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The Journal of Immunology

Dual Functions of Bruton’s Tyrosine Kinase and Tec Kinase
during Fcy Receptor-Induced Signaling and Phagocytosis’

Jenny Jongstra-Bilen,*™* Adrianet Puig Cano,* Manvi Hasija,* Haiyan Xiao,*
C. 1. Edvard Smith,’ and Myron I. Cybulsky**

Tec family nonreceptor tyrosine Kinases are expressed by hematopoietic cells, activate phospholipase C (PLC)vy, and regulate
cytoskeletal rearrangement, yet their role in FcyR-induced signaling and phagocytosis remains unknown. We demonstrate in this
study that Bruton’s tyrosine kinase (Btk) and Tec, the only Tec kinases expressed by RAW 264.7 cells, are activated throughout
phagocytosis. Activated Btk and Tec kinase accumulate at an early stage at the base of phagocytic cups and inhibition of their
activity by the specific inhibitor LFM-A13 or expression by small interfering RNA significantly inhibited FcyR-induced phago-
cytosis. Similarly, a significant role for these kinases in phagocytosis was found in primary macrophages. FcyR-induced activation
of Mac-1, which is required for optimal phagocytosis, was markedly inhibited and our findings suggest that the roles of kinases
Btk and Tec in Mac-1 activation account for their functions in the early stages of phagocytosis. Initial activation of PLCvy2, the
predominant PLC isoform in RAW 264.7 cells, is dependent on Syk. In contrast, a late and prolonged activation of PLCy2 was
dependent on Btk and Tec. We found accumulation of diacylglycerol (DAG), a PLCy product, in phagosome membranes, and
activated Btk, but not Tec, colocalized with phagosomal DAG. Inhibition of Tec family kinase activity increased the level of DAG
in phagosomes, suggesting a negative regulatory role for Btk. Tec, in contrast, clustered at sites near phagosome formation. In
summary, we elucidated that Tec family kinases participate in at least two stages of FcryR-mediated phagocytosis: activation of

Mac-1 during ingestion, and after phagosome formation, during which Btk and Tec potentially have distinct roles. The Journal

of Immunology, 2008, 181: 288-298.

hagocytosis is an essential process that involves engulf-
ment and clearing of microbial pathogens and is conducted

most efficiently by monocytes/macrophages or neutrophils
(1). The ingestion of IgG-opsonized targets is initiated by the en-
gagement and clustering of FcyRs, which induce receptor tyrosine
phosphorylation by Src family kinases and recruitment of the ty-
rosine kinase Syk to the phosphorylated FcyR chain (2, 3). The
subsequent activation of multiple downstream signaling pathways
results in the formation of a phagocytic cup beneath the adherent
particle and the extension of pseudopods around it. Cup formation
is mediated by local actin polymerization, cytoskeletal rearrange-
ment, and membrane remodeling. The subsequent fusion of the
pseudopods results in the closure of the cup to form a vacuole
called a phagosome (4, 5). Phagosomes are internalized and un-
dergo dramatic changes in the membrane and contents due to a
progressive maturation process that ultimately results in the for-
mation of phagolysosome, at which the degradation and clearing of
pathogens occurs (6, 7).
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One of the early molecular switches that control these complex
events is Syk activation (8, 9). However, the pathways controlled
by Syk have not been fully characterized. The analysis of Syk™'~
macrophages revealed that Syk activity is important for phago-
some closure and ingestion of IgG-opsonized particles down-
stream of particle binding and actin polymerization (10, 11). Local
F-actin polymerization is in part dependent on type la phosphati-
dylinositol-4-phosphate 5-kinase, the enzyme responsible for
phosphatidylinositol 4,5-bisphosphate (PIP,)* generation (12—-14).
PIP, accumulates at particle binding sites and extending pseudo-
pods within minutes of FcyR engagement. Botelho et al. (15)
showed that this accumulation is transient and is lost rapidly before
the closure of the phagocytic cup. There is evidence that phospho-
lipase C (PLC)y activity accounts at least in part for the disap-
pearance of PIP, by its hydrolysis to form diacylglycerol (DAG)
and inositol 3,4,5-triphosphate. PLCy is recruited to the phago-
cytic cup and the loss of PIP, was accompanied by the accumu-
lation of DAG at the base of the phagocytic cup (15). DAG can be
generated through the activities of phospholipase D or PLC, and
there is support for the involvement of both enzymes in phagocy-
tosis (15-17). Recently, PLCy-derived DAG was shown to be
important for the activation of protein kinase C (PKC)e, which
accumulates at phagocytic cups and plays a critical role in FcyR-
mediated phagocytosis (18, 19).

The Tec family of cytoplasmic tyrosine kinases includes Bru-
ton’s tyrosine kinase (Btk), Tec, Itk (Emt), Rlk (Txk), and Bmx

3 Abbreviations used in this paper: PIP,, phosphatidylinositol 4,5-bisphosphate;
agglgG, aggregated IgG; Btk, Bruton’s tyrosine kinase; DAG, diacylglycerol; DIC,
differential interference contrast; PKC, protein kinase C; XLA, X-linked agamma-
globulinemia; siRNA, small interfering RNA; PLC, phospholipase C; PIP;, phospha-
tidylinositol 3,4,5-trisphosphate.

Copyright © 2008 by The American Association of Immunologists, Inc. 0022-1767/08/$2.00
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(Etk). These kinases are expressed predominantly in hematopoietic
cells and are involved in a variety of cellular functions including
Ca®" influx, cytoskeletal remodeling, gene expression, survival,
apoptosis, proliferation, or differentiation (20, 21). The multimo-
dular structure of these kinases and the multitude of binding part-
ners certainly contribute to the diverse functions of these ki-
nases. Among myeloid cells, macrophages and neutrophils
express Btk, Tec, and Bmx (22). Several functions of neutro-
phils such as chemotaxis, adhesion, superoxide production, or
degranulation stimulated by fMLP or FcyRIIIb were shown to
be dependent on Tec family kinase activity (23, 24). Recently,
Amoras et al. (25) reported reduced levels of chemotaxis and
FcyR- or complement receptor-mediated phagocytosis in blood
monocytes from X-linked agammaglobulinemia (XLA) pa-
tients. XL A is a B cell deficiency caused by mutations in the Btk
gene, which disrupt the functioning of this protein (21, 26). The
mechanisms of Btk involvement and the requirement for other
Tec family kinases in FcyR-induced phagocytosis have not
been investigated. However, Btk and Tec activation through
CD32 cross-linking in platelets and Tec activation through
FcyRIIIB (CD16b) in human neutrophils suggest that these en-
zymes are functioning downstream from FcyR signaling (24,
27). PLCy2 was shown to be a target for Tec family kinases
through FcyRIIIB signaling in neutrophils (24). During Ag re-
ceptor signaling in lymphocytes, Tec family kinases participate
in PLC+y phosphorylation and activation by forming signaling
complexes with the adaptor proteins BLNK/SLP-65 in B cells
and with LAT and SLP-76 in T cells (28, 29). Murine bone
marrow macrophages express uniquely both SLP-76 and
BLNK, which are coupled to PLCvy2 activation via FcyRI and
FcyRIII (30). Thus, it is possible that FcyR-induced Tec ki-
nases take part in the activation of PLC+y2 during phagocytosis
by forming complexes that include these adaptor proteins.
PLCv2 clustered at phagocytic cups may be part of such com-
plexes. However, PLCy2 involvement in FcyR-mediated
phagocytosis has recently been questioned (19). This is primar-
ily because phagocytosis through FcyR was not significantly
affected by PLCy2 deficiency in macrophages from PLCy2 ™/~
mice (19, 31).

