLLI is tyrosine phosphorylated upon self-
ligation in B cell lines and primary tonsillar
B cells. The recruitment of specific signaling
elements to its cytoplasmic tail remains un-
der investigation, but several downstream ef-
fects have already been evaluated. Although
FCRLI1 ligation alone does not directly affect
calcium mobilization, cross-linkage with the
BCR enhances flux of calcium to a greater de-
gree than that observed for suboptimal BCR
ligation alone. This suggests that FCRL1 sig-
naling may not elicit global activating ef-
fects in B cells but rather may subtly influ-
ence the process. Its coactivating potential in
tonsillar B cells correlates with increased cell
size as well as upregulation of the CD69 and
CD86 activation markers and the downreg-
ulation of IgD. Furthermore, anti-FCRL1-
treated B cells have increased proliferative ca-
pacity that is enhanced upon coligation with
the BCR but that does not result in apopto-
sis or upregulation of survival mediators Bax,
Bcl-2, Bel-x, or Mcl-1. These changes are in
line with a coactivating role for FCRL1 on
B cells; however, the existence of a charged
residue in its transmembrane region indi-
cates that FCRL1 may associate with other
complementary-charged molecules. Collec-
tively, such multicomponent complexes could
exert a stronger overall regulatory influence
in B lymphocytes.

More detailed signaling characterization
has been performed for FCRL4, which has
three potential cytoplasmic ITIMs. Interest-
ingly, although the two distal ITIMs (463
and 493) are canonical, the most membrane-
proximal motif (451) differs at the -2 posi-
tion by the presence of a polar serine rather
than an aliphatic amino acid. This motif
could also serve as an I'TSM. Alternatively,
this sequence, along with the I'TIM at posi-
tion 463, could conceivably form an uncon-
ventional ITAM. FCRL4 signaling potential
has been explored by generating mutant re-
ceptors engineered with Y — F substitutions
of the three cytoplasmic tyrosines in the
A20ITA.6 IgG2a™ mouse B cell line (104).
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FCRL4 cocross-linking with the BCR re-
sults in tyrosine phosphorylation of the wild-
type FCRL4 cytoplasmic tail, marked depres-
sion of whole cell tyrosine phosphorylation,
and decreased Erk and Akt phosphorylation,
whereas FCRL4 self-ligation has no effect.
FCGR2B, however, has comparatively little
global influence on cellular phosphorylation
in similar experiments. In calcium mobiliza-
tion assays, FCRL4-BCR coligation results
in dramatic inhibition of BCR-induced cal-
cium flux to an even more demonstrable de-
gree than that observed for FCGR2B. This
effect is mediated by the two distal FCRL4
ITIMs, whereas the 451 motif has little con-
tribution. The cytoplasmic partners respon-
sible for exerting downstream inhibitory ef-
fects differ between FCRL4 and FCGR2B. In
contrast to FCGR2B, which recruits the inos-
itol phosphatase SHIP (130), FCRL4 engages
SHP-1 and SHP-2 protein tyrosine phos-
phatases that could have a role in proximal
deconstruction of the activated BCR complex.
Although both of these inhibitory receptors
are expressed by memory B cells, they might
have differential effects depending on the tim-
ing of their ligation and contact with their re-
spective ligands. The complexity of this re-
ceptor is also inferred by its possession of
an atypical ITAM. Interestingly, recombinant
peptides phosphorylated at residues 451 and
463 were also capable of immunoprecipitat-
ing PLCy (104), suggesting that under favor-
able conditions the noncanonical ITAM could
have activating function. Thus, FCRL4 could
have dual regulatory potential.

The possibility of both activating and
inhibitory functions is suggested by the pres-
ence of both ITAM-like and I'TIM sequences
in human FCRL3 as well as in human and
mouse FCRLS5 cytoplasmic tails (Figure 3).
Some LRC family members also have se-
quences indicative of dual signaling poten-
tial, but they differ by their possession of
charged transmembrane residues that can re-
cruit ITAM-containing adaptors (131, 132).
Although tyrosine phosphorylation has been
observed for FCRL1, FCRL3, and FCRILA4,

