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Coelomic cavity–derived B-1 and splenic marginal zone (MZ) B lymphocytes play principal roles in frontline host
protection at homeostasis and during primary humoral immune responses. Although they share many features that
enable rapid and broad-based defense against pathogens, these innate-like subsets have disparate B cell receptor
(BCR) signaling features. Members of the Fc receptor–like (FCRL) family are preferentially expressed by B cells and
possess tyrosine-based immunoregulatory function. An unusual characteristic of many of these cell surface proteins
is the presence of both inhibitory (ITIM) and activating (ITAM-like) motifs in their cytoplasmic tails. In mice,
FCRL5 is a discrete marker of splenic MZ and peritoneal B-1 B cells and has both ITIM and ITAM-like sequences.
Recent work explored its signaling properties and identified that FCRL5 differentially influences innate-like BCR
function. Closer scrutiny of these differences disclosed the ability of FCRL5 to counter-regulate BCR activation by
recruiting SHP-1 and Lyn to its cytoplasmic motifs. Furthermore, the disparity in FCRL5 regulation between MZ
and B-1 B cells correlated with relative intracellular concentrations of SHP-1. These findings validate and extend our
understanding of the unique signaling features in innate-like B cells and provide new insight into the complexity of
FCRL modulation.
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Roles of innate-like B cells in humoral
immunity

B-1 B cells are chiefly responsible for maintaining
preimmune humoral defense at homeostasis.1 Their
biased immunoglobulin (Ig) repertoire and capac-
ity for generating broadly reactive antibodies are
not only tailored for basal protection and pri-
mary immune reactivity, but are also fundamental
for housekeeping functions, such as removing
potentially damaging apoptotic cells and oxi-
dized lipids from the circulation.2 The B-1 lin-
eage was originally defined based on expression
of the Ly1/CD5 surface antigen, but these cells
can be further discriminated by their differential
expression of CD5 and CD11b/Mac1 into B-1a
(CD19hiCD5hi) and B-1b (CD19hiCD5loCD11bhi)
subsets.3 B-1 cells also phenotypically differ from
B-2 cells (CD19+CD5loCD11blo).

The distinct enrichment of B-1 lymphocytes in
the coelomic body cavities, such as the peritoneum

and lungs, underscores their ability to serve as sen-
tinels at the front lines of pathogen entry. B-1a and
B-1b cells are especially suited for prompt reactivity
to innate agonists that initiate thymus-independent
(TI) humoral responses. However, their capacity
to produce and secrete antibodies requires their
emigration from these anatomic sites to the bone
marrow and spleen.4,5 Aside from eliciting early pro-
tection from pathogenic challenge, B-1b cells also
have adaptive recall capability to certain types of
bacteria.6,7

A second distinctive B cell subset that is appar-
ently B-2 lineage derived occupies a special loca-
tion in the spleen and has similar innate-like
characteristics to B-1 cells. Marginal zone (MZ)
B cells are situated in a unique microanatomical
environment that facilitates surveillance of blood-
borne and particulate antigens including encapsu-
lated bacteria such as Pneumococcus.8,9 Like B-1
cells, MZ B cells possess a distinct Ig repertoire
and differentiate into plasma cells within hours
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upon exposure to innate agonists, such as lipopoly-
saccharide and TI antigens.10 Their CD19hiCD21hi

CD23loCD1dhi phenotype distinguishes them from
the more abundant B-2 follicular (FO) population
that bears a CD19hiCD21loCD23hi surface signa-
ture, can recirculate, and participates in germinal
center (GC)–based affinity maturation.11 Antigen-
induced differentiation of B-2 FO B cells via
this more complex diversification pathway requires
additional time and regulatory oversight, but equips
the host with memory B cells that enable brisk
secondary responses to future foreign antigenic
encounters.