Previously we showed that FcyR-induced Mac-1 activation in
RAW 264.7 mouse macrophages was dependent on the activation
of PLCvy and was required for optimal phagocytosis (32). Cur-
rently, we elucidate the involvement of Tec family kinases (Btk
and Tec) in FcyR-mediated phagocytosis and Mac-1 activation in
RAW 264.7 cells and primary macrophages. We focused on
PLC+2 as a downstream target and show a unique pattern of mod-
ulation of its activity by Tec family kinases, which occurs beyond
its initial activation by Syk and persists during phagosome forma-
tion when a burst of DAG production was observed. Our findings
support distinct roles for Btk and Tec in this late phase of
phagocytosis.

Materials and Methods
Reagents and Abs

The following reagents were used: LFM-A13 (a-cyano-B-hydroxy-p-
methyl-N-(2,5-dibromophenyl) propenamide) and LFM-A1l (a-cyano-$-
hydroxy-3-methyl-N-(3-fluorophenyl) propenamide) (EMD Biosciences);
piceatannol (Calbiochem); SRBC (MP Biomedicals); polystyrene (S/DVB)
beads (Bangs Laboratories); C5-depleted serum, human IgG, and poly-L-
lysine (Sigma-Aldrich); predesigned small interfering RNA (siRNA) for
Btk and Tec and scrambled duplex control RNA (Ambion), Alexa Fluor
555-cholera toxin B and Alexa Fluor 488-phalloidin (Molecular Probes);
recombinant protein G-agarose and Opti-MEM (Invitrogen); and DMEM
and trypsin (Wisent). The PKC3-C1GFP cDNA construct was a gift from
Dr. S. Grinstein (Cell Biology Program, Hospital for Sick Children, To-
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ronto, Ontario, Canada). The following Abs were used against: SRBC
(IgG; Pharmaceuticals Inc. and IgM; Accurate Chemical and Scientific);
Tec and phosphotyrosine (clone 4G10; Upstate); phospho-Btk (Cell Sig-
naling Technology); Btk (rabbit polyclonal antiserum prepared against the
Src homology 3 domain, (33)) (clones N-20, M-20 and N-17 for Btk, Tec
(for immunostaining), and PLC-vy2, respectively; Santa Cruz Biotech-
nology); actin (Sigma-Aldrich); fluorescinated secondary Abs (Jackson
ImmunoResearch Laboratories).

Mice and the isolation of peritoneal macrophages

Female or male C57BL/6 mice, 8- to 12-wk-old, were bred and housed at
the University Health Network Animal Facility under sterile conditions.
All procedures were approved by the University Health Network Animal
Care Committee according to the guidelines of the Canadian Council on
Animal Care. Elicited peritoneal macrophages were harvested 4 days after
injection of 4% thioglycolate (i.p., 0.8 ml) by lavage with ice-cold PBS (5
ml) containing 5% FBS and penicillin/streptomycin. Cells were washed
twice in growth medium containing antibiotics before plating for culture.

Cell culture and transfections

RAW 264.7 mouse macrophage cell line (RAW cells) was cultured in
DMEM with 10% heat-inactivated FCS (growth medium) and transferred
either to 10-cm tissue-culture plates (for stimulation assays) or onto acid-
washed poly-L-lysine-coated (1 ug/ml) glass coverslips (for single cell as-
says) 1 day before the experiments. For peritoneal macrophage cultures,
0.5 X 10° cells per well were cultured overnight on poly-L-lysine-coated
(10 pg/ml) coverslips in 12-well plates. Unbound cells were washed off
after three washes in DMEM, before the experiments. For siRNA trans-
fections, cells were transfected on two subsequent days with duplex RNA
(scrambled control, Btk, Tec, or Btk plus Tec siRNA) using Lipofectamine
2000 (1/25 dilution in Opti-MEM; Invitrogen) as described by the supplier.
Cells were analyzed 24 h after the second transfection. PKC6C1-GFP
cDNA transfections were performed by FugeneHD (at a ratio of 6:2 Fu-
geneHD to cDNA; Roche Applied Science) according to the instructions of
the supplier.

Phagocytosis and binding assays

RAW 264.7 mouse macrophage cell line (RAW cells) or peritoneal mac-
rophages were grown on poly-L-lysine-coated coverslips overnight. IgG
opsonization of RBC and phagocytosis of IgG-opsonized RBC (IgG-RBC)
in DMEM for 30 min were performed as described (32). For binding ex-
periments and immunostainings at the cup, cells exposed to IgG-RBC were
incubated for 5 min at 4°C and for 15 min at room temperature, and were
washed three times with PBS before fixation. For experiments with inhib-
itors, cells were left untreated or preincubated with 100 uM LFM-A13, 100
uM LEM-AT11, or DMSO (carrier) for 1 h in DMEM before the addition
of IgG-RBC. Phagocytic and binding indices were determined by bright-
field microscopy and were defined as the number of RBC ingested or
bound per 100 cells, respectively, (400-500 total cells were evaluated for
each sample). Where indicated, IgG-coated beads (3.87 wm) were used (25
wl/well in 12-well plate). Beads (10% suspension in PBS) were opsonized
with 1 mg/ml human IgG for 1 h at 37°C. Extracellularly bound beads were
stained with CyS5-anti-human IgG (1/250) for 5 min on ice before fixing.
Ingested and extracellular beads were visualized by differential interference
contrast (DIC) microscopy.

