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FcyR clustering in monocytes initiates a cascade of
signaling events that culminate in biological responses
such as phagocytosis, production of inflammatory cyto-
kines, and generation of reactive oxygen species. We
have identified and determined the function of the
adapter protein linker of activation of T cell (LAT) in
FcyR-mediated signaling and function. Clustering of
FcyRs on the human monocytic cell line, THP-1, induces
phosphorylation of a major 36-kDa protein which immu-
noreacts with anti-LAT antisera. Our data indicate that
although both the 36-kDa and 38-kDa isoforms of LAT
are expressed in THP-1 and U937 human monocytic
cells, FcyR clustering induces phosphorylation of the
36-kDa isoform only. Co-immunoprecipitation experi-
ments revealed a constitutive association of p36 LAT
with both FcyRI and FcyRIIa immunoprecipitates, and
an activation-induced association of LAT with PLCvyl,
Grb2, and the p85 subunit of phosphatidylinositol 3-ki-
nase. Transient transfection experiments in COS-7 cells
indicated that overexpression of a wild type but not a
dominant-negative LAT, that is incapable of binding to
p85, enhances phagocytosis by FcyRI. Furthermore,
bone marrow-derived macrophages from LAT-deficient
mice displayed reduced phagocytic efficiency in com-
parison to the macrophages from wild-type mice. Thus,
we conclude that p36 LAT serves to enhance FcyR-in-
duced signal transduction in myeloid cells.

Clustering of the Fey receptors (FcyR)! on monocytes/macro-
phages initiates a series of intracellular biochemical events
that are necessary for induction of the various biological out-
comes, such as phagocytosis, production of inflammatory cyto-
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kines, and generation of reactive oxygen species. Receptor clus-
tering is the result of FcyR engagement of IgG-coated soluble or
particulate antigens and is distinct from FcyR occupancy,
which does not promote signaling biochemistry or biology (re-
viewed in Ref. 1). Phagocytosis of IgG-coated particulate anti-
gens is elicited by all IgG receptors, with the notable exception
of FcyRIIb (reviewed in Ref. 2), and is an essential function of
the innate immune system.

The biochemical pathways initiated by FcyRs leading to
phagocytosis is highly analogous to that of other immunorecep-
tors. Thus, FcyR aggregation by IgG-coated particulate antigen
induces the activity of Src kinases, which phosphorylate a
conserved receptor-associated amino acid motif known as the
immunoreceptor tyrosine-based activation motif (ITAM) (2—4).
ITAMs of the FcyRs are found in the receptor-associated y-sub-
unit except in the case of FcyRIIa (4, 5), which uniquely ex-
presses the ITAM within its cytoplasmic tail (5, 6). ITAM
phosphorylation initiates ITAM recruitment of a variety of
enzymes that propagate the antigenic signal, and lead to and
are essential for phagocytosis (reviewed in Refs. 4 and 7).
However, while reports over the past several years have eluci-
dated some of the FcyR-triggered signaling pathways leading
to phagocytosis, the proximal events induced by FcyR cluster-
ing are not fully understood.

Studies from our laboratory (8) and others (9, 10) have dem-
onstrated that the tyrosine kinase Syk is directly recruited to
the phosphorylated ITAM of the receptor. Syk recruitment is
followed by the recruitment of other SH2 domain-containing
enzymes such as PLCvy1, the Grb2-Sos complex and the p85-
p110 complex of PI 3-kinase (11, 12). Translocation of PLCy1 to
the membrane brings it in contact with its lipid substrate
phosphatidylinositol 4,5-bisphosphate, thus generating second
messengers involved in the activation of protein kinase C and
release of intracellular stored calcium (13, 14). Association of
the Grb2-Sos complex with the membrane facilitates the acti-
vation of the Ras/ERK pathway leading to the activation of
transcription factors and gene expression (15-17). Membrane
localization of the p85 subunit of PI 3-kinase is essential for the
generation of lipid second messengers that are involved in the
activation of a number of enzymes including those that poten-
tiate actin polymerization and cytoskeletal rearrangements
(11, 18—20). Indeed our recent experiments in fibroblasts ex-
pressing a chimeric receptor composed of the extracellular do-
main of FcyRI and p85 reveals that membrane recruitment of
PI 3-kinase is necessary and sufficient to induce actin polym-
erization and phagocytosis (21). Thus, recruitment of these
enzymes to the membrane is critical for their functioning.

