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The SLP-76 (Src homology 2 domain-containing leukocyte protein
of 76 kDa) adapter protein is expressed in T cells and myeloid cells,
whereas its homologue BLNK (B cell linker protein) is expressed in
B cells. SLP-76 and BLNK link immunoreceptor tyrosine-based
activation motif-containing receptors to signaling molecules that
include phospholipase C-g, mitogen-activated protein kinases, and
the GTPases Ras and Rho. SLP-76 plays a critical role in T cell
receptor, Fc«RI and gpVI collagen receptor signaling, and partici-
pates in signaling via FcgR and killer cell inhibitory receptors. BLNK
plays a critical role in B cell receptor signaling. We show that
murine bone marrow-derived macrophages express both SLP-76
and BLNK. Selective ligation of FcgRI and FcgRIIyIII resulted in
tyrosine phosphorylation of both SLP-76 and BLNK. SLP-762/2 bone
marrow-derived macrophages display FcgR-mediated tyrosine
phosphorylation of Syk, phospholipase C-g2, and extracellular
signal regulated kinases 1 and 2, and normal FcgR-dependent
phagocytosis. These data suggest that both SLP-76 and BLNK are
coupled to FcgR signaling in murine macrophages.

monocytes u phagocytosis

Immunoreceptor tyrosine-based activation motif-containing
receptors (1), which include the T cell receptor (TCR)-CD3

complex, the B cell receptor, Ig Fc receptors (FcR), the
platelet gpVI collagen receptor (2), and killer-cell inhibitory
receptors (3), all signal via sequential activation of src and syk
family tyrosine kinases, phosphatases, and a host of adapter
proteins that serve as molecular links to downstream signaling
pathways (4).

SLP-76 [Src homology 2 (SH2) domain-containing leukocyte
protein of 76 kDa] (5) is an adapter molecule crucial in TCR
signaling. SLP-76 has numerous direct and indirect associations,
including Grb2 (5), the Grb2-related adapter downstream of Shc
(Gads) that links SLP-76 to LAT (linker for activation of T cells)
(6), phospholipase C (PLC)-g (7), Vav (8), and the Fyn binding
protein (9), also known as SLP-76-associated protein of 130 kDa
(SLAP-130) (10), the SH2 domain-containing phosphatase-1
(11), and Nck (12). PLC-g activation leads to release of intra-
cellular calcium and stimulation of calcium-dependent pathways.
Grb2 and Sos recruit the Ras GTPase to activate the mitogen-
activated kinaseyextracellular signal regulated kinase (ERK)
pathway (13). Vav is a guanine nucleotide exchange factor for the
Rac-1 GTPase that controls the Jun amino-terminal kinase
pathway (14). These molecular chains link SLP-76 to alterations
in gene transcription such as induction of nuclear factor of
activated T cells and IL-2 promoter activity (15). Nck provides
a connection to the regulation of cytoskeletal actin polymeriza-
tion (12).

SLP-76 is expressed in murine T cells, myeloid cells (Gr-11

and Mac-11 bone marrow cells) (16), and bone marrow-derived
mast cells (BMMC) (17), as well as in human monocytic cell lines
(5), where it is tyrosine-phosphorylated upon FcgRI crosslinking
(18). T cell development in SLP-762/2 mice is arrested at the
double-negative stage (19, 20), indicating a critical role for

SLP-76 in the TCR-dependent thymocyte transition from dou-
ble-negative to double-positive. SLP-762/2 mice display perito-
neal hemorrhage and defective platelet activation via the gpVI
collagen receptor (21). SLP-762/2 mice are resistant to IgE-
mediated anaphylaxis, and their BMMC fail to degranulate and
synthesize cytokines in response to Fc«RI crosslinking (17).
FcgR signaling in SLP-762/2 macrophages has not been studied.

B cells express the SLP-76 homologue B cell linker protein
(BLNK) (22), also known as SLP-65 (Src homology 2 domain-
containing leukocyte protein of 65 kDa) (23). BLNK is tyrosine-
phosphorylated after B cell receptor crosslinking. BLNK asso-
ciates with PLC-g1 and -2, Vav, Grb2, and Nck. Thus, it appears
to function similarly to SLP-76 in T cells (23). Targeted disrup-
tion of BLNK in a chicken B cell line abolished PLC-g2
phosphorylation, calcium flux, and Jun amino-terminal kinase
activation after B cell receptor ligation (24). ERK phosphory-
lation was reduced, but detectable. Human BLNK is restricted
to B cells; no expression was found in T or monocytic cell lines
(22). Murine BLNK was found only in B cells and not in T cell
lines or fibroblasts (23). Macrophage expression of BLNK has
not been reported.