Despite their many shared features, B-1 and MZ
B cells have different B cell receptor (BCR) signaling
characteristics. Although engagement of the BCR in
MZ B cells drives robust calcium signaling, whole-
cell tyrosine phosphorylation (pTyr), and activa-
tion of the MAP kinase and NF-�B cascades,12,13

these signal transduction outcomes are significantly
blunted in B-1 cells.14,15 For example, B-1a or B-1b
cell BCR engagement does not provoke the same
degree or quality of calcium flux or whole-cell pTyr
observed in MZ B cells. Furthermore, ERK is consti-
tutively activated in B-1 cells, but the NF-�B path-
way is impaired.16,17 Given the crucial roles of these
innate-like B cell types in preimmune and primary
humoral responses, it is surprising that the basis for
their robust responsivity to TI antigens and the dif-
ferences in their antigen receptor triggering capac-
ity remain poorly understood. The importance of
improved understanding of how these cells inte-
grate and regulate signals is highlighted by their
roles in disease. It has been long appreciated that
their biased Ig repertoires, unique phenotypes, and
other characteristic features resemble pathogenic B
cells implicated in autoimmune diseases and cer-
tain B cell lymphoproliferative disorders like B cell
chronic lymphocytic leukemia.18

The FCRL family and B cell regulation

A gene family related to the classical Fc recep-
tors (FCR) for IgG and IgE, termed FCR-like
(FCRL), encodes type I transmembrane proteins
with tyrosine-based signaling properties that are
preferentially expressed by B cells. In humans, six
FCRLs (FCRL1–6) are located on human chromo-
some 1q21–23, whereas in mice there are only three
family members, located on chromosomes 1 and 3
(Fcrl1, Fcrl5, and Fcrl6).19 The interspecies diversity

of these receptor genes has provided a challenge
as well as an opportunity to unravel their phys-
iology. Their evolutionary conservation portends
a fundamental role for these receptors in immu-
nity and involvement in multiple immune disorders
including infections, autoimmunity, malignancies,
and immunodeficiencies.20–22

FCRLs have variable numbers of extracellular Ig-
like domains (2–9) and at least one immunore-
ceptor tyrosine-based inhibitory motif (ITIM),
immunoreceptor tyrosine-based activation motif
(ITAM), or both motif types in their cytoplasmic
tails (Fig. 1). Their autonomous signaling potential
and regulatory complexity distinguishes this sub-
family from the classical FCR proteins that have
either a single ITIM or ITAM or associate with an
ITAM-bearing adaptor subunit (e.g., FCR� , CD3� ).
Ligands have recently been identified for several
FCRLs. In humans, FCRL4 and FCRL5 bind IgA and
IgG, respectively,23,24 whereas FCRL6 interacts with
major histocompatibility complex class II (MHCII)
protein HLA-DR.25 In mice, FCRL5 was discov-
ered as a target for the immunoevasin orthopox
MHCI-like protein, which was initially found to
bind NKG2D and alter NK cell cytotoxicity.26,27

However, more study is required to clarify the func-
tional consequences of these interactions and the
other FCRL ligands.

Significant progress has been made in investi-
gating FCRL regulatory properties.28 Among these
receptors in humans, FCRL1 has two potential
ITAM-like motifs. Initial experiments explored its
impact on BCR stimulation and disclosed that co-
ligation of these two receptors induced pTyr of
FCRL1 and enhanced calcium signaling in addi-
tion to B cell proliferation.29 However, the molecu-
lar basis for these downstream events, and which
signaling proteins arbitrate these effects through
FCRL1, remains under investigation. More exten-
sive biochemical work has been carried out with the
other four B cell–expressed human FCRLs. In gen-
eral, studies of FCRL2–5, which all have intracellu-
lar ITIMs, have found a negative influence on BCR
activation.30–33 Several groups have employed B cell
line transfectants expressing Y→F mutant FCRLs to
help define their cytoplasmic effector–recruitment
associations in the context of BCR ligation. Indeed,
treatment with the phosphatase inhibitor pervana-
date, or cross-linking with the BCR, stimulates
pTyr of each of these receptors. This primary
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Figure 1. Overview of BCR and FCRL5 tyrosine-based signal-
ing in mouse innate-like B cells. FCRL5 is shown in relation to
the BCR and its Ig-� and Ig-� ITAM-bearing (green boxes) sig-
naling adaptor subunits. The FCRL5 cytoplasmic tail has both
an ITAM-like sequence and a consensus ITIM (red box). Differ-
ences in FCRL5 function between the MZ and B-1 B cell subsets
directly correlate with their relative intracellular pools of the
protein tyrosine phosphatase SHP-1. BCR signaling is robust in
splenic MZ B cells, but the comparatively higher SHP-1 levels in
these cells enables FCRL5 to inhibit BCR stimulation when the
two receptors are cross-linked. In contrast, peritoneal cavity–
derived B-1 B cells have more blunted BCR activation and a
lower abundance of SHP-1. With the relatively balanced activ-
ity of SHP-1 and Lyn in B-1 B cells, FCRL5 has no apparent
influence on BCR activation.