Although membrane recruitment is essential for stimulation
of these enzymes in phagocytosis, it is unclear how membrane
recruitment is elicited by FcyRs. Experiments using synthetic
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phosphopeptides corresponding to the phosphorylated ITAM of
FcyRI and FeyRlIla indicated that some but not all of the above
enzymes directly bind via their SH2 domains with the ITAM (8,
11, 22). Other signaling enzymes do not directly bind the phos-
phorylated ITAM, but might be recruited through a receptor-
associated adapter protein. While immunoreceptors expressed
on lymphocytes and mast cells utilize multiple ITAM-bearing
subunits to efficiently transduce signals, the y-subunit is the
only ITAM-bearing molecule identified to date that associates
with Fcy receptors in monocytes (23). Other FcyR-associated
molecules may be present and function as an adapter protein,
but are unidentified.

Earlier studies from our laboratory (24) revealed an unde-
fined 36-kDa phosphoprotein associated with the FcyRI
a-chain. Experiments presented here seeking to identify pro-
teins phosphorylated very early upon receptor clustering also
revealed a 36-kDa phosphoprotein. Hence we set out to deter-
mine the identity and function of pp36. Here we show that this
protein is the recently cloned adapter molecule LAT (linker for
activation of T cells).

LAT, a membrane-associated adapter molecule that exists as
36- and 38-kDa isoforms, was originally cloned from T cells
(25). This protein lacks any intrinsic enzymatic activity but
facilitates enzyme function by serving as an adapter that re-
cruits SH2 domain-containing enzymes and enzyme-adapter
complexes (25). Palmitoylation of LAT targets it to glycolipid-
enriched domains in the membrane (26). Mutational analyses
indicated that localization of LAT to the lipid rafts is crucial for
its function (27). T cell receptor cross-linking leads to phospho-
rylation of LAT and its association with a number of signaling
proteins. The importance of LAT in T cell signaling by the T cell
antigen receptor (TCR) is demonstrated by the inability of
LAT-deficient cell lines to respond to TCR cross-linking (28,
29). Overexpression of a dominant-negative mutant of LAT,
that is incapable of associating with some key SH2 domain
proteins, severely impairs TCR-induced calcium flux, ERK ac-
tivation, and production of interleukin-2 in Jurkat cells (25).
The expression of LAT also appears to be critical for T cell
development, as LAT knockout mice display a lack of mature T
cells in the periphery (30).

Here, we report that LAT is expressed in myeloid cells,
co-immunoprecipitates with FcyRs, and is phosphorylated in
response to FcyR clustering. Additional studies indicate that
LAT associates with p85, Grb2, and PLCy1 upon monocyte
activation and LAT phosphorylation. COS-7 transfectants
overexpressing a wild-type LAT displayed enhanced phagocytic
efficiency, while in contrast, COS-7 transfectants overexpress-
ing LAT Y171F/Y191F showed decreased phagocytic efficiency.
Consistent with these findings indicating a supporting role for
LAT in phagocytosis, bone marrow-derived macrophages from
wild type mice were approximately twice as efficient at ingest-
ing IgG-coated SRBCs as those derived from LAT-deficient
animals. Thus, we conclude that LAT is a functional component
of FcyR signaling in myeloid cells, serving to recruit SH2 do-
main-containing signaling proteins to the membrane.

EXPERIMENTAL PROCEDURES

Cells, Antibodies, and Reagents—THP-1, U937, Raji, Jurkat, and
COS-7 cells were obtained from ATCC. COS-7 cells were maintained in
Dulbecco’s modified Eagle’s medium supplemented with 10% fetal bo-
vine serum. All other cells were maintained in RPMI, supplemented
with 10% fetal bovine serum. Anti-FcyRI antibodies 197 and 32.2, and
anti-FcyRIIa antibody IV.3 were obtained from Medarex. Rabbit poly-
clonal anti-LAT antibody and anti-phosphotyrosine antibody 4G10
were purchased from UBI. Anti-p85 antibody was a generous gift from
Dr. K. Mark Coggeshall (Oklahoma Medical Research Foundation,
Oklahoma City, OK).

Isolation of Peripheral Blood Monocytes (PBM)—Peripheral blood
mononuclear cells were first isolated by density gradient centrifugation
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over Histopaque (Sigma). Monocytes were then purified from the pe-
ripheral blood mononuclear cells by negative selection using the MACs
Monocyte Isolation Kit (Miltenyi Biotech). Briefly, peripheral blood
mononuclear cells were first treated with FcR blocking Reagent (hIgG),
followed by a Hapten-Antibody Mixture (mixture of monoclonal hapten-
conjugated CD3, CD7, CD19, CD45RA, CD56, and anti-IgE antibodies).
The labeled cells were further treated with MACS anti-hapten mag-
netic microbeads that were conjugated to a monoclonal anti-hapten
antibody. The cells were then passed over a MACS column, and the
effluent was collected as the negative fraction representing enriched
monocytes. The monocytes thus purified were subsequently analyzed
for purity by double labeling with CD14-PE and CD45-FITC antibodies
followed by flow cytometry. Data from 10,000 cells indicated that the
isolated monocytes were 100% CD14 positive.