There are three types of FcgR, all of which can be expressed
on murine macrophages. FcgRI and FcgRIII are activating
receptors containing the immunoreceptor tyrosine-based acti-
vation motif-bearing FcR g chain. In mice, FcgRII is an inhib-
itory receptor containing tyrosine-based inhibitory motifs (25).
We show that both SLP-76 and BLNK are expressed in bone
marrow-derived macrophages (BMM) and both are tyrosine-
phosphorylated upon crosslinking of FcgRI or FcgRIIyIII in
murine BMM. Tyrosine phosphorylation of total cytoplasmic
proteins (Syk, PLC-g2, ERK-1, and ERK-2) are detected in
SLP-762/2 BMM after stimulation via FcgR. In addition, FcgR-
mediated phagocytosis proceeds normally. These findings sug-
gest that both SLP-76 and BLNK are coupled to FcgR signaling
in murine macrophages.

Methods
Animals. The derivation of the SLP-76-deficient mice has been
described (19). All mice were housed under specific pathogen-
free conditions; their use was conducted according to protocols
approved by the Institutional Animal Care and Use Committee.

Abbreviations: PLC, phospholipase C; TCR, T cell receptor; FcR, Fc receptor; BMM, bone
marrow-derived macrophages; ERK, extracellular signal regulated kinase; BLNK, B cell
linker protein; SLP-76, Src homology 2 domain-containing leukocyte protein of 76 kDa;
SRBC, sheep red blood cells.

‡To whom reprint requests should be addressed at: Division of Immunology, Children’s
Hospital, Enders Building, Room 809, 300 Longwood Avenue, Boston, MA 02115. E-mail:
geha @a1.tch.harvard.edu.

The publication costs of this article were defrayed in part by page charge payment. This
article must therefore be hereby marked “advertisement” in accordance with 18 U.S.C.
§1734 solely to indicate this fact.

Article published online before print: Proc. Natl. Acad. Sci. USA, 10.1073ypnas.040543597.
Article and publication date are at www.pnas.orgycgiydoiy10.1073ypnas.040543597

PNAS u February 15, 2000 u vol. 97 u no. 4 u 1725–1730

IM
M

U
N

O
LO

G
Y



Control mice used in these experiments were C57BLy6 3
129ySv F1 or heterozygous SLP-761/2 littermate controls.

Antibodies. Commercial reagents used were: goat anti-rat IgG
(CappelyICN); biotin-conjugated rat anti-mouse CD11b mAb,
purified or fluorescein-conjugated rat anti-mouse CD16y32
mAb 2.4G2, and streptavidin cytochrome c (PharMin-
genyBecton-Dickinson); rabbit anti-rat ERK-1 peptide (K-23),
mouse anti-human phospho-ERK-1y2 peptide mAb (E-4), rab-
bit anti-human PLC-g2 peptide (Q-20), and goat anti-human
SLP-76 peptide (C-20) (Santa Cruz Biotechnology); mouse
antiphosphotyrosine mAb 4G10 (Upstate Biotechnology, Lake
Placid, NY); and purified mouse IgG2a myeloma UPC10 (Sig-
ma). The BLNK antiserum is from rabbits hyperimmunized with
a glutathione S-transferase fusion protein with human BLNK
residues 4–205. The Syk antiserum is from rabbits hyperimmu-
nized with a keyhole limpet hemocyanin conjugate of human Syk
residues 294–312. The mouse anti-human SLP-76 Src homology
2 domain mAb H3 was generously provided by Paul Findell,
FibroGen, San Francisco. Affinity-purified UPC-10 mAb was
used as a source of monomeric IgG2a; analysis by nonreducing
PAGE established the absence of Ig aggregates. F(ab9)2 frag-
ments of the mAb 2.4G2 were prepared by pepsin digestion with
the ImmunoPure F(ab9)2 preparation kit (Pierce) according to
the manufacturer’s instructions. Digested antibody was sub-
jected to SDSyPAGE followed by silver staining to verify
complete digestion.