Mac-1 activation assays and Mac-1 blocking

C3bi-opsonized RBC binding was determined as a measure of Mac-1 ac-
tivation following incubation of RAW 264.7 mouse macrophage cell line
(RAW cells) or peritoneal macrophages with or without 250 wg/ml aggre-
gated IgG (agglgG) for 20 min. Opsonization of RBC with C3bi, agglgG
preparation, and binding of the C3bi-opsonized RBC were performed as
described (32). Where specified, cells were preincubated with 100 uM
LFM-A13, 100 uM LFM-A11, or DMSO for the last 1 h during the 2 h of
preincubation time in DMEM (serum-starvation) before the initiation of the
assay. Mac-1 blocking experiments were performed in siRNA transfected
RAW cells by preincubation with 5 wg/ml anti-CD11b Abs (M1/70) (34)
for 15 min, as described (32).

Immunostaining and live imaging

Cells were fixed with 4% paraformaldehyde and permeabilized with 0.1%
Triton X-100 in PBS containing 100 mM glycine before blocking as de-
scribed (32). Abs (5 pg/ml) against Btk, phospho-Btk, Tec, or CD11b
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(M1/70) were added before incubation with the corresponding Cy3 sec-
ondary Abs with Alexa Fluor 488-phalloidin and Cy5-anti-rabbit IgG. Im-
munostained cells were analyzed by Flowview FV-1000; Olympus confo-
cal microscope with 60X (NAI1.4) oil objective. For live imaging of
phagocytosis in cells transfected with PKCSC1-GFP, cholera toxin B (2
ug/ml) was added to cells before the addition of IgG-RBC to label the
plasma membranes and the phagosomes (35). Images were captured using
a spinning disk confocal microscope, Zeiss Axiovert 200 equipped with a
Hamamatsu Orca AG charge-coupled device camera, Yokogawa spinning
disk confocal scan head, and Improvision Volocity software (version 3.7).
The laser lines, 491 and 561 nm, with corresponding filters were used.
Analyses of pixel density for GFP (phagosomal membrane vs cytosol) or
CD11b (cup vs plasma membrane) were determined by the Imagel soft-
ware (version 1.32g).

Cell stimulation, immunoprecipitation, and Western blot analysis

RAW 264.7 mouse macrophage cell line (RAW cells) grown on 10-cm
dishes were preincubated with 50 uM piceatannol (30 min) and 100 uM
LFM-A13 or 100 uM LEM-AL11 (1 h) in DMEM, before the addition of 1
ml of IgG-RBC for different times (0—15 min) at 37°C. After a 20 s hy-
poosmotic shock to lyse the uningested RBC, cells were washed three
times in ice-cold PBS containing the phosphatase inhibitors, 1 mM
Na;VO, (orthovanadate) and 1 mM NaF. Cells were lysed on the plate by
adding buffer A (20 mM Tris-HCI (pH 7.6), 150 mM NaCl, 1% Triton
X-100, 10 mM EDTA, 1 mM NaF, 2 mM Na;VO,, 1 mM PMSF, and one
complete protease inhibitor cocktail tablet (Roche)) for 15 min on ice.
Lysates were microcentrifuged at 12,000 X g for 10 min at 4°C. Lysate
supernatants were used for the analysis of protein amounts, immunopre-
cipitation, or Western blot analysis of tyrosine-phosphorylated proteins.
For immunoprecipitations, 1 ml of lysate supernatants (1 mg of protein)
were incubated with anti-Btk serum (1/300), 4 ug of anti-Tec, or 1.2 pg of
anti-PLC7y2 Abs using an end-over-end rotator for 2 h (Btk, Tec) or over-
night (PLC+2) at 4°C and for an additional 1 h with protein G-agarose (40
wl, 1:1 slurry). The beads were recovered by centrifugation, washed three
times with cold buffer A and once with TBS (20 mM Tris-HCI, 150 mM
NaCl (pH 7.6)), resuspended in 60 ul of Laemmli loading buffer (36), and
boiled for 5 min. Beads were separated from the supernatant by centrifu-
gation and 30 ul of supernatants were loaded on 8% SDS-PAGE along
with the lysate supernatants (7.5 ug of protein) collected before immuno-
precipitation. Proteins were transferred onto nitrocellulose filters (22 V,
overnight) and revealed with anti-phosphotyrosine Abs (4G10, 1/4000) and
HRP-conjugated anti-mouse secondary Abs (1/20,000) using ECL Plus
detection kit (Amersham Biosciences). The blots were then stripped by
incubating the membrane for 1 h at 55°C in 62.5 mM Tris-HCI, 100 mM
2-ME, 2% SDS followed by two washes with TBS-0.1% Tween 20. Blots
were reprobed for total immunoprecipitated Btk, Tec, or PLCy2, as indi-
cated. For quantifications of Btk and Tec expression in siRNA experiments
by Western blotting, increasing amounts of whole cell lysates (cell pellets
resuspended in Laemmli loading buffer) from control samples were loaded
along with the corresponding samples from siRNA transfected cells. West-
ern blots were revealed for Btk, Tec, and for actin to compare the loads.
Pixel intensity for Btk, Tec, and actin bands was determined by the ImageJ
software (version 1.32g). Control and siRNA samples with equivalent actin
loads were compared.

RNA preparation, reverse transcription, and primer synthesis

Total RNA was isolated from RAW cells, splenocytes, and peritoneal mac-
rophages using the RNeasy kit (Qiagen) to measure Tec family kinase gene
expression. Total RNA samples from siRNA transfectants in 24-well plates
were isolated using the PicoPure RNA isolation kit (Arcturus). Reverse tran-
scription into single-stranded cDNA was performed using random primers
(Invitrogen) and the Powerscript kit (Clontech Laboratories). The following
primers for Tec family kinase genes were designed using the Primer Express
software (Applied Biosystems): Btk, forward GAGTAACATTCTAGATGT
GATGG and reverse CAGTCTGTTAGGAGTCTTGAA; Tec, forward GA
TGGGAGTTACCAGTGTTGTAGACA and reverse GCGGGAGGCAGG
GTCTT; RIk, forward GCTGCTCAGTACAGAAGAGACAGG and
reverse GAGTTTTGCCCATCAGTTTGG; Bmx, forward AAATTAAG
AAAATCAGATGTGTGGAAAA and reverse CATTCGATGCATAGAC
ATAAAGAAGC; and Itk, forward TTGAACTCTCCAGAATCAAGTG
TGT and reverse ATAGTTGTCATGCACGACCTGTAAG.