Culture of Murine Bone Marrow-derived Macrophages—Strain-
matched wild type and LAT-deficient mice were a kind gift from Dr.
Paul E. Love (National Institutes of Health, Bethesda, MD). Bone
marrow macrophages (BMM) were derived as described previously (31).
Briefly, bone marrow cells were cultured in RPMI containing 5% fetal
bovine serum and supplemented with 50 ng/ml CSF-1 for 5 days. The
BMDMs were dissociated from the plates with Cell Dissociation Buffer
(Life Technologies, Inc.) and analyzed for Fc receptor expression by flow
cytometry, expression of LAT by Western blotting, and for their ability
to bind and ingest IgG-coated sheep RBCs.

Immunoprecipitation and Western Blotting—THP-1 cells and trans-
fected COS-7 cells were activated by clustering FeyRI and or FcyRIIa
with mAb 197 and IV.3 and goat anti-mouse Ig secondary antibody.
Resting and activated cells were lysed in TN1 buffer (50 mm Tris, pH
8.0, 10 mm EDTA, 10 mm Na,P,0,, 10 mm NaF, 1% Triton X-100, 125
mM NaCl, 10 mm Na;VO,, 10 ug/ml each aprotinin and leupeptin)), and
postnuclear lysates were incubated overnight with the antibody of
interest and protein G-agarose beads (Life Technologies, Inc.) or goat
anti-mouse Ig covalently linked to Sepharose, depending on the anti-
body. Immune complexes bound to beads were washed in TN1 and
boiled in SDS sample buffer (60 mm Tris, pH 6.8. 2.3% SDS, 10%
glycerol, 0.01% bromphenol blue, and 5% 2-mercaptoethanol) for 5 min.
Proteins were separated by SDS-PAGE, transferred to nitrocellulose
filters, probed with the antibody of interest and developed by enhanced
chemiluminescence.

Transfection—COS-7 cells were transfected as described previously
(32). Briefly, cells were grown on culture dishes until they were 60-70%
confluent. 2 ug of cDNA for FcyRI « chain in pCEXVS3, kindly provided
by Dr. J. Ravetch (Rockefeller University, New York), 2 ug of y-subunit
¢DNA in pSVL, a gift from Dr. J.-P. Kinet (Harvard University, Boston,
MA), and 4 ug of Myc-tagged, wild type LAT or LAT Y171F/Y191F in
pEF/Bos, a generous gift from D. L. E. Samelson (National Institutes of
Health, Bethesda, MD) were mixed in various combinations with Lipo-
fect AMINE 2000 reagent (Life Technologies, Inc.). The DNA mixture
was added to cells in serum-free Dulbecco’s modified Eagle’s medium
and incubated for 3 h at 37 °C in a CO,, incubator. The media was then
replaced by Dulbecco’s modified Eagle’s medium supplemented with
10% fetal bovine serum. The cells were harvested 48 h later and ana-
lyzed for expression of the transfected cDNAs by flow cytometry and
Western blotting. Having ensured that the various transfectants ex-
pressed comparable levels of protein, we then examined their ability to
bind and ingest Ig-coated sheep RBCs.

Preparation of IgG-coated Sheep RBCs—Sheep RBCs (Colorado Se-
rum, Denver, CO) were washed in phosphate-buffered saline, and la-
beled overnight with 0.1 mg/ml FITC in phosphate-buffered saline at
4 °C. FITC-labeled cells were then washed in phosphate-buffered saline
and incubated with a subagglutinating dose of rabbit anti-sheep RBC
IgG (Diamedix, Miami, FL) at 37 °C for 1 h. Unbound IgG was removed
by washing the cells with phosphate-buffered saline.