BMM Culture. BMM were obtained by standard methods (26).
Briefly, bone marrow cells were aspirated from femurs and tibias
of euthanized mice. Bone marrow cells were cultured overnight
in RPMI medium (JRH Bioscience, Lenexa, KS) supplemented
with Hepes, penicillin, streptomycin, L-glutamine, pyruvate,
nonessential amino acids, and b-mercaptoethanol (all from
GIBCO). L cell-conditioned medium was used at 20%. Nonad-
herent cells subsequently were transferred to fresh plates and
cultured at 106 cellsyml. BMM were studied after a minimum of
5 days in culture.

Flow Cytometry. BMM were harvested from plates by elution with
cold PBS with 0.02% EDTA. Staining and flow cytometry were
performed according to standard methods (26) by using a
FACSCalibur flow cytometer and CELLQUEST software (Becton–
Dickinson).

Stimulation of BMM, Lysis, and Immunoprecipitation. BMM were
incubated in medium without L cell supernatant for 2–4 hr, then
at 4°C for 30 min with the primary antibody (2.4G2 or UPC10)
at 5 mgyml [10 mgyml for 2.4G2 F(ab9)2]. Plates were washed;
secondary antibody [goat anti-rat IgG 10 mgyml or F(ab9)2 goat
anti-mouse IgG 10 mgyml or F(ab9)2 goat anti-rat IgG 20 mgyml]
in medium at 37°C was added; plates then were placed in a 37°C
incubator. At time zero or 10 min medium was removed, and
cells were scraped from plates in buffer (50 mM Tris, pH 7.4y1
mM EDTAy1 mM EGTAy150 mM sodium chloride) with
protease inhibitors (complete protease inhibitor tablet, Boe-
hringer-Mannheim) and phosphatase inhibitors (10 mM sodium
fluoride, 10 mM sodium pyrophosphate, 0.4 mM sodium or-
thovanadate) without detergent or glycerol. Cell pellets then
were detergent-lysed (Triton X-100, Calbiochem, 1%) in buffer
containing 30% glycerol with protease and phosphatase inhib-
itors; lysates were precleared with rabbit serum or purified rabbit
gamma globulin bound to protein G Sepharose 4B (Amersham
Pharmacia) and then incubated with specific immunoprecipitat-
ing antibodies bound to protein G Sepharose.

Western Blotting. Immunoprecipitates were subjected to standard
SDSyPAGE under reducing conditions. Electro-transfer and

hybridization were carried out by using standard methods.
Bound antibodies were detected with protein G-horseradish
peroxidase conjugate (Bio-Rad), followed by enhanced chemi-
luminescence using substrate from Amersham Pharmacia (ECL)
or Pierce (SuperSignal Ultra) according to the manufacturers’
instructions.

Spleen Adherent Cells. Spleen cells were dispersed and cultured at
5 3 106 cellsyml in medium as described for BMM, without L
cell supernatant. After 4 days, plates were washed to remove
nonadherent cells and used in phagocytosis experiments. Virtu-
ally all cells were able to bind and ingest IgG-sensitized sheep red
blood cells (SRBC).

SRBC Binding and Phagocytosis Assays. SRBC (PMC Microbiologi-
cals, Richmond, BC, Canada) were labeled with 51Cr (New
England NuclearyDuPont) and coated with rabbit anti-SRBC
IgG (CappelyICN), 1:800 dilution, by standard methods (26).
Labeled SRBC were added in medium at 4°C to BMM in 24-well
plates at 2 3 107ywell. Plates were spun in a tabletop centrifuge,
and SRBC were allowed to bind at 4°C for 15 min. For binding
assays, wells were rinsed thoroughly with PBS at 4°C and
inspected in an inverted microscope, then 0.5% SDS was added.
Bound radioactivity was measured in a gamma counter. For
phagocytosis assays, plates were placed in a 37°C, 5% CO2
incubator at time zero. At each time point, SRBC were aspirated,
bound cells were lysed with distilled water, and wells were rinsed
with PBS, then ingested radioactivity was measured after SDS
lysis as described above.