association with both intracellular protein ki-
nases and phosphatases has only been pub-
lished for human FCRL3 (SPAP2) (J. Pan
and R. Davis, unpublished observations; 71).
This receptor has four tyrosines (650, 662,
692, and 722) that could generate a canon-
ical ITAM and a consensus ITIM. There is
also a distal tyrosine (722) with an acidic
amino acid at the —2 position and an aliphatic
residue at +3, but no corresponding sec-
ond tandem tyrosine. This sequence could
represent a hemi-I'TAM. FCRL3 immuno-
precipitates from pervanadate-treated 293T
transfectants demonstrate that it is tyrosine
phosphorylated and associates with SHP-1
(71). Pull-down assays with GST fusion pro-
teins having various Y — F mutations at these
four sites have also clarified effector and re-
cruitment relationships in lysates of Jurkat
cells. These experiments indicate that FCRL3
is capable of associating with Syk, Zap-70,
SHP-1, and SHP-2. Individual mutations to
the two distal tyrosines result in a loss of
SHP-1 interaction but in conservation of Zap-
70 binding. Y — F mutants of the two ITAM
tyrosines maintain SHP-1 association but
abolish Zap-70 recruitment. Notably, pheny-
lalanine substitutions of tyrosines 650 or 662
preserve Zap-70 coimmunoprecipitation. De-
spite these provocative results, further char-
acterization and confirmation in transfected
cells is needed to authenticate these findings.
However, these data suggest that determin-
ing the signaling capability of this receptor is
likely to be quite involved and could be com-
pounded by other factors including a single
nucleotide polymorphism (SNP) that alters
the FCRL3 I'TAM (24) and/or the expression
of FCRL3 in B, T, and NK lineage cells, where
it could have different functional potential de-
pending on the indigenous signaling elements
and the immune responses in which these cell
types participate.

For mouse FCRL molecules, there is lim-
ited functional information. Our beginning
studies indicate that FCRLS is tyrosine phos-
phorylated in B cells (95). Similar to other
FCRL molecules, little effect is observed
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following its self-engagement, but coligation
of FCRLS5 with the BCR results in a damp-
ening of calcium mobilization in MZ B cells
similar to that seen for FCGR2B. These ini-
tial results indicate that mouse FCRLS5 could
have inhibitory function in MZ B cells.

POTENTIAL ROLES OF FCRL1-5
IN DISEASE

The preferential expression of immunoreg-
ulatory FCRL molecules on populations of
B cells, as well as on T and NK cells, sug-
gests that these receptors may function in both
innate and adaptive immune responses. The
identification of various isoforms and multiple
SNPs in coding and noncoding regions indi-
cate that their functional roles may be com-
plex and broad (9, 24, 103). The regulation of
these receptors could be indirectly influenced
by inappropriate immune responses, but they
mightalso have fundamental pathogenic roles
in immunodeficiency, autoimmunity, malig-
nancy, and pathogen elimination. Although
we have only begun to understand their biol-
ogy, the identification of several FCRL genes
in B cell malignancies and in certain autoim-
mune disorders portends important roles for
them in normal and pathologic conditions.

Expression in Malignancies

The identification of IRT41/FCRL#4 by its in-
volvement in a (1;14)(q21;q32) translocation
breakpoint in a multiple myeloma cell line re-
vealed that these genes may have an important
association with B cell malignancies (9). This
genetic aberration produced a chimeric pro-
tein that could only be detected in the FR4 cell
line in which the translocation was identified;
therefore, this finding seems to have been an
isolated phenomenon. However, the 1q21-23
genomic region is notorious for its genomic
instability and association with B lineage ma-
lignancies (133-136). Not surprisingly, there
is now evidence for recurring involvement of
the FCRL locus in non-Hodgkin’s lymphoma
chromosomal alterations as well (137-140).
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A broader perspective of the general ex-
pression patterns for these genes as poten-
tial markers of B cell malignancy comes from
their inclusion among ¢cDNA clones present
on the Lymphochip microarray (141). ESTs
for FCRL1-4 are differentially upregulated in
diffuse large B cell lymphomas (DLBCL), fol-
licular lymphomas (FL), and chronic lympho-
cytic leukemia (B-CLL). FCRLI and FCRL2
have the broadest expression among family
members in different transformed B lineage
cells but are preferentially overexpressed in
more indolent malignancies such as FL and
B-CLL. None of the four genes appears to
associate with the activated B cell-like (ABC)
or GC B cell-like (GCB) signatures that strat-
ified DLBCL samples. FCRLI and FCRL?2
expression is also indicative of the mantle
cell lymphoma (MCL) gene signature (142).
However, neither gene associates with cyclin
D1 positivity or with a set of genes that cor-
relates with proliferation and that predicts
poorer prognosis in this aggressive malig-
nancy. Finer characterization of the molecular
heterogeneity of B-CLL not only identified
Zap-70 as a surrogate marker of the unmu-
tated Igl; B-CLL genotype and a more ag-
gressive disease course, but also found FCRL?2
and FCRL3 among a short list of ESTs that
correlate with the indolent mutated genotype
(143). Furthermore, in a series of aggressive
Burkitt’s lymphomas with or without 1q21 ab-
normalities, the Dalla-Favera group (9, 10)
detected FCRLI1-3 and FCRLS overexpres-
sion in the majority of representative cell lines;
however, FCRL4 was identified in only one.
Interestingly, FCRLS was expressed at tenfold
higher levels in seven of eight cell lines with
1q21 abnormalities.