Phagocytosis Assay—IgG-coated SRBCs described above were added
to COS-7 transfectants in suspension, and the cells were pelleted by low
speed centrifugation to increase contact between SRBCs and phago-
cytes. The samples were prepared in duplicate and incubated for 1 h at
either 4 °C to study binding, or 37 °C to study phagocytosis. All cells
were fixed in 1% paraformaldehyde and mounted on slides to be viewed
under a fluorescence microscope. For the phagocytosis assay, cells were
subjected to brief hypotonic lysis with water to remove externally bound
RBCs prior to fixation in paraformaldehyde. The ability of the trans-
fected COS-7 cells to bind IgG-coated targets was expressed as the
percentage of cells that each bound three or more SRBCs (“Rosetting
Activity,” Table I). That the binding was via the transfected Fc recep-
tors was confirmed by the lack of binding observed in untransfected
COS-7 cells. As an additional control, all cells were also incubated with
fluoresceinated RBCs that were not opsonized with IgG. No binding or
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phagocytosis was seen in any of the samples treated with non-opsonized
RBCs. Phagocytosis was measured by counting the total number of
RBCs ingested by 200 transfected COS-7 cells (“Phagocytic Index,”
Table I). The experiment was repeated three times.

Murine bone-marrow macrophages from wild type and LAT deficient
mice were dissociated from culture dishes and treated with IgG-coated
SRBCs by methods described above. The total number of SRBCs bound
by 500 macrophages was counted and expressed as the “Binding Index”
(Fig. 6A). The number of SRBCs ingested by 500 macrophages is ex-
pressed as the “Phagocytic Index” (Fig. 6A). The experiment was re-
peated twice with macrophages derived from two sets of mice.

Measurement of Receptor Expression by Flow Cytometry—Murine
BMMs were tested for expression of FcyRs by incubating with anti-
FeyRIIVIII mAb 2.4G2 (Pharmingen), at a concentration of 10 ug/ml for
30 min at 4 °C. The cells were washed and incubated with FITC-labeled
goat anti-rat Ig secondary antibody for 30 min at 4 °C. Cells were
subsequently washed, fixed in 1% paraformaldehyde, and analyzed by
flow cytometry on an Elite EPICS fluorescence-activated cell sorter
(Coulter, Hialeah, FL). Data from 10,000 cells per condition were re-
corded to yield the percentage of cells expressing receptors (Fig. 6B).

Transfected COS-7 cells were analyzed for FcyRI expression by in-
cubating them with anti-FcRI mAb 197, followed by FITC-labeled goat
anti-mouse Ig secondary and subsequent flow cytometry as described
above (Table I).

RESULTS

FcvyR Clustering in THP-1 Cells Induces Phosphorylation of a
Major 36-kDa Protein That Immunoreacts with Anti-LAT An-
tibody—To identify the initial events that ensue upon FcyR
clustering in monocytes, we assessed tyrosine kinase activity in
resting and FcyR-stimulated THP-1 cells. THP-1 cells were
incubated with either anti-FcyRI mAb 197 or with anti-
FcyRIla mAb IV.3 and the mAb-bound receptors were subse-
quently clustered with goat anti-mouse Ig secondary antibody.
Proteins were immunoprecipitated and analyzed by Western
blotting with anti-phosphotyrosine antibody (Fig. 1, A and B,
upper panels). The results indicated a number of proteins phos-
phorylated upon FcyR clustering, notable among them was a
36-kDa protein that appeared as early as 1 min after receptor
clustering. To identify the 36-kDa protein, the blots were
stripped and reprobed sequentially with several antibodies
against known 36-kDa proteins such as Lnk, the Fce receptor-
associated p-chain and LAT. Of the antibodies used only anti-
LAT immunoreacted with the 36-kDa phosphoprotein in the
lysates of THP-1 cells activated by FcyR clustering (Fig. 1, A
and B, lower panels).

LAT Is Expressed in Monocytes and Is Phosphorylated in
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Immunoblot: Anti-LAT

Response to FcyR Clustering—Previous studies of tissue distri-
bution of LAT indicated that myeloid cells did not express LAT
mRNA (25). In order to ensure that the immunoreactivity of
anti-LAT antibody observed in Fig. 1 was not an observation
limited to the THP-1 cell line, lysates of several different cell
lines and primary macrophages were analyzed by Western
blotting with anti-LAT antibody. As indicated in Fig. 24, the
two isoforms of LAT, p36 and p38, were detected in THP-1 and
U937 human monocytoid cell lines, and 30 pg of Jurkat T cell
lysate positive control (UBI), whereas Raji B cells were nega-
tive. In parallel experiments, lysates from murine BMM
(Fig. 2B) and PBM (Fig. 2C) were probed with anti-LAT anti-
body. The results indicate the presence of LAT in both murine
BMMs, and in human PBMs. However, to our surprise we
found that the amount of LAT present in monocytes is lower
than that in a comparable number of Jurkat T cells. In order to
obtain an estimate of the amount of LAT expressed in mono-
cytes versus T cells, we used lysates from decreasing numbers
of Jurkat T cells (Fig. 2D). Results indicated that LAT expres-
sion in monocytes is approximately 5-10% of that in Jurkat T
cells. Thus, the LAT adapter protein is expressed in T cells and
monocytes but not in B cells.