Real-time PCR

Real-time PCR was performed using the default PCR cycle on an ABI
Prism 7900 HT Sequence Detection System (Applied Biosystems) and am-
plified DNA was detected by SYBR Green incorporation. Dissociation
curve analyses were performed to confirm specificity of the SYBR Green

Btk AND Tec FUNCTIONS IN PHAGOCYTOSIS
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FIGURE 1. Silencing of Btk and Tec genes by siRNA. A, Real-time

PCR was used to determine Btk and Tec mRNA expression levels in RAW
cells transfected with or without the corresponding siRNA. For each ki-
nase, mRNA levels were normalized to hypoxanthine guanine phosphori-
bosyltransferase and were compared with the corresponding values in un-
transfected controls (c), which were designated as 100. Data are expressed
as mean = SEM. sc, Scrambled control siRNA. =, p < 0.001; *, p < 0.05,
relative to controls (n = 2—4 experiments). B, Representative Western
blots showing Btk and Tec protein expression levels in RAW cells trans-
fected with scrambled (lane 1) or kinase (lane 2) siRNA. Comparable
intensity of actin bands (lane I vs lane 2) reflects equal protein loading. C,
IgG-RBC phagocytosis was performed in RAW cells untransfected (c) or
transfected with scrambled (sc), Btk, Tec, or Btk plus Tec siRNA. Phago-
cytic index is expressed as mean £ SEM from n = 4-5 experiments.
#, p < 0.05, relative to scrambled siRNA.

signals in each experiment. Quantification of relative amounts of genes of
interest was conducted using the Sequence Detection Systems Software
(v.2.0; Applied Biosystems) and the comparative standard curve method,
or the threshold cycle (C,) method when the efficiency of primers were
comparable. Data were normalized to the housekeeping gene hypoxanthine
guanine phosphoribosyltransferase.

Statistical analysis

Values correspond to mean = SEM. In experiments with multiple groups,
differences were first evaluated using one-way ANOVA, and Tukey-
Kramer Multiple Comparison test was used to determine differences be-
tween pairs. Unpaired or paired Student’s 7 tests were used when compar-
ing differences between two groups.

Results
RAW 264.7 cells express Btk and Tec

Previous reports indicate that monocytes/macrophages express
Btk, Tec and Bmx (22, 37). We investigated the mRNA expression
for each Tec family kinase gene in RAW 264.7 mouse macrophage
cell line (RAW cells) by real-time PCR (Btk, Tec, Rlk, and Bmx)
or RT-PCR (Itk) using their respective primer pairs described ear-
lier. In comparison to the expression of Tec family kinase genes in
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FIGURE 2. FcyR-mediated phagocytosis is depen-
dent on Btk and Tec in RAW cells. A, Phagocytic index
(left) and binding index (right) expressed as mean *
SEM in untreated cells (C) or cells pretreated with 100
uM LFEM-A13 (A13) or 100 uM LFM-A11l (All).
##, p < 0.001, relative to LFM-A11 (n = 4-5 experi-
ments). NS, Not significant. B, Endogenous phospho-
Btk (P-Btk), Btk, and Tec accumulate at the phagocytic
cup. Phagocytosis was initiated by addition of IgG-RBC
or IgG-coated beads under conditions of binding assays.
Cells were immunostained for phospho-Btk (P-BTK),
Btk, or Tec (upper), F-actin (middle), and 1gG (lower).
Phagocytic cups were identified by F-actin and extra-
cellular IgG-coated beads (for phospho-Btk) or IgG-
RBC (for Btk and Tec). DIC images show all the beads
(inset). Note that phospho-Btk, Btk, and Tec (upper)
accumulated at the base of phagocytic cups (arrows) and
do not colocalize precisely with F-actin (see arrows in
the corresponding lower panels). Staining was not ob-
served with nonimmune rabbit IgG or goat IgG (nega-
tive controls for phospho-Btk and Btk or Tec Abs, re-
spectively). Scale bar represents 10 pwm.

mouse splenocytes (Btk, Tec, Rlk, and Itk) and peritoneal macro-
phages (Btk and Bmx), Btk and Tec mRNA transcripts were readily
detected in RAW cells, but the expression of Itk, Rlk, and Bmx
genes was undetectable (data not shown). Expression of Btk and
Tec protein in RAW cells was demonstrated by Western blotting
and immunoprecipitation (described below).

Btk and Tec are required for optimal FcyR-mediated
phagocytosis

Having found that Btk and Tec are the major Tec family kinases
expressed by RAW cells, we investigated their involvement in
FcyR-induced phagocytosis. We studied the contribution of each
kinase by inhibiting expression with siRNA. We obtained modest
but consistent inhibition of expression only when a 2-day trans-
fection protocol was used, as described in Materials and Methods.
Fig. 1A shows significant reduction (50—60%) in Btk and Tec
mRNA expression when targeted by the respective siRNA. The
protein expression of Btk and Tec was reduced by 43 = 10.2% and
27 = 2.7%, respectively, relative to scrambled control siRNA (n =
3 experiments). Fig. 1B shows one representative blot. The phago-
cytic index in Btk or Tec siRNA transfectants was significantly
lower than in untreated or scrambled RNA-transfected control
cells (Fig. 1C). The extent of the reduction was consistent with the
extent of silencing observed in protein expression described ear-
lier. There was no additive effect when RAW cells were simulta-
neously transfected with Tec and Btk siRNAs, suggesting that the
two kinases may function in the same pathway.