At the protein level, the most extensive
screen among family members in B cell ma-
lignancies has been completed for FCRLA
(see below) (144). Analysis has also been per-
formed for FCRLI1-5 in B-CLL (48) and
for FCRL4 and FCRLS in other B cell ma-
lignancies (106, 107, 145, 146). In B-CLL,
FCRLI could be found on all CD19*CD5*
leukemic cells at moderate to high levels.



Annu. Rev. Immunol. 2007.25:525-560. Downloaded from arjournals.annualreviews.org
by University of Alabama- Birmingham on 01/14/09. For personal use only

FCRLS was also identified on most samples,
but at a lower mean fluorescence intensity
than FCRL1 (48). FCRL2 and FCRL3 were
also expressed, but at lower intensities. Con-
sistent with its lack of expression on circu-
lating B cells, FCRL4 could not be apprecia-
bly detected on B-CLL cells in the blood. In
all cases in which positive staining was ob-
served, there was a spectrum of expression for
each of these receptors. This could indicate
that a more detailed analysis of FCRL expres-
sion in this malignancy will have prognostic
value.

FCRL4 and FCRLS have been analyzed
in other malignancies as well. In childhood
atypical MALT-associated MZ hyperplasia,
FCRL4 is observed in an expected pattern on
intraepithelial B cells in the tonsils and ap-
pendix (145). Also in three MALT lymphomas
involving the stomach or lungs, FCRL4 marks
invading transformed tumor cells in lympho-
epithelial lesions (106). It has also been help-
fulin identifying a group of aggressive CD30%
DLBCL samples that appear to be of non-GC
origin (146).

In addition to its expression on B-CLL
cells, FCRLS is found on hairy cell leukemia
cells (107). Both of these malignancies are
thought to derive from memory B cells that
have phenotypic and/or genotypic evidence
of GC passage and/or affinity maturation
(147-152). Another indication of its role in
B cell malignancies is suggested by the in-
duction of FCRLS5 upon Epstein Barr virus
(EBV) infection and its elevated transcrip-
tion in Burkitt’s lymphomas. An analysis of
EBV-infected B cells has demonstrated that
the EBV-derived Notch homolog EBNA2 can
directly induce FCRLS expression through its
interaction with the CBF1/RBPSUH DNA-
binding protein (153). These findings indicate
that FCRL5 might serve as a substrate
for transformation in the pathogenesis of
B cell malignancies. Together these initial
studies indicate that FCRL molecules will
likely provide very useful markers for di-
agnosis, prognosis, and therapy of B cell
malignancies.