To further characterize the kinetics of phosphorylation of the
two isoforms of LAT upon FcyR stimulation in monocytes, we
immunoprecipitated LAT from monocytes stimulated with an-
ti-FcyR mAb as above, or with IgG-opsonized SRBCs, the nat-
ural ligand for monocyte FcyRs. Tyrosine phosphorylation of
LAT was seen as early as 30 s in both cases, peaked at 1 min
and lasted until 5 min (Fig. 2, E-G, upper panels). Further-
more, while the 36-kDa isoform of LAT displayed robust phos-
phorylation, there was no detectable phosphorylation of the
38-kDa isoform. The blots were subsequently probed with anti-
LAT antibody to ensure equal loading of protein in all lanes
(Fig. 2, E-G, lower panels).

LAT Co-immunoprecipitates with FcyRs in THP-1 Cells—
Our earlier studies on the FcyRI receptor complex had revealed
a 36-kDa phosphoprotein associated with the FeyRI « chain
(24). To address whether this 36-kDa protein was LAT, lysates
from resting and activated THP-1 cells were immunoprecipi-
tated with either anti-FcyRI mAb 32.2 or anti-FcyRIIa mAb
IV.3. The immune complexes were separated by SDS-PAGE
and analyzed by Western blotting with anti-LAT antibody
(Figs. 3, A and B, upper panels). The 36-kDa isoform of LAT
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Fic. 2. LAT is expressed in human monocytes and is tyrosine phosphorylated in response to FcyR clustering and target binding.
A, whole cell lysates from 2 X 106 THP-1, U937, Raji were probed with anti-LAT antibody. 30 ug of Jurkat lysate (UBI) was loaded in the last lane
as a positive control. B, whole cell lysates from 10° murine BMMs, Raji, and Jurkat T cells were probed with anti-LAT antibody. C, whole cell
lysates form 10 PBMs, Jurkat, U937, and Raji cells were probed with anti-LAT antibody. D, whole cell lysates from 10° THP-1, U937, Jurkat and
Raji cells were loaded in lanes 1, 2, 3, and 8, respectively. Lanes 4-7 were loaded with whole cell lysates from 5 X 10°, 2.5 X 10°, 10°, and 5 X 10*
Jurkat T cells, respectively. The blot was then probed with anti-LAT antibody. E-G, THP-1 cells were activated for the indicated times by clustering
either FcyRI (E) or FeyRlIIa (F) with receptor-specific mAbs, or by incubating with IgG-coated SRBCs (G). Cell lysates were immunoprecipitated
with anti-LAT antibody followed by Western blotting with anti-phosphotyrosine antibody (upper panels). The same blots were reprobed with
anti-LAT antibody (lower panels) to ensure equal loading of protein in all lanes. Normal rabbit IgG was used in the last lane as a control for
immunoprecipitation. Arrows indicate the position of LAT. The p40 in F is likely FcyRIIA. Also indicated in the figure are the heavy and light
chains (IgH, IgL) of the activating and immunoprecipitating IgG antibodies.

was detected in both FcyRI and FceyRIIa immunoprecipitates.
Interestingly, the presence of LAT in FcyR immunoprecipitates
was detectable in resting cells and did not increase upon re-
ceptor clustering. No anti-LAT reactivity was seen in addi-
tional control samples of lanes loaded with the monoclonal
antibodies without cell lysate; thus, the LAT immunoreactivity
is not an artifact of the antibodies. These data suggest that
LAT may be a component of resting, unphosphorylated FcyRI
and FcyRIla complexes, as is the ITAM-containing y-subunit of
FcyRI (23). However, it is conceivable that under the lysis
conditions used in these experiments the lipid rafts are insuf-
ficiently solubilized, and that the co-immunoprecipitation sim-
ply indicates that the two molecules reside in the same rafts
but are not physically associated. Studies to determine the
exact nature of the interaction of LAT with the FcyRs are
underway.