modification event, presumably induced by Src fam-
ily kinases (SFK) such as Lyn, coincides with the
recruitment of the SH2 domain–containing phos-
phatases SHP-1 and/or SHP-2 to respective ITIM
tyrosines. As a result of these interactions, FCRL2–
5 are each capable of suppressing calcium mobi-
lization, whole-cell pTyr, and MAPK activation to
various degrees. These findings have aided in
the determination that FCRL2–5 can dominantly
repress antigen-receptor activation in B cells.

However, the added presence of cytoplasmic ITAM-
like sequences in most of these molecules suggests
a complex, multifaceted mode of regulation. In
fact, indications that they also positively influence
B cell signaling were subtly apparent in several of
the aforementioned studies, for example, several
mutants with disrupted ITIM tyrosines acquired
the potential to enhance BCR-mediated calcium
activation. These outcomes provided indirect evi-
dence that tandemly positioned intracellular ITAM-
like sequences in the tails of ITIM-bearing FCRLs
are also potentially active.

FCRL5 is a unique immunoregulatory
marker of innate-like B cells

To examine the possibility that many FCRLs have
both inhibitory and activating function, we recently
focused on the FCRL5 member in mice. FCRL5
has five extracellular Ig-like domains, an uncharged
transmembrane region, and cytoplasmic ITIM
and ITAM-like sequences (Fig. 1). This receptor
resembles human FCRL3 in its primary structure,
but mouse FCRL5 differs in the lack of a sixth
membrane-proximal extracellular Ig-like domain
and the absence of a third tyrosine-based hemi-
ITAM sequence at the carboxy-terminus of its cyto-
plasmic tail.34 Notably, within the B lymphocyte
lineage, FCRL3 expression peaks on a circulating
population of effector memory B cells that are also
found in the spleen and have been considered a
human MZ B cell equivalent.35,36

Shortly after it was cloned, a survey of mouse
tissues failed to detect Fcrl5 transcripts in total
RNA samples by northern blotting, indicating that
the gene might be expressed by only a minority of
cells.34 Accordingly, analyses of cell lines and sorted
lymphocyte subsets disclosed the expression of Fcrl5
transcripts by WEHI231 and primary MZ B cells.
The generation of receptor-specific monoclonal
antibodies confirmed the distribution of the FCRL5
protein by splenic MZ B cells as well as B-1a and
B-1b cells isolated from the peritoneal cavity, but
not by conventional B-2 cells that also occupy these
sites.37 Immunohistology of the spleen confirmed
the topographical concentration of FCRL5 in the
splenic MZ, but general absence from the follicle.
These results showed that, aside from CD1d, CD9,
and CD36, FCRL5 was one of only a few surface
antigens that can discretely mark innate-like splenic
MZ and/or peritoneal cavity B-1 cells.37–40 Its
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specific pattern of expression by these unique
subsets, along with its tyrosine-based signaling
potential, implies that FCRL5 has a distinct role in
modulating the B cells principally responsible for
orchestrating primary humoral defense.