Results
SLP-76 and BLNK Both Are Expressed in Murine BMM and Tyrosine-
Phosphorylated After FcgR Crosslinking. Because relatively few
adherent macrophages can be recovered from mouse spleen (107

or less) we performed our biochemical studies in BMM. More
than 90% of wild-type bone marrow cells cultured in L cell-
conditioned medium express FcgRIIyIII (CD16y32) and Mac-1
(CD11b) (Fig. 1A) and have macrophage morphology (not
shown). We used Western blot analysis to ascertain expression
of SLP-76 and its homologue BLNK in these cultured BMM. Fig.
1B shows that goat anti-SLP-76 antiserum detects a 76-kDa band
in BMM lysates. In addition, a rabbit anti-BLNK antiserum
bound to a 65-kDa band. To examine whether SLP-76 andyor
BLNK is tyrosine-phosphorylated in murine BMM after FcgR
ligation, we incubated BMM with the anti-FcgRIIyIII mAb
2.4G2 followed by crosslinking with goat anti-rat IgG. Immu-
noprecipitates from lysates of stimulated cells were analyzed in
Western blots. Fig. 1C shows that both SLP-76 and BLNK are
tyrosine-phosphorylated in murine BMM after FcgR crosslink-
ing. These results suggest that both SLP-76 and BLNK are linked
to pathways of FcgR signaling in murine macrophages.

A tyrosine-phosphorylated protein band of approximately 120
kDa was found to coimmunoprecipitate with both SLP-76 and
BLNK after FcgR ligation. This protein was identified as PLC-g2
by reprobing these membranes with a specific rabbit antiserum.
Surprisingly, PLC-g2 protein coimmunoprecipitated with both
SLP-76 and BLNK also in unstimulated cells (Fig. 1C Lower).
This coprecipitation was specific: PLC-g2 was not detected in
Western blots of immunoprecipitates of the Wiskott–Aldrich
syndrome protein-interacting protein (27) (not shown).

SLP-76 and BLNK Both Are Linked to FcgRI and FcgRIII. FcgR
crosslinking in murine macrophages leads to tyrosine phosphor-
ylation of Lyn, Syk, ERK, and Jun amino-terminal kinases, and
PLC-g (25). There are functional differences between the im-
munoreceptor tyrosine-based activation motif-containing
FcgRs, FcgRI and FcgRIII. For example, different patterns of
cytokines are produced when these ligands are selectively stim-
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ulated (28). The mAb 2.4G2 that we used, the only available mAb
against murine FcgRIII, also binds to FcgRII. However, it is
likely that activating signals after 2.4G2 FcgR crosslinking are
generated by the FcRg-containing FcgRIII, because murine
FcgRII is an inhibitory receptor that recruits protein tyrosine-
phosphatases via an inhibitory motif in its intracytoplasmic
domain (25). It is possible that 2.4G2 interacts with FcRg-
containing FcgRI via its own Fc. Both of the activating recep-

tors, FcgRI and FcgRIII, could be separately coupled to either
SLP-76 or BLNK. Alternatively, one or both receptors could be
coupled to both SLP-76 and BLNK. To distinguish between
these possibilities, we examined tyrosine phosphorylation of
SLP-76 and BLNK after selective ligation of FcgRI and
FcgRIIyIII in BMM.

FcgRI is the only FcgR with high affinity for monomeric IgG
(25), and it interacts preferentially with IgG2a in comparison to
FcgRII and III (29). To selectively ligate FcgRI, normal (SLP-
761/2) BMM were incubated with purified monomeric mouse
IgG2a followed by washing and treatment with F(ab9)2 of goat
anti-mouse IgG. Immunoprecipitates of stimulated cells were
analyzed in Western blots. The effectiveness of the crosslinking
strategy was shown by tyrosine phosphorylation of the FcRg-
associated kinase Syk (Fig. 2A). Tyrosine phosphorylation of
both SLP-76 and BLNK also was seen. These results suggest that
FcgRI is coupled to both SLP-76 and BLNK.

To selectively ligate FcgRIIyIII, we stimulated BMM with
F(ab9)2 fragments of 2.4G2 followed by crosslinking with F(ab9)2
of goat anti-rat IgG. With these reagents, there is no opportunity
for engagement of FcgRI by antibody Fc. In Fig. 2B, Syk
phosphorylation again shows the effectiveness of crosslinking.
Selective ligation of FcgRIIyIII in BMM resulted in tyrosine
phosphorylation of both SLP-76 and BLNK. These results
suggest that FcgRIIyIII also is coupled to both SLP-76 and
BLNK.