LAT Associates Inducibly with SH2-domain Containing Sig-
naling Proteins—Having established that LAT is expressed in
myeloid cells and is phosphorylated in response to FcyR acti-

vation, we next examined its part in FecyR-mediated function in
myeloid cells. LAT contains several tyrosines that are potential
phosphorylation sites and fit a YXXX consensus motif for SH2-
domain binding (33). Studies in T cells and NK cells indicated
that phosphorylated LAT associated with several SH2 domain-
containing proteins, thereby supporting their membrane trans-
location (25, 28, 29, 34). To test whether LAT phosphorylation
induced by FcyR clustering also occurs on the tyrosine residues
that promote binding of SH2 domain proteins, LAT immuno-
precipitates from resting and FcyRI-activated THP-1 cells were
analyzed by Western blotting with anti-p85 (Fig. 44, upper
panel), anti-Grb2 (Fig. 4B, upper panel), anti-PLCy1 (Fig. 40C),
and anti-SHIP antibodies. The data indicate that LAT induc-
ibly associates with p85, Grb2, and PLCy1 upon FcyR cluster-
ing in THP-1 cells, as it does in T cells (25). In contrast no
association of LAT with SHIP was detected (data not shown).
Thus, LAT may play a functional role in transducing signals
from FcyR by associating with and promoting membrane trans-
location of these signaling proteins.
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B was reprobed with anti-FcyRIIa Ab 260 (lower panel). Arrows indicate the position of LAT. These results are representative of four separate
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Fic. 4. LAT associates with p85, Grb2, and PLCy upon FcyR clustering. THP-1 cells were activated for the indicated time points by
clustering FcyRI. Cell lysates were immunoprecipitated with anti-LAT antibody and analyzed by Western blotting with: A, anti-p85; B, anti-Grb2;
C, and anti-PLCy1 antibodies. Control lanes analyze immunoprecipitations with normal rabbit IgG. A whole cell lysate was loaded in the last lanes
as a positive control. The blots were subsequently reprobed with anti-LAT antibody (lower panels).

LAT Influences Phagocytic Efficiency of FcyRI- transfected
COS-7 Cells—FcyRs bind to IgG-coated particles and mediate
phagocytosis. The signaling process accompanying phagocyto-
sis involves sequential activation of tyrosine kinases, and re-
cruitment of PI 3-kinase to generate 3-phosphoinositides.
These events promote actin polymerization and cytoskeletal
rearrangements such that the phagocyte puts forth pseudopods
to surround and engulf the particle (19, 35, 36). Recruitment of
PI 3-kinase to the membrane has been shown to be both nec-
essary and sufficient for phagocytosis (21). Since LAT associ-
ates with the p85 adapter subunit of PI 3-kinase, LAT could
enhance phagocytic efficiency of FcyRs by promoting p85 re-
cruitment and hence activation of PI 3-kinase. To test this
possibility we took advantage of the COS cell model, which
displays efficient phagocytosis upon transfection with cDNA
encoding FcyRI plus the y-subunit (32). We first assessed the
ability of transfected LAT to become tyrosine phosphorylated
upon FcyR clustering in the COS cell model. Thus, COS trans-
fectants expressing FcyRI, the y-subunit, and/or Myc-tagged
wild-type or mutant (Y171F/Y191F) LAT, were activated for 3
min by clustering FeyRI receptors as described above. Phos-
photyrosine proteins were immunoprecipitated, separated by
SDS-PAGE, and analyzed by Western blotting with anti-LAT
antibody (Fig. 5A). We observed that both wild-type and LAT
Y171F/Y191F are tyrosine phosphorylated by FcyRI clustering
in COS transfectants and that this phosphorylation required
the presence of the y-subunit. Tyrosine phosphorylation of the
mutant LAT is reduced compared with that of wild-type LAT,

most likely since two major tyrosines (Tyr'”! and Tyr'®!) are
mutated to phenylalanine; other known phosphorylation sites
are still present in this mutant. These findings indicate that
LAT becomes tyrosine phosphorylated upon FcyRI clustering
in the COS cell model in a y-subunit dependent manner.

Earlier studies in T cells established that mutation of LAT at
Tyr!™® and Tyr!®! completely abrogates association with p85
and Grb2, and partially reduces binding to PLCy1 (25), indi-
cating that Tyr'”! and Tyr'®! are the sites of SH2 engagement
of LAT by these signaling enzymes. To measure the phagocytic
capacity of COS-7 transfectants, FcyR and/or LAT-transfected
COS-7 cells were incubated with IgG-coated SRBCs for 1 h at
either 4 or 37 °C, respectively. Mock transfected COS cells were
incubated with IgG-coated SRBCs to control for SRBC binding
unrelated to FcyR expression, and all transfectants were also
incubated with fluoresceinated SRBCs that were not opsonized
with IgG. Binding efficiency was measured by counting the
number of COS cells that bound 3 or more SRBCs and ex-
pressed as “% Rosetting Activity” (Table I). No binding of IgG-
coated SRBCs was observed with mock transfected cells (data
not shown). Similarly there was no binding of FcyRI-trans-
fected COS cells with non-opsonized SRBCs, indicating that
the binding observed was indeed between the transfected Fc
receptors and IgG (data not shown). FcyRI-mediated binding to
opsonized SRBCs was not influenced by the presence of any of
the co-transfected molecules as indicated by the rosetting ac-
tivity of the various transfectants (Table I).