Autoimmunity

A role for FCRL molecules in autoimmu-
nity seems likely, given their expression pat-
tern, signaling capacity, and relationship to
the classical FCRs, which have already been
implicated in these disorders (154, 155). The
FCRL gene family also resides in the 1q21-
23 region, which has been linked with several
autoimmune disorders, including systemic lu-
pus erythematosus (SLE) and multiple scle-
rosis (156-158). The strongest evidence thus
far for a connection between FCRL genes and
autoimmunity was provided by a linkage dise-
quilibrium analysis of 41 SNPs in the 2 Mb re-
gion encompassing the FCRLI-5 locus (103).
This extensive examination of 830 Japanese
subjects with rheumatoid arthritis (RA) and
658 control subjects identified four signifi-
cant polymorphisms located in noncoding re-
gions of the FCRL3 gene (-169, —110, +358,
and +1381 bp relative to the transcription
initiation site). Among these polymorphisms,
the highest association of disease susceptibil-
ity was found for the —-169 SNP located in the
FCRL3 promoter [odds ratio (OR) 2.15, P=
0.00000085]. Intriguingly, in disposed indi-
viduals this nucleotide substitution (T-169C)
results in an improved NF-«B consensus se-
quence binding site, increases the affinity of
NF-«B for the FCRL3 promoter, and upreg-
ulates FCRL3 expression in B cells and in the
synovia of RA patients. Serum autoantibody
levels were also found to correlate with the
-169 genotype, with highest levels seen in ho-
mozygous susceptible (-169C/C) individuals.
In this cohort of RA patients with the —169
SNP, a correlation could be detected with the
HLA-DRBI haplotype and extended to other
autoimmune disorders in Japanese subjects
such as Graves’ Disease (GD), Hashimoto’s
thryoiditis, autoimmune thyroid disease, and
SLE.

Although this study strongly implies that
upregulation of FCRL3 expression may play a
causative role in autoimmunity, several other
studies have been unable to verify statisti-
cally an association as powerful. In another
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large survey of 752 Japanese RA cases and
940 controls, the correlation between the
—-169 SNP and RA was not as robust (OR 1.18,
P=0.22). This work was also unable to con-
firm the association with serum autoantibod-
ies (159). Furthermore, little if any relation-
ship between the FCRL3 promoter SNP and
RA was discernable in other ethnic groups, in-
cluding Caucasian North Americans (160) or
Spanish populations (161). However, in the
latter study there appeared to be a correlation
between FCRL3 SNPs and an NFKBI gene
promoter polymorphism (162). In other au-
toimmune disorders in different ethnic pop-
ulations, analysis of the —169 SNP has also
not been as confirmatory of the work by
Kochi et al. (103). For example, no associ-
ation could be detected in Spanish subjects
with SLE (163) or Caucasian European in-
dividuals with type I diabetes mellitus (164).
In a study of Caucasian subjects of UK ori-
gin with GD, a correlation was detected for
three FCRL3 SNPs, but at a lower level than
that observed previously (165). Thus, FCRL3
appears to be an additional non-HLA gene as-
sociated with autoimmunity. Its variable link-
age to autoimmune disorders could differ ac-
cording to multiple factors, including but not
limited to ethnicity, type of disorder, disease
severity, environmental exposure, and addi-
tional genetic components. Determining the
biological effect of FCRL3 overexpression in
these disorders and whether other FCRL fam-
ily members are associated with different im-
munologically related diseases will be of great
interest.

ADDITIONAL FCRL FAMILY
MEMBERS

FCRL6

FCRLG is the most recently identified FCRL
representative in humans and mice and was
found through iterative database searches for
additional FCRL family members (14, 24).
As stated previously, the rat FCRL6 or-
tholog, originally defined as gp42 in the late
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1980s, was actually the first FCRL family
member characterized (5, 6). This glycosyl-
phosphatidylinositol (GPI)-anchored protein
was defined by expression cloning of a se-
lective marker of IL-2-treated lymphokine-
activated killer (LAK) cells. The resolved se-
quence did not have high homology to other
known proteins but demonstrated 27% se-
quence identity with the D3 domain (yellow)
of human FCGRI. Despite identification of
multiple restriction fragments that hybridized
with a gp42 cDNA probe in Southern blot
analysis, additional FCRL family members
were not discovered until recently (6).

In humans, the FCRL6 gene is situated
apart from the FCRLI1-5 locus and encodes
a type I surface glycoprotein with the charac-
teristic split signal peptide, three conserved Ig
domains, an uncharged transmembrane seg-
ment, and a cytoplasmic tail containing a con-
sensus ITIM or a noncanonical ITAM (see
Figures 1-3). At least one splice variant has
been detected that possesses an additional ty-
rosine resulting from a frameshift; however,
this change does not appear to generate an
additional ITIM or ITAM (14). Interspecies
divergence is also seen for this FCRL mem-
ber. In mice, FCRL6 resembles its rat coun-
terpart and may have up to three isoforms,
including one that is secreted, another that
is GPI-anchored, and a third full-length un-
charged transmembrane variant with a short
cytoplasmic tail deficient of ITAM or ITIM
sequences (R. Davis, unpublished observa-
tions) (see Figure 3). Despite orthologous
genomic positions and conserved expression
patterns, murine FCRLG6 representatives lack
the D2-type domain thatis evident in humans
and vary in their membrane anchorage or cy-
toplasmic tail composition. Thus, differences
between FCRL6 and FCRLI-5 relatives
include separate chromosomal positions, con-
figuration of their extracellular domains, al-
ternative carboxy-terminal portions, and ex-
pression outside the B lineage.