FcgR Signaling in SLP-76-Deficient BMM. SLP-762/2 mice possess
normal numbers of splenic macrophages. However, they have
less than 10% of the number of peritoneal macrophages found

Fig. 1. SLP-76 and BLNK are expressed in BMM and tyrosine-phosphorylated
after FcgR crosslinking. (A) BMM were incubated with labeled isotype control
antibodies (Left) or FITC-conjugated 2.4G2 (anti-FcgRIIyIII) and biotinylated
rat anti-mouse CD11b followed by streptavidin-cytochrome c (Right). The
percentage of double-positive cells ranged from 90% to 95% in three separate
experiments using different mice. (B) A Western blot of BMM lysates was
probed with purified goat anti-SLP-76 or rabbit anti-BLNK antiserum. (C) BMM
were exposed to 2.4G2 followed by goat anti-rat IgG for 0 or 10 min. Lysates
were immunoprecipitated (IP) by using the anti-SLP-76 H3 murine mAb or
rabbit anti-BLNK antiserum. A Western blot was probed initially with an-
tiphosphotyrosine (4G10). The membrane was stripped and reprobed with
goat anti-SLP76 or rabbit anti-BLNK to verify equal protein loading. In sepa-
rate experiments, Western blots of SLP-76 and BLNK immunoprecipitates were
hybridized with rabbit anti-human PLC-g2. Results were identical in three
separate experiments using different mice.

Fig. 2. Tyrosine phosphorylation in BMM after selective ligation of FcgRI or
FCgRIIyIII. (A) BMM were stimulated with purified mouse IgG2a (UPC10
myeloma protein) followed by F(ab9)2 of goat anti-mouse IgG. Cells were
harvested at 0 or 10 min, and lysates were immunoprecipitated (IP) with the
indicated antibodies. Western blots were probed initially with 4G10, then
stripped and reprobed with the immunoprecipitating antibody. (B) BMM
were stimulated with F(ab9)2 of 2.4G2 followed by F(ab9)2 of goat anti-rat IgG.
Immunoprecipitation and Western blots were as described in A. Data were
replicated in three separate experiments using different mice.
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in wild-type mice. We observed normal development of macro-
phages from SLP-762/2 bone marrow cells under the influence
of L cell-conditioned medium. Fig. 3A shows that SLP-762/2

BMM express FcgRIIyIII (CD32y16) and Mac-1 (CD11b) in a
proportion similar to SLP-761/2 controls (.90%), and with
equivalent surface density. The morphology of the BMM and
their density in culture are also equivalent in SLP-762/2 and
heterozygous control mice (data not shown). These results
suggest that SLP-76 is not essential for the development of
BMM.

Fig. 3B shows that BLNK is expressed equivalently in SLP-
761/2 and SLP-762/2 BMM. More importantly, BLNK is ty-
rosine-phosphorylated in SLP-762/2 BMM after crosslinking
FcgR with 2.4G2 (Fig. 3C). These results suggest that BLNK
activation in FcgR signaling is independent of SLP-76 and raise
the possibility that downstream signaling elements may be
activated through BLNK in the absence of SLP-76.

Fig. 4A shows that the pattern of total protein tyrosine
phosphorylation after FcgR crosslinking with mAb 2.4G2 is not
appreciably different between control and SLP-762/2 mice.
There were neither additional nor missing bands in the lysates of
SLP-762/2 BMM. The fact that tyrosine-phosphorylated bands
appear more intense in lysates of SLP-762/2 BMM in the
experiment shown is probably the result of a greater amount of
protein loaded. When the same membrane was probed with an
antibody that binds ERK-1 and ERK-2, there was clearly more

ERK in SLP-762/2 lysates than in control BMM lysates (see Fig.
4B Lower).

In murine macrophages, FcgR crosslinking leads to tyrosine
phosphorylation of Lyn, Syk, PLC-g, ERK, and Jun amino-
terminal kinases (25). We next examined tyrosine phosphor-
ylation of specific signaling intermediates placed upstream
(Syk) and downstream (PLC-g and ERK) of SLP-76 in FcgR
signaling, according to the well-established sequence of events
in T cell receptor signaling (4, 30). SLP-762/2 and control
BMM were stimulated with 2.4G2 and goat anti-rat IgG. Syk
and PLC-g2 immunoprecipitates were analyzed in Western
blots probed with an antiphosphotyrosine mAb. Tyrosine
phosphorylation of Syk was similar in control and SLP-762/2

BMM (Fig. 4C). Phosphorylation of PLC-g2 was readily
detectable in lysates of stimulated SLP-762/2 BMM, but
appeared reduced in comparison to the control (Fig. 4D). To
examine phosphorylation of ERK, BMM lysates were probed
with an antibody that binds phosphorylated ERK-1 (44 kDa)
and ERK-2 (42 kDa). Fig. 4B shows induction of ERK
phosphorylation in BMM from control and SLP-762/2 mice.
The greater intensity of the bands in SLP-762/2 lanes in the
experiment shown is probably caused by protein loading (see
above). These data demonstrate that substrates placed both
upstream and downstream of SLP-76 are phosphorylated on
tyrosines after FcgR ligation in SLP-762/2 BMM.