To measure phagocytic efficiency, similar transfected sam-
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antibody and analyzed by Western blot-
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lysates from transfected COS cells were
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Western blotting with anti-LAT antibody;
or C, anti-y subunit antibody. D, COS-7
transfectants were tested for their ability
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TABLE I
Influence of LAT on FcyRI-mediated phagocytosis in COS-7
transfectants

COS-7 cells were transiently transfected to express FcyRI a chain,
y-subunit = LATwt or LATmut. FcyRI expression in transfectants was
analyzed by flow cytometry, by first incubating the cells with mAb 197,
followed by FITC-labeled goat anti-mouse IgG secondary antibody. Ro-
setting activity is the percentage of cells that bound 3 or more SRBCs.
Phagocytic index represents the number of SRBCs ingested by 100
phagocytic cells. % A is the deviation from the “FcyRI + v” transfected
cells that were considered to display 100% phagocytic efficiency. The
results of three separate experiments are shown.

Transfection enggsﬁil on R: cst?‘t,tlltr;g Phagocytic index
% % A
Experiment 1
FeyRI + vy 50 33 388 (0)
FceyRI + y + LATwt 39 33 468 (+20)
FeyRI + y + LATmut 38 29 302 (—22)
Experiment 2
FeyRI + vy 47 27 262 (0)
FceyRI + y + LATwt 39 23 350 (+33)
FeyRI + y + LATmut 42 26 174 (—34)
Experiment 3
FeyRI + vy 24 284 (0)
FcyRI + vy + LATwt 21 354 (+25)
FeyRI + y + LATmut 25 238 (—16)

ples were incubated at 37 °C and subsequently subjected to
hypotonic lysis with dH,0 to remove unbound and externally
bound SRBCs. The cells were subsequently fixed in 1%
paraformaldehyde, mounted on slides, and analyzed by fluores-
cence microscopy. The number of SRBCs ingested by 100 phag-
ocytic cells was counted and expressed as the phagocytic index
(Table I); data from three separate experiments are shown.
COS-7 cells overexpressing wild type LAT displayed ~25%
greater phagocytic efficiency than those that overexpressed the
Tyr to Phe LAT mutant or no transfected LAT (p value <
0.001). Western blotting with anti-LAT antibody indicated al-
most equal levels of expression of the transfected wild type LAT
and LAT Tyr to Phe mutant (Fig. 5B). Interestingly, the anti-

body also detected low levels of p36 and p38 LAT in COS-7
cells, migrating slightly faster than the Myc-tagged LAT. The
possible presence of endogenously expressed LAT in COS-7
cells could explain the small influence of the transfected LAT
proteins on phagocytosis. Expression of the y-subunit and the
FcyRI a chain was comparable in all transfectants, as deter-
mined by Western blotting and flow cytometry respectively
(Fig. 5C and Table D).

BMMs from LAT-deficient Mice Display Reduced Phagocytic
Efficiency—The functional studies using the COS-7 model sug-
gest that LAT supports phagocytosis by FcyRI. To more rigor-
ously address this issue, we obtained bone marrow macro-
phages from wild type and LAT-deficient mice by culturing
bone marrow cells in the presence of colony stimulating factor-1
for 5 days. The resulting macrophages were harvested and
analyzed for the expression of FcyRs. As seen in Fig. 6B, 99% of
the BMMs from wild type and LAT-deficient mice expressed
FcyRs as assessed by flow cytometry using antibodies directed
against FcyRIII and FeyRII (2.4G2). We then tested the ability
of wild type or LAT-deficient macrophages to bind and ingest
IgG-coated SRBCs by methods described above. The results of
two experiments performed with BMMs from separate sets of
mice are presented in Fig. 6A and indicate that IgG binding is
equivalent between wild type and LAT-deficient BMMs. Thus,
consistent with results using the COS-7 model, LAT expression
does not influence the affinity of FcyRI. However, despite com-
parable expression and affinity of FcyRI expressed on wild type
and LAT-deficient BMMs, wild type BMMs were twice as effi-
cient at phagocytosing SRBCs as were the LAT-deficient
BMMs. These data strongly support a functional role for LAT
in enhancing FcyR-mediated phagocytosis.