We also used LEM-A13, a known inhibitor of Tec family kinase
activity, to test the requirements for Tec and Btk in FcyR-induced
phagocytosis. LFM-A13 was described originally as an inhibitor of
Btk, but was subsequently shown to inhibit other Tec family mem-
bers, Tec and Bmx, in fMLP-induced neutrophils (23). LFM-A13
binds to the catalytic pocket of the kinase domain and does not
inhibit other tyrosine kinases such as HCK, EGFR, Jak1, Jak3 (38,
39) with the exception of Jak2, which is involved in cytokine
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FIGURE 3. FcyR-mediated phagocytosis is dependent on Btk and Tec
in peritoneal macrophages. A, Phagocytic (left) and binding (right) indices
of peritoneal macrophages pretreated with DMSO (carrier) or 100 uM
LFM-A13 (A13). Data are expressed as mean = SEM and normalized to
the respective value in DMSO. *, p < 0.05 (n = 4 mice). NS, Not signif-
icant. B, Endogenous phospho-Btk, Btk, and Tec accumulate at the phago-
cytic cup. Phagocytosis was initiated by the addition of IgG-RBC or IgG-
coated beads under conditions of binding assays. Cells were fixed and
immunostained for phospho-Btk, Btk, or Tec (upper), F-actin (middle), and
IgG (lower). Focal accumulations of phospho-Btk or Btk and Tec in F-
actin-rich phagocytic cups containing extracellular IgG-coated beads or
IgG-RBC, respectively, are marked with arrows and in newly formed F-
actin-rich phagosomes containing ingested beads, seen only in DIC images,
(inset) with arrowheads in the upper panels and all corresponding lower
panels. Staining was not observed with nonimmune rabbit IgG or goat IgG.
Scale bar represents 10 wm.
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FIGURE 4. Btk and Tec are required for FcyR-induced activation of Mac-1. A, Unstimulated and agglgG-stimulated (250 pg/ml) RAW cells and
peritoneal macrophages (M¢) were exposed to C3bi-opsonized RBC for 20 min. C3bi binding values are mean = SEM and are expressed as fold increase
in agglgG-stimulated relative to unstimulated RAW cells and as absolute values in unstimulated (U) and agglgG-stimulated peritoneal macrophages. Effects
of LFM-A13 (A13) were compared with that of LFM-A11 (A11) and carrier (DMSO) or no pretreatment (C). #x*, p < 0.01 relative to LFM-A11 or DMSO
(n = 4 experiments); <, p < 0.001 relative to no pretreatment (C) (n = 4 experiments). B, Mac-1 accumulation at phagocytic cups in RAW cells and
peritoneal macrophages (M¢). [gG-RBC binding was initiated as in binding assays, Mac-1 was revealed by immunostaining, and pixel density at the cup
vs adjacent membrane was determined. *, p < 0.05 relative to DMSO (n = 3 experiments). C, C3bi-opsonized RBC binding was determined as the mean *
SEM in unstimulated (U) or agglgG-treated RAW cells transfected with siRNA. Cells were untransfected (C) or transfected with scrambled control (sc),
Btk, Tec, or Btk plus Tec siRNA. #, p < 0.05 relative to scrambled siRNA or untransfected cells; ##*, p < 0.01 relative to unstimulated cells (U) (n = 4-8
experiments). D, The effects of Btk and Tec silencing on phagocytosis of IgG-RBC in the presence and absence of Mac-1 blocking in RAW cells. IgG-RBC
phagocytosis was initiated in siRNA-transfected (scrambled control (sc), Btk, or Tec) cells that were pretreated with or without anti-CD11b (5 ug/ml)
blocking Abs. *, p < 0.05; *x, p < 0.01; =%, p < 0.001, relative to scrambled control siRNA-transfected cells without Mac-1 blockade (n = 3-8

experiments); NS, Not significant.

signaling (40). We compared the phagocytic index of the untreated
RAW cells with those pretreated with LFM-A13 or the nonactive
analog, LFM-A11 (Fig. 2A). There was a significant reduction in
phagocytosis of IgG-RBC in cells pretreated with LFM-A13 rel-
ative to LFM-A11 pretreatment or no treatment. In contrast, we did
not observe any significant effect of LFM-A13 on the extent of
IgG-RBC binding as compared with LFM-A11, whereas a rela-
tively small reduction was observed in comparison to no treatment.
These findings indicate that Tec family kinase activity is required
after binding of IgG-RBC to FcyR and clustering of the receptors.
The kinase inhibitor results are consistent with data obtained using
the siRNA approach and confirm that Btk and Tec are required for
FcyR-mediated phagocytosis.

Activation of Btk and Tec requires binding to phosphatidylino-
sitol 3,4,5-trisphosphate (PIP;) and this phosphoinositide accumu-
lates at the phagocytic cup within minutes of exposure to IgG-
opsonized targets (33, 41, 42). Therefore, we investigated whether
Btk and Tec are recruited to cups. Because active forms of Btk can
be detected by phospho-specific Btk Abs, which recognize auto-
phosphorylation at Tyr*>* of the Src homology 3 domain of Btk,
we used these Abs to verify the accumulation of phosphorylated
(active) phospho-Btk at phagocytic cups. Fig. 2B shows examples
of endogenous Btk and Tec accumulating at phagocytic cups that
are identified by staining for F-actin and IgG-RBC. Phospho-Btk,
Btk, and Tec did not colocalize with F-actin but clustered at the
base of the cup (Fig. 2B, open arrows). We repeated these exper-
iments with elicited peritoneal macrophages to verify whether our
findings in the RAW cell line can be expanded to primary mac-
rophages. Fig. 3A shows that treatment with LFM-A13 resulted in
a significant reduction in the levels of IgG-RBC phagocytosis, rel-
ative to control, whereas the binding of IgG-RBC was not affected.
Control experiments were performed with the carrier DMSO,

which yielded similar values to the untreated or LFM-A11-treated
samples (data not shown). We also found marked accumulations of
Btk, phospho-Btk, and Tec at phagocytic cups in peritoneal mac-
rophages (Fig. 3B).

Immunostaining of phospho-Btk (rabbit IgG) at the cups was
performed with cells phagocytosing human IgG-coated beads
rather than IgG-RBC to avoid cross-reactivity of the anti-rabbit
secondary Abs with RBC-opsonizing IgG. In these experiments
(Figs. 2B and 3B), we detected the extracellularly bound beads by
immunostaining for human IgG, whereas all the beads, including
the ingested ones, were detected by DIC. We observed a rather
prolonged accumulation of phospho-Btk during the ingestion of
beads, for which examples are shown in Fig. 3B. Phospho-Btk was
detected at the cups enriched with F-actin, containing extracellular
IgG-coated beads (Fig. 3B, open arrows), and also in newly formed
F-actin-rich phagosomes with ingested beads (Fig. 3B, arrow-
heads, and inser). Taken together, these results show that active
forms of Btk and Tec accumulate at the cup and support our
data with SiRNA and LFM-A13, for a role of Btk and Tec in the
ingestion of IgG-opsonized targets during FcyR-mediated
phagocytosis.