FcgR-Dependent Phagocytosis Proceeds Normally in SLP-76-Deficient
BMM. Signaling via FcgRI and FcgRIII is critical for a number
of macrophage functions including phagocytosis of antibody-

Fig. 3. BMM from SLP-762/2 mice. (A) BMM from SLP-76-deficient mice were
analyzed by flow cytometry as in Fig. 1. (B) A Western blot of cell lysates from
SLP-762/2 or SLP-761/2 control mice were probed with BLNK antiserum. (C)
BMM were stimulated with 2.4G2 and goat anti-rat IgG. Lysates were immu-
noprecipitated (IP) with BLNK antiserum; a Western blot was probed initially
with 4G10. The blot then was stripped and reprobed with BLNK antiserum.
Data were replicated in a separate experiment using different mice.

Fig. 4. Protein tyrosine phosphorylation after FcgR crosslinking. BMM were
stimulated with 2.4G2 and goat anti-rat IgG for 0 or 10 min. A Western blot of
BMM lysates was probed initially with antiphosphotyrosine mAb 4G10 (A),
then stripped and reprobed with antiphospho-ERK and anti-ERK-1 (B). Lysates
also were immunoprecipitated (IP) with anti-Syk (C) and anti-PLC-g2 (D).
Western blots of immunoprecipitates were probed initially with 4G10, then
blots were stripped and reprobed with the immunoprecipitating antibody.
Data were replicated in 2–4 additional experiments using different mice.
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sensitized particles. Phagocytosis of IgG-coated particles in-
volves predominantly FcgRI and FcgRIII (31). To examine
whether FcgR-mediated phagocytosis can proceed indepen-
dently of SLP-76, we examined the capacity of SLP-762/2 BMM
to bind and phagocytose rabbit IgG-sensitized SRBC. Binding of
IgG-coated SRBC to BMM at 4°C was monitored visually and
also was assessed by using radioactively labeled SRBC. BMM
from SLP-762/2 mice bound sensitized SRBC equivalently to
controls (data not shown). Phagocytosis was evaluated in cul-
tures incubated at 37°C for varying periods of time after SRBC
binding at 4°C. Fig. 5A shows that the phagocytic activity of
SLP-762/2 BMM was equal to that of controls. Because cyto-
kines in the conditioned culture medium might have permitted
SLP-762/2 BMM to overcome a phagocytic defect, we also
studied SRBC uptake by freshly isolated spleen macrophages.
Fig. 5B shows that primary adherent macrophages from spleens
of SLP-762/2 mice also ingest sensitized IgG-coated SRBC
normally. These results indicate that SLP-76 is not essential for
FcgR-dependent phagocytosis.

Discussion
We have shown that murine BMM express both SLP-76 and
BLNK. Furthermore, selective ligation of either FcgRI or
FcgRIIyIII in BMM resulted in tyrosine phosphorylation of
both SLP-76 and BLNK. FcgR-mediated tyrosine phosphoryla-
tion of Syk and ERK-1y2, and FcgR-dependent phagocytosis
were normal in SLP-76-deficient macrophages; tyrosine phos-
phorylation of PLC-g2 was slightly reduced. These results sug-
gest that SLP-76 and BLNK both are linked to FcgR signaling
pathways in murine BMM.

SLP-76 is expressed and tyrosine-phosphorylated in murine
macrophages after FcgR crosslinking. Furthermore, tyrosine-
phosphorylated PLC-g2 coprecipitated with SLP-76 after FcgR
ligation (Fig. 1C). The coprecipitation of SLP-76 and PLC-g2 in
stimulated BMM is consistent with the observed coprecipitation
of PLC-g1 and SLP-76 in T cells after TCRyCD3 ligation (5),
and in mast cells after Fc«RI ligation (V.I.P. and R.S.G.,
unpublished observations). These data suggest a role for SLP-76

in FcRg chain-dependent signaling in murine BMM, as has been
reported in a human monocytic cell line (18).