FCRL6 is preferentially transcribed in
lymphoid organs, including blood, spleen,
and liver, but is also detected at lower levels
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in tonsil, lymph node, small intestine, skin,
and bone marrow (14, 15). In sorted blood
mononuclear cells, FCRL6 is expressed by
CDS8" T cells and CD56% NK cells, but not
in CD19% B cells, CD4*" T cells, or CD14"
monocytes. Low levels are also identified in
CD56" T cells and v6 T cells. Our unpub-
lished results with anti-FCRL6-specific mAbs
verify its surface expression on these lympho-
cyte subsets in the blood and spleen (15). In
mice, Ferl6 shares a similar expression pattern
to its rat relative on IL-2-activated NK cells,
but it has also been detected on a subset of
pro-B cells (R.P. Stephan, M.D. Cooper, and
R.S. Davis, unpublished results).

As with other FCRL family members, at
this juncture our knowledge of FCRL6 func-
tion is limited. The D2 and D3 domains that
are used for Fc binding by FCGR1 are also
apparent in human FCRL6. However, D2-
type domains are absent in its murine counter-
parts, possibly indicating thatitis dispensable.
Although in humans its domain composition
could imply that it is a potential Ig-binding
protein, we have not observed any association
of FCRL6 with human Igs by flow cytometry
or surface plasmon resonance. Thus, similar
to other FCRL family members, FCRL6 cur-
rently remains an orphan receptor.

Despite what appears to be distinct evolu-
tionary conservation for these genes, the di-
versity of FCRL6 molecules recognizable in
different species is peculiar. It remains unclear
whether their ligands and functions are as dis-
parate and/or if these receptors have species-
specific roles. Human FCRL6 has a consen-
sus I'TIM or a noncanonical ITAM and can be
tyrosine phosphorylated (15) (see Figure 3).
Therefore, both negative and positive regu-
lation should be considered in the character-
ization of its signaling. An additionally per-
plexing issue is the divergence recognized
for mouse FCRL6. This receptor appears to
have three isoforms, each of which could po-
tentially influence different outcomes. Hope-
fully, identifying their ligand(s) and generat-
ing mouse models of deficiency will help to

clarify this biological ambiguity.

FCRLA AND FCRLB

Two additional FCRL family members,
FCRLA and FCRLB, were identified inde-
pendently by three different laboratories in
database searches for other FCR-related fam-
ily members. Both are located within the
classical FCR locus at syntenic locations in
humans and mice and have been variously
called FCRL/FCRL?2 (16, 20), FREB/FREB?
(17,19), and FeRX/FcRY (18, 21), respectively
(see Figure 1).