Btk and Tec are involved in FcyR-mediated activation of Mac-1

Previously, we reported that FcyR-induced activation of the inte-
grin Mac-1 is required for optimal phagocytosis and we showed
that FcyR signaling modulates the mobility of Mac-1 along the
plasma membrane and leads to its accumulation at the phagocytic
cup (32). Having found a role for Btk and Tec in FcyR-induced
phagocytosis, we investigated whether they regulate FcyR-induced
Mac-1 activation by assessing the binding of C3bi-opsonized RBC
(Fig. 4). To this end, we used the inhibitor LEFM-A13 or siRNA for
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FIGURE 5. Kinetics of Btk and Tec activation induced by FcyR sig-
naling. RAW cells without (M) or with ((J) LFM-A13 pretreatment were
incubated with IgG-RBC for 0, 5, 10, or 15 min. Phosphotyrosine (P-tyr)
levels of Btk (A) and Tec (B) were analyzed by immunoprecipitation (IP)
and Western blotting (WB) as shown in C. For each time point, phospho-
tyrosine levels were normalized to the abundance of total kinase and com-
pared with values obtained in unstimulated cells (0 min, relative phospho-
tyrosine levels). #*, p < 0.01, relative to unstimulated cells. Significant
reductions by LFM-A13 pretreatment relative to untreated RAW cells at
the corresponding time point are indicated. *, p < 0.05, n = 3-7 experi-
ments. C, A typical analysis of a Btk immunoprecipitation by Western blot
analysis performed 10 min poststimulation with IgG-RBC in the absence or
presence of 100 uM LFM-A13. The number under each lane corresponds
to relative phosphotyrosine levels.

Btk and Tec. Preincubation of RAW cells with LFM-A13 signif-
icantly inhibited agglgG-induced binding of C3bi-opsonized RBC
in RAW cells and in peritoneal macrophages (Fig. 4A). FcyR-
induced Mac-1 activation is dependent on PLCvy and novel PKC
(32). We found that PMA-induced activation of Mac-1 was not
affected by LFM-A13 in RAW cells (data not shown), indicating
that Tec kinases function upstream of PKC. In support of a role for
these kinases in Mac-1 activation, we also observed that LFM-A13
treatment resulted in a significant decrease in Mac-1 accumulation
at the cup during IgG-RBC ingestion in RAW cells and peritoneal
macrophages (Fig. 4B). Transfection of RAW cells with Btk or
Tec siRNA or with both also yielded a significant reduction in
Mac-1 activation (Fig. 4C), in fact close to the resting levels. Be-
cause only partial silencing of Btk and Tec expression is achieved
by the siRNA (Fig. 1, A and B), these data suggest a major role for
Btk and Tec in FcyR-induced Mac-1 activation. These findings
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FIGURE 6. Tec family kinases mediate prolonged, but not early, acti-
vation of PLC+2 induced by FcyR signaling. Immunoprecipitation (IP) of
PLCv2 was performed at different times after stimulation of RAW cells by
I1gG-RBC. A, A representative Western blot (WB) shows PLCy2 tyrosine
phosphorylation (P-tyr) and expression levels. Stimulation for 10 min with
IgG-RBC and pretreatment with LFM-A13 (100 uM) or LEM-A11 (100
uM) are indicated above each lane. The number below each lane corre-
sponds to the ratio of phosphotyrosine to total PLCy2 normalized to the
lane that was not treated with IgG-RBC (relative phosphotyrosine levels).
Note that the marked increase in phosphotyrosine induced by IgG-RBC
treatment at 10 min is completely inhibited by LFM-A13, but not LFM-
All. B, The time course of PLCy2 activation (relative phosphotyrosine
levels) after stimulation with IgG-RBC is shown. Each data point repre-
sents the mean * SEM of n = 3-9 experiments such as the one shown in
A. RAW cells were untreated or pretreated with LFM-A13 (100 uM) as
indicated. Significant increases in relative phosphotyrosine were found at
all time points #, p < 0.05. Note that LFM-A13 inhibited PLCvy2 phos-
photyrosine at 10 and 15 min, but not 5 min. *, p < 0.05 relative to the
corresponding time point. C, Effects of piceatannol (PE, 50 uM) on PLCvy2
and Btk relative phosphotyrosine levels determined by immunoprecipita-
tion and Western blot analysis, 5 min after stimulation with IgG-RBC.
IgG-RBC induced a marked increase in both PLCy2 and Btk phosphoty-
rosine levels, which was completely inhibited by piceatannol. *, p < 0.05;
#%, p < 0.01 from n = 3 experiments.

prompted us to ask whether the primary role of Tec family kinases
in FcyR-mediated phagocytosis is to modulate Mac-1 activity. We
tested this possibility by assessing the effects of Btk and Tec
siRNA on phagocytosis when Mac-1 binding to ligand was
blocked by CDI11b blocking mAbs (Fig. 4D). We previously
showed that blocking Mac-1 reduces the extent of IgG-RBC
phagocytosis (32). Consistent with these data, in RAW cells trans-
fected with control scrambled siRNA, the phagocytic index was
reduced significantly by blocking Mac-1 (Fig. 4D). Targeting of
Btk or Tec with siRNA did not reduce phagocytosis further under
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FIGURE 7. FcyR-induced tyrosine phosphorylation of cellular proteins
by Tec family kinases at late stages of phagocytosis. Cells were incubated
in the absence (0 min) or presence of [gG-RBC for 5 min (A-D) or 15 min
(E and F). Lysates with equal protein amounts were analyzed by Western
blotting for phosphotyrosine (P-tyr) (A, C, and E) in cells preincubated
without (—) or with 100 uM LFM-A13 (A13), 100 uM LEM-A11 (All),
or 50 uM piceatannol (PE). Equal protein loads are shown (B, D, and F)
using the same blots as in A, C, and E, reprobed for PLCy2 (B and D) or
Btk (F).

conditions of Mac-1 blockade, in contrast to cells treated without
blocking Abs (Fig. 4D) or with rat IgG2b (isotype control for
anti-CD11b; data not shown). These data suggest strongly that the
effects of Btk or Tec on IgG-RBC phagocytosis is dependent on
their role in Mac-1 activation.

Kinetics of activation of Btk and Tec by FcyR signaling

Tec family kinases assume a fully active configuration after ty-
rosine phosphorylation by other kinases (Src, Syk) and autophos-
phorylation (20, 28, 43). Therefore, the level of tyrosine phosphor-
ylation directly reflects the extent of activation and this approach
was used to investigate the kinetics of Btk and Tec activation in
RAW cells stimulated with IgG-RBC. Immunoprecipitation of the
respective kinase was performed at different times after stimulation
(0-15 min), followed by Western blotting for phosphotyrosine
(Fig. 5). We observed a marked increase in the activation of Btk at
5, 10, and 15 min (Fig. 5, A and C). Pretreatment with LFM-A13
significantly reduced Btk activation at all time points tested, con-
sistent with the notion that active kinases undergo autophosphor-
ylation. The kinetics of Tec activation appeared different. There
was a small increase at 5 and 10 min and a significant elevation at
15 min (Fig. 5B). Tec activation was inhibited by LFM-A13. The
activation of Btk and Tec was not affected by LFM-A11 (data not
shown). These data show that Btk and to a lesser extent Tec are
activated within 5 min, concurrent with their accumulation at
phagocytic cups (Fig. 2B), and these kinases remain active at later
stages of phagocytosis, when phagosome formation and matura-
tion occur.