BLNK is a structural and functional homologue of SLP-76.
BLNK is expressed in B cells and plays a critical role in signal
transduction via the B cell Ig receptor complex (22, 23). Our data
show clearly that BLNK is expressed in murine BMM. More
importantly, BLNK was tyrosine-phosphorylated after FcgR
crosslinking. We also found coimmunoprecipitation of tyrosine-
phosphorylated PLC-g2 with BLNK in BMM after FcgR liga-
tion. Coprecipitation of BLNK with PLC-g has been observed in
activated B cells (22). These results suggest that BLNK is
coupled to FcgR signaling in murine BMM.

We observed that PLC-g2 in its unphosphorylated form
coprecipitated with both SLP-76 and BLNK in unstimulated
BMM (Fig. 1C). This finding is in contrast to the situation in T
cells (5) and B cells (22) where the association of PLC-g with
SLP-76 and BLNK, respectively, is observed only after stimula-
tion. The reason for this discrepancy may relate to the fact that
‘‘unstimulated’’ BMM may not truly be resting, because some
signaling pathways may be active after culturing over several days
in cytokine-containing medium, and adherence to plastic.

Murine FcgRI and FcgRIII signal via their immunoreceptor
tyrosine-based activation motif-containing FcRg chain, whereas
FcgRII transmits inhibitory signals via its tyrosine-based inhib-
itory motif in the intracytoplasmic domain (25). Because intact
anti-FcgRIIyIII 2.4G2 mAb may interact with FcgRI via its own
Fc portion, it may activate macrophages via both FcgRI and
FcgRIII. We investigated whether both of these receptors can be
linked individually to both SLP-76 and BLNK. We used mouse
IgG2a to selectively activate BMM via FcgRI, and 2.4G2 F(ab9)2
to selectively activate BMM via FcgRIIyIII. Secondary F(ab9)2
reagents were used to avoid recruitment of other receptors via
Fc. Our results clearly show that activation via either one of these
receptors resulted in simultaneous tyrosine phosphorylation of
both SLP-76 and BLNK. It is unlikely that FcgRII or FcgRIII
were engaged by murine IgG2a, because these receptors have
negligible affinity for monomeric mouse IgG (25) and are
selective for IgG1 and IgG2b (29). It is also unlikely that
engagement of FcgRII contributed to BLNK and SLP-76 phos-
phorylation after crosslinking with 2.4G2 F(ab9)2. However, this
possibility can be formally eliminated only by examining BMM
from mice in which individual FcgR genes are inactivated.

Because both BLNK and SLP-76 are linked to both FcgRI and
FcgRIII, it was important to determine whether the simulta-
neous presence of both adapter molecules is essential for FcgR
signaling. We addressed this question by examining FcgR sig-
naling in BMM from SLP-762/2 mice. Although SLP-762/2 mice
have normal numbers of splenic macrophages (19), they are
severely deficient in peritoneal macrophages. The paucity of
peritoneal macrophages in SLP-762/2 mice may reflect an
intrinsic defect in the development or function of these cells or
may be secondary to another defect, such as the platelet
dysfunction and intraperitoneal bleeding observed in these mice.
It is unlikely that the paucity of peritoneal macrophages reflects
a maturation defect in this cell lineage, because BMM developed
normally when SLP-762/2 bone marrow cells were cultured in L
cell-conditioned medium. CSF-1 (M-CSF), is an important
macrophage differentiation cytokine in this medium (32, 33).
Molecules known to associate with SLP-76 in TCR and FcgR
signaling pathways such as Grb2 and Cbl (34) are also compo-
nents of pathways activated by the receptor for CSF-1. However,
a role for SLP-76 in CSF-1 signaling has not been reported. Our
studies suggest that SLP-76 is not essential for the response of
BMM precursors to CSF-1 (Fig. 3A).