The FCRLA gene encodes multiple splice
variants; however, the predominant full-
length protein has 67% interspecies amino
acid identity (see Figure 2). The FCRLA
molecule is distinct in its possession of a de-
generate D1 Ig domain, lack of a conven-
tional split signal peptide partially encoded
by the 21 bp miniexon, and absence of N-
linked glycosylation or a transmembrane re-
gion. The first of six potential exons encodes
a region of hydrophobicity; however, its gen-
eration from a single exon makes it an unusual
leader peptide compared with other FCRL
representatives. Analysis of this hydrophobic
segment suggests the potential for signal pep-
tide cleavage, but this has not been verified
experimentally. Although splice isoforms have
been detected that contain an 18 bp second
exon (16), most transcripts do not possess this
sequence. In the mouse genome, this corre-
sponding small fragment does not have flank-
ing AG or GT splice donor/acceptor sites,
thus suggesting that this splice variant does
not exist in mice. In humans, however, this
short sequence deserves attention because it
encodes an unpaired cysteine that could par-
ticipate in intra- or interchain disulfide bind-
ing. The first portion of the molecule fol-
lowing the amino-terminal region possesses a
shortdegenerate Ig domain, with three closely
positioned unpaired cysteines in the human
representative and two in mice. The follow-
ing two domains are typical D2 (dark blue)
and D3 (yellow) domains identified for other
FCR/FCRL family members. Also unique is
a leucine-rich, mucin-like carboxy-terminal
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region that is predicted to adopt an
a-helical conformation and does not have ho-
mology with any other reported sequences
other than FCRLB. In addition to the un-
paired cysteines present in D1, this segment
could provide potential homo- or hetero-
oligomerization for this protein (16, 17). The
Taranin group (16) has presented evidence
for FCRLA multimerization in immunopre-
cipitates from COS cell transfectants, where
multiple high-molecular-weight bands appear
to dissociate under reducing conditions, im-
plying the likelihood of interchain disulfide
bond formation. These distinct features, in
addition to the presence of potential dileucine
endoplasmic reticulum retention signals and
FCRLA’ overall acidic pl, indicate that it is
cytoplasmically expressed (17). The absence
of surface detection using FCRLA-specific
antisera further supports this inference (16,
17). Additional evidence for its intracellular
localization comes from immunoelectron mi-
croscopy, demonstrating thatatleast three hu-
man FCRLA isoforms appear to be retained in
the endoplasmic reticulum; however, there is
unpublished evidence for secretion of at least
one splice alternative in humans (166).
FCRLB encodes a protein with features
more typical of other FCRL/FCR family
members, including a conserved split signal
peptide and three distinctive Ig domains, but,
like FCRLA, FCRLB has a carboxy-terminal
mucin-like leucine-rich region with poten-
tial dileucine motifs (see Figure 2). This
sequence could also form an «-helical coiled-
coil structure (19, 20). The presence of an un-
paired cysteine residue in its leucine-rich re-
gion could facilitate covalent homodimeric or
heterodimeric pairing with an additional pro-
tein partner. Despite these distinctly similar
segments, there is only 24% identity between
these respective regions in human FCRLA
and FCRLB. The conventional split signal
peptide, two potential N-linked glycosylation
sites, and absence of a transmembrane region
suggest that FCRLB may be secreted; how-
ever, reports thus far indicate that, similar to
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FCRLA, FCRLB localizes in the cytoplasm
(19, 20). The three encoded FCRLB Ig do-
mains possess a tandem arrangement similar
to FCGR1/CD64 with which it shares 29%
Ig domain amino acid identity in humans and
35% in mice. The overall amino acid sequence
identity of 81% between humans and mice
is the most conserved among FCRL family
members.

Patterns of Expression

Both FCRLA and FCRLB are expressed by
B cells; surprisingly though, both of them
have also been detected in melanocytes and
their transformed counterpart, melanoma (20,
167). The biological significance of this is cur-
rently unclear, and in this review we concen-
trate on their expression in lymphoid cells.
FCRLA transcripts are found chiefly in spleen
and lymph nodes and not to any appreciable
degree in nonhematopoietic organs (16, 18).
FCRLA has limited expression in early bone
marrow B cell precursors and reaches high-
est levels in the periphery. Transcription is
prominently noted in tonsillar pre-GC B cells
and GC B cells, but it can also be detected in
other B cell populations (18). FCRLA pro-
tein expression generally confirms its tran-
scription pattern and has been explored much
more thoroughly in human tissues than in
mouse. FCRLA is not detected in resting hu-
man CD19" blood B cells but can be in-
duced by inactivated Staphylococcus aureus (17).
Curiously, concomitant incubation with IL-
4 appears to depress intracellular FCRLA
levels.