Requirement for Btk and Tec in downstream signaling during
late stages of phagocytosis

PLCy is one of the targets of Tec kinases. Because PLCy2 is ex-
pressed at higher levels than PLCyl in RAW cells (19), we investi-
gated the role of Tec family kinases in PLCy2 activation in these cells
stimulated by IgG-RBC (Fig. 6). PLC7y2 phosphorylation showed a
12-fold increase over control levels at 5 min and remained elevated
(6-fold or higher) at 10 and 15 min (Fig. 6, A and B). Pretreatment
with LFM-A13 inhibited PLC+y2 phosphorylation at 10 and 15 min,
but not at 5 min. Because tyrosine phosphorylation of PLCy has been
associated with its activation (44), these results suggest that Tec fam-
ily kinases regulate PLC+y2 activation at late stages of FcyR-mediated
phagocytosis. Regulation of PLCy2 activity by Syk has been de-
scribed during Ag receptor signaling (45) thus, we investigated its role
in FcyR-induced signaling. Fig. 6C shows that pretreatment of RAW
cells with the Syk inhibitor piceatannol inhibited tyrosine phosphor-
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FIGURE 8. Accumulation of DAG in phagosome membranes. A and B,
Representative data from live cell imaging studies are shown. PKC C16-
GFP accumulation in phagosomes of transfected RAW cells (fop) and
phagosome and plasma membranes stained with cholera toxin B (bottom)
are shown. Phagosomes with accumulated C18-GFP are designated (a or
b). The number in each panel corresponds to time point (min:sec) and is
relative to the start of recording (0:00), which is not necessarily the be-
ginning of ingestion. Asterisk denotes phagosomes with accumulated C16-
GFP. A, Cell with an abundant accumulation of C15-GFP in a phagosome
membrane (designated a) is shown. Accumulation persisted at 0:58, but
was markedly reduced at 1:58. A newly formed cup (arrow) is depicted at
0:00 (bottom panel). It matured into a phagosome (designated b) at 0:58,
and C18-GFP accumulation is detected transiently at this time. At 1:58
accumulation is diminished. B, Transient (designated a) and more persis-
tent (designated b) accumulation of PKC C18-GFP is depicted. Both
phagosomes were present from the start of recording (determined by chol-
era toxin B staining). A transient accumulation of PKC C18-GFP was
observed in phagosome a at 10:58, whereas persistent maximal accumu-
lation was found in phagosome b starting at 12:58. C, Quantification of the
time course of C18-GFP accumulation in phagosomes (a and b) from B is
shown. GFP signal pixel density in phagosomes relative to the adjacent
cytosol is plotted. Tick lines represent time points shown in the images.

ylation of PLC%2 at 5 min. Similarly, tyrosine phosphorylation of Btk
was also inhibited by piceatannol under the same conditions. These
data indicate that Syk is critical in initiating the activation of PLCy2
and Btk.

The dichotomy observed between Syk and Tec kinases to acti-
vate PLCvy2 may be unique or may reflect the functioning of these
two types of kinases on a broader spectrum of proteins during
FcyR-induced phagocytosis. To test these possibilities, we as-
sessed the overall tyrosine phosphorylation of cellular proteins at
different times of stimulation with IgG-RBC in the presence of
LFM-A13 or piceatannol. Fig. 7 shows that LFM-A13 did not
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FIGURE 9. Bk, but not Tec, accumulates in phagosomes. A, RAW cells transfected with PKC C18-GFP were incubated with IgG-RBC or IgG-coated
beads for 20—25 min and fixed cells were immunostained for endogenous Btk, phospho-Btk (P-Btk), or Tec and IgG (extracellular for beads). Panels A,B,
G.H, and M,N show Btk, phospho-Btk (arrows), and Tec (arrowhead) accumulation, respectively. Panels C,D, LJ, and O,P show PKC C18-GFP accu-
mulation (arrows) in the phagosomes of transfected cells in the fields that correspond to the upper panels. IgG-RBC or IgG-coated beads in phagosomes
are shown in merged images in blue (E, F and Q, R) or in DIC images (K, L) (inset), respectively, in the lower panels. Note that staining for Btk,
phospho-Btk, and PKC C18-GFP colocalizes in the phagosome membranes (arrows in panels E,F and K,L). Arrows in M,N denote the location of PKC
C18-GFP™ phagosomes detected in transfectants in panels O,P, respectively, and Tec does not accumulate around these phagosomes (Q,R) but in clusters
at sites of phagosome formation (arrowheads). Scale bar represents 10 wm. B, Peritoneal macrophages were incubated with IgG-coated beads and analyzed
for Btk, phospho-Btk, and Tec (arrows) (upper) and for F-actin (middle). Panels A,B and G,H show examples of Btk and phospho-Btk accumulation,
respectively, and panels M,N show Tec clustering (arrows). Ingested beads imaged by DIC (inset) did not stain extracellularly for IgG. Panels C—F and
I-L show that Btk and phospho-Btk, respectively, accumulated around phagosomes in which F-actin is not enriched. Panels O-R show Tec clustering
(arrows) at sites of phagosome formation that did not colocalize with F-actin. Scale bar represents 10 um. C, PKC C18-GFP-transfected RAW cells were
pretreated with carrier (DMSO) or 100 uM LFM-A13 (A13) and phagocytosis of IgG-RBC proceeded for 25 min. Pixel density of GFP in phagosomes
vs cytosol was determined in 15-30 cells per experiment. *, p < 0.05 (n = 3 experiments).

affect the bulk of tyrosine phosphorylation at 5 min of stimulation
as opposed to a significant inhibition by piceatannol (Fig. 7, A and
C). However, at 15 min of stimulation we detected a marked re-
duction in phosphotyrosine levels of a number of proteins (Fig. 7E)
in LEM-A13- but not LFM-A11-treated cells. Similar results were
observed at 10 min (data not shown). Taken together, these results

show that Syk regulates tyrosine phosphorylation of several pro-
teins (including PLCy2 and Btk) at 5 min of phagocytosis (Fig.
6C), whereas activated Tec kinases likely modulate a limited num-
ber of effectors. In contrast, Tec family kinases modulate the phos-
phorylation of PLC+y2 and a number of other potential effectors at
later stages of FcyR-mediated phagocytosis (Fig. 6B).
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Accumulation of DAG and Btk in phagosome membranes