Our studies showed that in the absence of SLP-76, several
signaling intermediates are activated after FcgR ligation. These
include Syk, PLC-g2 (whose phosphorylation in T cells depends
on SLP-76; ref. 30), and the mitogen-activated protein kinases

Fig. 5. Phagocytosis of IgG-sensitized SRBC. SRBC were labeled with 51Cr and
rabbit anti-SRBC IgG, and added to cultured BMM (A) or adherent spleen
macrophages (B). Each point represents data from four separate experiments
using BMM from different SLP-762/2 and control mice (mean 6 SD). Counts per
minute (CPM) were adjusted to account for differences in the specific radio-
activity of SRBC in each experiment. Ingested CPM with radioactive SRBC in the
absence of IgG was ,2,000 in all experiments.
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ERK-1y2, which are downstream of SLP-76. Normal tyrosine
phosphorylation of Syk in SLP-762/2 mice is not surprising,
because it is thought to be upstream of SLP-76. Syk is a substrate
of src-family kinases after FcgR crosslinking (25); Syk phos-
phorylation is intact in SLP-762/2 platelets stimulated via the
gpVI collagen receptor (21) and in SLP-762/2 mast cells trig-
gered via Fc«RI (17). Furthermore, normal ZAP-70 phosphor-
ylation has been observed during TCR signaling in a SLP-76-
deficient human T cell line (J14-v-29) (30).

Phosphorylation of PLC-g2 is readily detectable, although
slightly reduced in SLP-762/2 BMM. This finding is in contrast
to SLP-762/2 platelets (21) and the SLP-76-deficient J14-v-29
line (30), where tyrosine phosphorylation of PLC-g2 and PLC-
g1, respectively, was not detected upon activation. The TCR is
thought to be linked to PLC-g1 via a SLP-76-Gads-LAT pathway
(6, 7). Although Gads is expressed in BMM (6), LAT expression
was not seen in the THP-1 cell line (7) or in murine peritoneal
macrophages (35). The path linking FcR g to PLC-g2 in BMM
remains to be determined. Because PLC-g2 coprecipitates with
both SLP-76 and BLNK in BMM, it is possible that both adapters
link FcRg to PLC-g2 in BMM. The reduced phosphorylation of
PLC-g2 in SLP-762/2 BMM may indicate that BLNK alone is
less effective than BLNK and SLP-76 together in linking PLC-g2
to FcgR.

TCR signaling does not lead to ERK-1 and ERK-2 phosphor-
ylation in the SLP-76-deficient J14-v-29 line (30), suggesting that
in T cells SLP-76 is essential for mitogen-activated protein kinase
activation. Phosphorylation of ERK-1y2 depends on the Ras-
Raf pathway (36). Normal phosphorylation of ERK-1y2 in
SLP-762/2 BMM after FcgR ligation suggests that the Grb-
2ySos-Ras connections are intact in these cells, possibly because
of BLNK.

Although transfection studies show that all three FcgRs can
mediate phagocytosis, macrophages from FcR g2/2 mice cannot
phagocytose IgG-coated SRBCs (31). Thus, it appears that
FcgRII may not normally be involved in phagocytosis, and that

phagocytosis of IgG-coated particles involves predominantly
FcgRI and FcgRIII. Phagocytosis of IgG-coated SRBC by
SLP-762/2 BMM was completely normal. This finding is con-
sistent with the intact FcgR signaling in these cells as evidenced
by phosphorylation of PLC-g2 and ERK-1y2 and suggests that
BLNK may support FcgR-mediated phagocytosis in BMM in-
dependently of SLP-76.

In contrast to normal FcgR signaling in macrophages, the
biological activities of several cell types are deranged in SLP-
76-deficient mice. T cells do not develop past the double-
negative stage in the thymus (19, 20), mast cells do not degranu-
late or flux calcium normally after ligation of Fc«RI (17), and
platelets do not aggregate normally after ligation of the gpVI
collagen receptor (21). None of these cell types expresses BLNK
(refs. 22 and 23; V.I.P. and R.S.G., unpublished data).

To our knowledge, murine BMM are the first cells known to
express both SLP-76 and BLNK. Our results strongly suggest that
FcgRI and FcgRIII in BMM can couple to both of these adapter
molecules. The preservation of FcgR-mediated phagocytosis
and activation of signaling molecules in SLP-762/2 BMM sug-
gests that BLNK and SLP-76 may have redundant roles in FcgR
signaling. However, we cannot exclude the possibility that
SLP-76 phosphorylation after FcgR ligation is not necessary for
the biological activities mediated by these receptors, nor that one
or more additional SLP-76 homologues are expressed in mac-
rophages. The study of mice deficient in BLNK and in both
BLNK and SLP-76 may distinguish between these possibilities.
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