In human tissues, FCRLA is selectively
identified in the lymphoid follicles of ton-
sils. Reactivity is distinctly enriched around
the base of GCs, predominately within large
CD20" GC centroblast-like B cells that are
positive for the PCNA nuclear proliferation
antigen (16, 17, 144). Most BCL6/Ki-67 la-
beling cells also express FCRLA; however
some FCRLAT cells are Ki-67—, indicat-
ing that resting cells in the tonsil also
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express FCRLA at high levels. Interestingly,
the majority of FCRLA" cells are CD27
negative and fail to stain for the multiple
myeloma oncogene-1 (MUM-1) PC marker
(144). Variable costaining is seen for the CD30
activation receptor. In agreement with the
lack of CD27 expression, FCRLA does not
appear to correlate with heavy chain isotype.
Costaining for IgM, IgA, IgG, or IgD by the
Colonna group indicates an association with
IgM staining in ~5%-20% of the cells but
no strong association with expression of the
other isotypes (17). In addition to centrob-
lasts, other scattered GC cells are noted to
have weaker FCRLA expression, and stain-
ing can be observed in mantle zone cells, al-
beit at lower levels (144). Only rare FCRLA*
cells are distinguished in the T cell-rich in-
terfollicular zones outside the GC, some of
which costain for CD30 and do not appear
to correspond to large interfollicular B cells
(168). In the spleen, FCRLA is also abun-
dant in GC B cells as well as in MZ B cells,
and clusters of FCRLA™ cells are visible in
red pulp regions proximal to blood vessels.
Lymph node sections confirm the enrichment
of FCRLA in the GC (144). Thus, FCRLA
appears to have a B cell-specific expression
pattern in secondary lymphoid tissues, with
some preference for proliferating IgM*™ GC
centroblasts that express BCL6, but FCRLA
is downregulated in class switched memory
B cells and PCs. In contrast to the distinct
localization of human FCRLA in secondary
follicles, preliminary findings do not sup-
port a GC-specific pattern of expression for
mouse FCRLA (166). Rather, mouse FCRLA
appears to have a more scattered distribu-
tion in the spleen. Once again these inter-
species differences indicate that unraveling
the function of this molecule may not be
straightforward.

FCRLBis distinguished by its very low level
of expression in lymphoid and nonlymphoid
tissues, and attempts to evaluate its tissue ex-
pression by Northern blotting have been un-
successful (19-21). Thus, its tissue and cellular

distribution has largely been defined by RT-
PCR. In human tissues, transcripts are identi-
fied in placenta, kidney, spleen, lung, and ton-
sils where FCRLB is readily amplified from
pre-GC, GC, and PC B lineage subsets, but
FCRLB is not appreciably expressed by naive
or memory B cells (21).

FCRLB antiserum preferentially labels
IgD~ GC B cells, whereas very few reac-
tive FCRLB cells are found outside the GC
in human tonsillar sections (19). Interest-
ingly, numbers of FCRLB™ cells vary among
and within individuals, and some follicles do
not appear to have any FCRLB* cells. In
light of this finding, it may not be surpris-
ing that large variations have been observed
for FCRLB transcription. Unlike proliferat-
ing FCRLA* GC B cells, FCRLB™ cells do
not appear to be Ki-67" (19). This is con-
firmed by staining sections for both FCRLA
and FCRLB that appear to have mutually ex-
clusive expression patterns. Although FCRLA
is broadly distributed in the GC, FCRLB has a
much more limited staining pattern that does
not correlate with well-established histolog-
ical structures or Ig isotypes. This finding
also indicates that it is less likely that there
is functional redundancy for these two pro-
teins. Thus, whereas FCRLA is preferentially
expressed by proliferating cells, FCRLB ap-
pears to be expressed by resting cells with a
similar topographical location.

Our knowledge of mouse Ferlb expres-
sion is limited to the messenger RNA level,
where considerable variability has been ap-
parent between investigators, and which also
likely reflects its low levels of transcription
(19, 21). In the bone marrow, Ferlb transcrip-
tion is evident in pre-B cells and immature
B cells but is upregulated in the periphery
(21). Itis broadly amplified in splenocyte pop-
ulations following immunization, including in
immature/transitional B cells as well as newly
formed, follicular, MZ, and PNA* GC B cells
depending on the immunogen (19, 21). These
findings will likely be refined once protein-
specific reagents are available.
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Predicted Biological Function and
Malignant Expression