This early descriptive work also validated its
capacity for tyrosine-based signaling. Similar to
human FCRL2–5, mouse FCRL5 could undergo
pTyr and inhibit BCR-induced calcium flux in co-
ligation assays performed with WEHI231 and pri-
mary MZ B cells. To determine the mechanistic basis
for these effects, and assess whether its activity dif-
fers in MZ and B-1 cells given their disparate BCR
signaling profiles, an expanded biochemical analysis
of FCRL5 regulation was undertaken. These stud-
ies focused on the receptor’s cytoplasmic ITIM and
ITAM-like sequences and took advantage of a panel
of Y→F chimeric receptor mutants and mouse
FCRL5-specific monoclonal antibodies. These tools
were employed to dissect its impact in cell line trans-
ductants as well as in primary B cells isolated from
wild-type (WT) and genetic mutant mouse models.

FCRL5 counter-regulates innate-like
B cells via Lyn and SHP-1

In MZ B cells, FCRL5 could inhibit BCR-triggered
calcium signaling as well as whole-cell pTyr assessed
by phosphoflow analysis, but a parallel investigation
revealed that it exerted remarkably little influence
on these events in B-1a or B-1b cells.41 Expectedly,
the amplitude of calcium influx and the magnitude
of pTyr induced by BCR engagement in both B-1
cell subsets was markedly lower compared to MZ B
cells. These findings revealed that FCRL5 has dif-
ferential regulatory properties in innate-like splenic
MZ and peritoneal cavity B-1 cells that occupy dif-
ferent anatomical compartments.

To dissect the cause of these subset-specific dif-
ferences, define the individual contributions of its
cytoplasmic tyrosines, and determine the nature of
intracellular proteins recruited to them, a panel of
Fc�RIIb/FCRL5 chimeric receptor constructs was
generated. By fusing the extracellular and trans-
membrane portions of mouse Fc�RIIb in-frame
with different FCRL5 cytoplasmic Y→F variants,
the effects of the ITAM-like sequence (Y543/Y556),
ITIM (Y566), and all three tail tyrosines (FFF)
could be analyzed in parallel. These molecules were
expressed in the A20IIA1.6 (IgG2a�) mouse B cell
line that lacks endogenous Fc�RIIb expression.

This approach, initially used by the Honjo group,42

enabled functional comparisons of BCR engage-
ment alone with F(ab′)2 fragments, versus co-
ligation of the BCR and chimeric Fc�RIIb/FCRL5
tail mutants by means of intact (Fc-containing) rab-
bit anti-mouse-IgG.

With this system, we first performed a global com-
parison of FCRL5 tyrosine-based regulation upon
antigen receptor stimulation. Chimeric receptors
harboring an intact unmodified tail (WT) versus a
cytoplasmic FFF mutation were examined after BCR
ligation or co-ligation by immunoblotting whole-
cell lysates. Consistent with its effects on BCR cal-
cium signaling and pTyr in MZ B cells, FCRL5
co-ligation in A20 cells attenuated whole-cell pTyr as
well as MAPK ERK activation.41 These downstream
effects correlated with pTyr of the WT FCRL5 tail
itself, but were absent in the FFF transfectant. More-
over, these data also verified that a fourth tyrosine
located at amino acid position 544, which does not
fit a typical signaling motif, failed to be pTyr. These
assays confirmed that FCRL5’s ability to be pTyr and
modulate BCR signaling is confined to its intracel-
lular ITIM and ITAM-like sequences.