DISCUSSION

Here, we report that LAT is an additional and important
component of FcyR-mediated signal transduction. Our results
demonstrate that LAT is expressed in myeloid cells, that LAT
co-immunoprecipitates with FcyRI and FcyRIIA in unactivated
monocytes, and that LAT binds, upon its tyrosine phosphoryl-
ation, with SH2 domain-containing signaling proteins such as
PLCv1, Grb2, and p85. Furthermore, transient transfection
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Fic. 6. BMMs form LAT-deficient mice display reduced phagocytic efficiency. A, BMMs from wild type and LAT-deficient mice were
examined for their ability to bind and ingest IgG-coated SRBCs. Binding Index represents the total number of SRBCs bound to 500 macrophages.
Phagocytic Index represents the number of SRBCs ingested by 500 macrophages. The graph displays the average of two experiments performed
with BMMs derived from separate sets of mice. B, FcyR expression on the wild type and LAT-deficient BMMs was analyzed by flow cytometry. For
this, the cells were labeled with anti-FcyRII/III mAb 2.4G2 followed by FITC-labeled goat anti-rat IgG secondary antibody (solid line). Cells were

also labeled with secondary antibody alone (dashed line).

experiments in COS-7 cells demonstrated that co-transfection
of wild type but not Y171F/Y191F mutated LAT with the FcR
y-subunit enhanced phagocytic efficiency. In addition, BMMs
from wild type mice displayed a 2-fold greater phagocytic effi-
ciency than those from LAT-deficient mice. Together, these
findings suggest that LAT serves to recruit signaling molecules
to the plasma membrane and thereby supports phagocytosis.
While LAT is clearly not required for phagocytosis, LAT may
function in a synergistic manner with the FcyR ITAMs to elicit
signaling events and phagocytosis.

While Syk (8) and PI 3-kinase (22) appear to be directly
recruited to FcyR ITAMs, there is no identified mechanism
thus far that accounts for membrane recruitment of PLCvy1 or
Grb2 in FcyR-stimulated myeloid cells. The association of phos-
phorylated LAT with PLCy1 and Grb2 in THP-1 cells suggests
a role for LAT in these signaling pathways. The Grb2 SH2
domain has been shown to associate directly with phosphoty-
rosines in cytokine receptors that conform to a consensus
YVNV motif (37). Immunoreceptors do not bear a consensus
motif for Grb2 SH2 binding and appear to associate with the
Grb2-Sos complex via an additional adapter protein, Shc (38,
39). However, LAT has five potential tyrosine phosphorylation
sites that fit a consensus binding motif for Grb2 SH2. Absence
of LAT expression or mutation of the Grb2-binding sites in LAT
completely abrogates the Ras/ERK pathway, calcium mobiliza-
tion, and interleukin-2 production in T cells (25, 28, 29). Based
on these observations, the influence of LAT on FcyR-induced
activation of Ras pathway may be much more profound than
the influence on PI 3-kinase-dependent biology. Studies are
underway to determine the role of LAT in Ras-dependent biol-
ogy of monocytes.

The importance of lipid rafts in signal transduction is becom-
ing increasingly evident. Lipid rafts are biochemically distinct
regions of the plasma membrane that are enriched in sphingo-

lipids and cholesterol (40, 41). Recent studies in T cells indicate
that several key signaling molecules are localized in lipid rafts,
and that TCR clustering is followed by a rearrangement of the
rafts in the plasma membrane (42). Studies in T cells indicate
that LAT is palmitoylated, that it likewise resides in glycolipid-
enriched lipid rafts (26), and that targeting of LAT to the lipid
rafts is critical for its function (28). The TCR either moves into
the rafts upon its clustering (43, 44), or is constitutively asso-
ciated with lipid rafts (45). Similarly, the Fce receptor in mast
cells was reported to associate with lipid rafts upon FceR clus-
tering (46, 47). Our results showing that FcyRs co-immunopre-
cipitate with LAT in both resting and activated monocytes
(Fig. 3) suggest that FcyRs may similarly exist in lipid rafts
along with LAT and other important signaling molecules. Fur-
ther analysis is required to determine the location of FcyRs in
the plasma membrane of myeloid cells.

In conclusion, we have characterized the initial events that
occur upon FcyR clustering and examined the role played by
the adapter protein LAT in facilitating FcyR-induced signaling.
The findings reveal an additional mode by which FcyRs relay
signals to elicit biological responses that contribute to innate
immunity.
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