Their unique expression patterns and phylo-
genetic relationships suggest that FCRLA and
FCRLB could have distinct functions when
surface Ig is downregulated prior to somatic
mutation of the Ig}y genes. Both FCRLA and
FCRLB have greater amino acid identity with
the classical FCRs than does FCRL1-6, and
this relationship is also inferred by their link-
age within the low-affinity FCGR locus (16,
23). The presence of D2- and D3-type do-
mains that are used for Fc binding by the
monomeric high-affinity FCGR1 implies that
FCRLA and FCRLB could have Ig-binding
potential. However, given the lack of extra-
cellular expression by these two molecules,
it seems unlikely that they associate with
Ig in the classic sense. The potential for
FCRLA to bind Ig extracellularly has been
explored by the Colonna group, who engi-
neered a construct that placed the partial and
conventional Ig domain—encoding regions of
FCRLA in frame with an N-terminal secre-
tion signal and the transmembrane-encoding
portion of the platelet-derived growth factor
receptor (17). Despite ample surface expres-
sion, no detectable Ig binding was found by
staining with IgA, IgM, IgG, or IgE. How-
ever, FCRLA’ intracellular expression and
localization, acidic pl, and potential for
oligomerization collectively suggest that these
experimental conditions may not have been
conducive to its optimal in vivo functioning.
A comparable cell surface staining analysis has
been conducted for FCRLB, where Ig bind-
ing was also undetectable (J. Pan, J. Zhang,
R. Davis, unpublished results). Nevertheless,
FCRLA and FCRLB could bind Ig intracellu-
larly; meticulous biochemical analysis will be
required to explore this.

The most complete survey of FCRL ex-
pression in B cell malignancies has been per-
formed for FCRLA. ESTs for FCRLA in the
Lymphochip database demonstrate its relative
overexpression in different DLBCL, FL, and
B-CLL samples (141). Expression of FCRLA
in avariety of lymphoid malignancies has been
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investigated by two groups and largely mir-
rors its normal tissue distribution (17, 144).
As expected, FCRLA is not identified in T
or NK cell-derived malignancies, in classi-
cal Hodgkin’s lymphoma, or in diagnostic
Reed-Sternberg cells. High levels of FCRLA
expression are found in nodular lymphocyte-
predominant Hodgkin’s lymphomas, includ-
ing the lymphocytic and histiocytic cells
(L&H) that are considered variants of classi-
cal Reed-Sternberg cells (169). Of note, most
of the L&H cells in these tumors also have
evidence of ongoing somatic mutation and
thus derive from mutating GC B cells (170).
FCRLA is strongly expressed in B lineage
non-Hodgkin’s lymphomas, but not in pre-
cursor B lineage lymphoblastic lymphomas.
Masir etal. (144) found intermediate- to high-
level reactivity for almost all MCLs studied,
and this staining was subjectively higher than
seen in normal counterpart cells. These data
are in contrast to studies by Fachetti et al.
(17), who tested fewer MCL samples and did
not observe expression. In GC-derived FL,
FCRLA wasidentified in the majority of cases,
but labeling did not correlate with the grade
of disease aggressiveness or cell size (144). Al-
mostall samples of MZ lymphoma, small lym-
phocytic lymphoma/CLL, and Burkitt’s lym-
phoma were FCRLA positive. The majority of
DLBCL samples were also reactive, but stain-
ing patterns varied from cell to cell, similar
to FL. Costaining with Ki-67 demonstrated
discordance in respective labeling patterns as
well. Furthermore, no correlation could be
found between FCRLA reactivity and the two
different subsets of ABC-like or GBC-like
DLBCL. This lack of association is consistent
with the FCRLA transcriptional profile doc-
umented in the Lymphochip database (141).
Although five of six lymphoplasmacytic lym-
phoma samples were FCRLA™, all multiple
myeloma samples (n=4) tested were nega-
tive (144). EBV-transformed, post-transplant,
lymphoproliferative disease samples were also
negative, as were almost all cases of T cell-
rich B cell lymphoma. These studies indi-
cate that FCRLA may be a useful marker
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for immunohistochemical analysis of B cell-
derived malignancies, could help in our un-
derstanding of malignant and normal B cell
counterparts, and may also have a role as
a prognostic indicator. FCRLA’s prognostic
potential is further suggested by an anal-
ysis of the gene expression patterns of 24
patients with FL. who were treated with
the humanized anti-CD20 immunotherapeu-
tic agent rituximab (171). FCRLA was found
to be highly expressed in rituximab responders
compared with nonresponders, thus suggest-
ing that FCRLA may have predictive value in
determining responses to therapy in individ-
uals with this malignancy.

CONCLUSIONS

We are only at the beginning of our un-
derstanding of this new area of FCRL biol-
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