The impact of FCRL5’s two cytoplasmic motifs,
and individual tyrosines therein, was further
examined in calcium flux assays. The WT chimera
strongly suppressed calcium mobilization, but this
effect was lost when the FFF variant was cross-linked
with the BCR.41 Curiously, studies with the ITAM-
like mutant (FF), which leaves the ITIM intact,
revealed a near complete shutdown of calcium
signaling that was even greater than that observed
for the WT. A similar inhibitory phenotype was
evident for the Y543F mutant, but BCR co-ligation
with the Y556F chimera resulted in effects analo-
gous to the WT. These data suggested differential
functional properties for these two ITAM-like
tyrosines. Surprisingly, the ITIM Y566F chimera,
which has an unaltered ITAM-like sequence,
augmented calcium mobilization over that of BCR
triggering alone and thus disclosed FCRL5’s
potential for activation. In line with its impact on
calcium flux, immunoblotting analyses of lysates
isolated from these stimulated transfectants showed
equivalent results for these FCRL5 tail constructs
on MAPK ERK activation. These experiments41

demonstrated that FCRL5’s cytoplasmic ITIM and
ITAM-like sequences are both functional and that
the receptor has counter-regulatory properties.
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Furthermore, within the ITAM-like module, the
amino-terminal Y543 residue is critical for offsetting
repressive effects of the Y566 ITIM, whereas the
Y556 site appears to be dispensable.

The molecular elements that mediate these out-
comes were then defined in immunoprecipitation
and blotting analyses. After engagement with the
BCR, pTyr was evident for all of the mutant con-
structs except for the FFF.41 Candidate phosphatases
that might bind to the ITIM—SHP-1, SHP-2, and
SHIP—were probed for, but only SHP-1 was found
to associate, and this was dependent on the Y566
ITIM residue. To determine what effector compo-
nent(s) was responsible for the receptor’s ITAM-
like capability, blotting studies were performed to
define suspect kinases and adaptor proteins. No
direct interaction was apparent for the Syk, Btk,
PI3K, or PLC�2 kinases or BLNK or Grb2 adaptor
proteins. However, the Lyn SFK was clearly identi-
fied in immunoprecipitates and its interaction was
dependent on the ITAM-like amino-terminal Y543
residue. SFK can exist in active and inactive confor-
mations, and by use of a discriminating antibody we
could show that the SFK bound at Y543 was in the
active state. These experiments41 provided the first
molecular evidence that FCRLs may have dual regu-
latory function in B cells and can balance activating
and inhibitory signaling by virtue of recruiting a
kinase and phosphatase to independent tyrosines.

The ability of FCRL5 to integrate Lyn and SHP-1
via tandem motifs in its cytoplasmic tail is intrigu-
ing given the role of these signaling proteins in
B cell selection and immunoreceptor function.43

Mice strains that possess genetic alterations in Lyn
and SHP-1 have a progressive loss in B-2 lin-
eage B cells, including MZ B cells, but develop
a relative expansion of B-1 B cells and lupus-like
autoimmunity.44–46 The importance of these two
constituents in driving FCRL5’s integrated regula-
tion was further explored in primary B-1 B cells
from conventional Lyn-deficient mice as well as
the motheaten variable (mev) mutant strain that
harbors a point mutation compromising SHP-1
activity to approximately 10–20% of normal.47,48

Calcium flux and pTyr phosphoflow analyses of B-1
B cells from these mice confirmed the bifunctional-
ity of FCRL5 and the requirement of Lyn and SHP-1
in exerting these effects. In contrast to WT B-1 B
cells, where FCRL5 failed to influence BCR activa-
tion, the absence of Lyn or SHP-1 produced inverse

outcomes and tipped the balance of its activating
or inhibitory function in the opposite direction. In
mev SHP-1 mutant B-1 B cells, FCRL5 enhanced
BCR-mediated calcium activation and pTyr. How-
ever, through this analysis, a non-redundant role
for Lyn also became apparent. Although other SFKs
are present in B-1 B cells, in the absence of Lyn,
FCRL5 acquired inhibitory features. In this con-
text, the receptor developed SHP-1 dominant activ-
ity, and its ITAM-like capability failed to offset this
suppression. This suggests a differential hierarchy
and site-specific role for SFK binding to the FCRL5
substrate. The duality of FCRL5 regulation was
also unique compared to other well-characterized
B-1 B cell inhibitory immunoreceptors like CD5,
CD22, CD32, and CD72. These molecules either
rely on SHP-1 (CD5 or CD72) or SHIP (CD22 and
CD32) to wield their repressive effects.49–52 How-
ever, in contrast to FCRL5, these receptors are all
inhibitory in WT B-1 B cells, were not affected by
Lyn deficiency, and failed to enhance BCR signaling
in SHP-1 mutant B-1 cells. These findings illuminate
FCRL5’s distinct binary function and sensitivity to
the relative activity of Lyn and SHP-1.

With the identification of Lyn and SHP-1 as the
primary mediators recruited to the FCRL5 cytoplas-
mic tail, the receptor’s compartment-specific dis-
parity in splenic MZ and peritoneal cavity B-1 B cells
was revisited. After verifying the molecular associa-
tions of Lyn and SHP-1 with FCRL5 in primary MZ
and B-1 B cells, a flow cytometry–based intracellu-
lar and phosphoflow-staining analysis was used to
compare the relative pTyr status as well as the quan-
tity and activity of Lyn and SHP-1 among spleen
and peritoneal cavity B cell subsets.41 Consistent
with prior studies,12 constitutive pTyr was great-
est for splenic MZ B cells; whereas B-1a and B-1b
cells also exhibited high basal pTyr, peritoneal cavity
B-2 B cells as well as splenic FO and newly formed
B cells had similarly low pTyr levels. A comparable
pattern of pTyr among these subsets was produced
by BCR engagement; however, newly formed cells
demonstrated a potential for higher activation than
splenic FO or peritoneal B-2 cells. The quantity
and activation status of Lyn was also examined at
homeostasis in these subpopulations. Although
slightly higher levels of active and inactive forms
of Lyn were detected in B-1 cells compared to
B-2 B cells, the total quantities and activation sta-
tus among B cell subsets from these tissues did not
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markedly differ. Of significant interest was the strik-
ing abundance of basal SHP-1 levels found in MZ
B cells. Quantities of this phosphatase were nearly
threefold lower in FO B cells. Although slightly
higher amounts of SHP-1 were present in peritoneal
cavity B-1 compared to B-2 cells, they were twofold
lower than in MZ B cells. These results41 were thus
consistent with the differential inhibitory proper-
ties of FCRL5 among innate-like B cells. The ele-
vated SHP-1 concentration in MZ B cells causes
FCRL5 to adopt predominantly inhibitory function
in this subset. However, in B-1 B cells, which have
a relatively lower pool of SHP-1, FCRL5 assumes
more balanced activity that appears to be equally
compensated for by Lyn (Fig. 1).

Conclusions and future studies

These observations not only provide new perspec-
tives on MZ and B-1 B cell biology beyond their
shared responsibilities in basal and primary host
defense, but also reinforce previously recognized
differences in their regulation. A detailed inves-
tigation of FCRL5 has illustrated that members
of this immunoreceptor family can positively and
negatively modulate B cells and serve as dynamic
signaling platforms. Moreover, data demonstrating
that FCRL5 function differs according to the relative
expression of signaling elements in a given subset,
as well as its tissue of origin, has important implica-
tions for disease. Alterations in the quantity or activ-
ity of these effector proteins could have a profound
impact on recruitment to these receptors, perturb
their downstream regulation, and have a detrimen-
tal effect on humoral immunity. Consequently,
the growing number of disease associations for the
FCRLs is not unexpected. The studies reviewed here
have primarily focused on BCR regulation; however,
the chief responsibility of MZ and B-1 B cells is their
primed ability to sense, engage, and combat innate
agonists. A role for the FCRLs in this aspect of B
cell function has recently been examined by several
groups. For example, human FCRL3 and FCRL4
can both promote TLR9-mediated activation.35,53

Collectively, these findings indicate that the FCRLs
differentially modulate innate and adaptive immune
responses. With this new insight into FCRL5
regulation, the development of genetically deficient
mice is expected to enable a more systematic under-
standing of the in vivo physiology of the FCRLs and
their fascinating properties in innate-like B cells.
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