A previous study by Botelho et al. (15) described the accumulation
of PLCy2 at the phagocytic cup. This event is dependent on Syk
and is independent of Tec family kinases (Fig. 6). Because we
found that Btk and Tec are necessary for maintaining PLCvy2 ac-
tivity at or beyond 10 min, which coincides with the maturation of
phagosomes, we investigated whether DAG, a product of PLCy,
accumulates in phagosomes. RAW cells were transfected with the
PKC C18-GFP ¢cDNA, which encodes a fusion protein consisting
of GFP and the C1 domain of PKC$ that binds effectively to DAG
(46). Phagosomes were visualized in live cells by cholera toxin B,
which stains cellular membranes (35), and in fixed cells by staining
for IgG on ingested IgG-RBC. In fixed cells, GFP was enriched in
27.8 £ 3.1% (n = 4 experiments) of phagosomes at 10-25 min.
This rate reflects the transient nature of accumulation and a het-
erogeneity among the phagosomes that is apparent by live cell
imaging experiments (Fig. 8, A and B). Although most phago-
somes displayed transient accumulation of GFP (Fig. 8A, see
phagosomes a and b and phagosome a in Fig. 8, B and C), we also
detected phagosomes that accumulated GFP for relatively longer
periods of time (Fig. 8, B and C, see phagosome b). These obser-
vations of C15-GFP accumulation in phagosomes are novel and
implicate PLCy activation, accumulation of DAG, and potential
activation of DAG-binding proteins such as PKC and guanine nu-
cleotide exchange factor GEF. The time frame for the generation
of DAG in phagosome membranes correlated with tyrosine phos-
phorylation of PLCvy2, which was dependent on Tec family ki-
nases (see Fig. 6). Therefore, we investigated whether Tec family
kinases accumulate at or near DAG-positive phagosomes. In
PKC6C1-GFP transfectants, Btk was colocalized with GFP (DAG)
in phagosome membranes, as was phospho-Btk (Fig. 9A, panels
A-F and G-L, respectively). Quantitative analysis showed that
71.5 = 4.1% of DAG™ phagosomes were Btk-positive (n = 4
experiments) and ~79% of DAG-positive phagosomes were phos-
pho-Btk-positive. Tec, in contrast, was not found in phagosomes,
but was clustered adjacent to the plasma membrane near phago-
somes (Fig. 9A, panels M—R). These results suggest an active role
for Btk in the accumulation of DAG, whereas Tec may have a
different function during phagosome formation or maturation. We
could not transfect peritoneal macrophages, but immunostaining
studies in these cells showed similar accumulation patterns of Tec
family kinases at or near IgG bead-containing phagosomes, i.e.,
Btk and phospho-Btk were seen in phagosome membranes and Tec
was at sites of phagosome formation (Fig. 9B), suggesting that Btk
and Tec have distinct functions in both primary macrophages and
in RAW cells. To get an insight whether Btk activity modulates
DAG levels in phagosomal membranes, we took advantage of the
fact that LFM-A13 inhibited phagocytosis partially (see Figs. 2
and 3) and determined its effect on PKCS8C1-GFP accumulation.
Fig. 9C shows that GFP levels in phagosome membranes increased
by close to 2-fold in the presence of LFM-A13. This unexpected
finding suggests a negative regulatory role for Btk in PKC&C1-
GFP (DAG) accumulation in phagosomes.

Discussion

Tec family kinases are widely expressed in the myeloid lineage
and are coupled to a variety of receptors, including G protein-
coupled receptors, TLRs, and integrins, thus they may participate
in multiple cellular functions (22). The involvement of Btk in
FcyR-mediated phagocytosis has previously been reported in
monocytes from patients with XLA (25) and in peritoneal macro-
phages from xid mice that have a mutation in the btk gene (47).
These studies did not investigate the mode of Btk functioning or

Btk AND Tec FUNCTIONS IN PHAGOCYTOSIS

the participation of other Tec family members in phagocytosis. In
this study, we showed that Btk and Tec are required for optimal
FcyR-mediated phagocytosis in RAW cells and we confirmed this
role of Tec family kinases in primary peritoneal macrophages. Our
data point to two stages of FcyR-mediated phagocytosis in which
Tec kinases are implicated: ingestion and at later stages when
phagosomes are formed and mature. We demonstrated the activa-
tion of Btk and Tec by two different approaches: phosphorylation
of the immunoprecipitated kinases, measuring overall cellular ac-
tivity, and accumulation in cell membranes, indicating local activ-
ity. The first stage for Btk and Tec activation is within 5 min,
downstream of Syk, when nascent phagosomes (cups) are formed.
Although the overall Btk activation was more prominent than Tec
at this stage (Fig. 5), we found the accumulation of both kinases,
including autophosphorylated active Btk (phospho-Btk), at phago-
cytic cups. These findings are consistent with a previous report of
a fusion protein of the pleckstrin homology domain of Btk linked
to GFP (Btk-PH-GFP) accumulating at phagocytic cups (42). The
activation of Btk and Tec is initiated by their recruitment to the
membrane through binding of their N-terminal pleckstrin homol-
ogy domain to PIP;, a product of PI3K (48). Consistent with this,
Btk translocations into areas of PI3K activation and dynamic
membrane and cytokeleton remodeling were demonstrated (33). In
additon, Btk and Tec were recruited to immunological synapses
where active actin remodelings take place in APCs (49-51). It is
likely that Btk and Tec participate in the active reorganization of
actin-cytoskeleton at the cup, where the PI3K product PIP; accu-
mulates (42, 52). One of the events accompanying cup formation
is the activation of Mac-1, which is required for optimal phago-
cytosis. FcyR signaling induces the transition of the integrin from
a cytoskeleton-bound resting to a mobile state, which results in
clustering of Mac-1 at phagocytic cups and binding to ligand (32).
Both PI3K and PLCy activity mediate FcyR-induced Mac-1 acti-
vation, and we showed that Btk and Tec are also involved (Fig. 4,
A-C). In fact, we showed that the roles of Btk and Tec in Mac-1
activation are related to their functions during the ingestion of
IgG-RBC because targeting of these kinases by siRNA inhibited
phagocytosis only when Mac-1 was functional (Fig. 4D). The ac-
cumulation of phospho-Btk and Tec (data not shown) persisted
over the process of phagosome sealing when F-actin enrichment
around the newly formed phagosome was still apparent before its
depolymerization (Fig. 3B) (52), as was described for Syk and
PI3K (42).

Botelho et al. (7, 15) showed a transient early accumulation of
the PLC+y product DAG at the base of phagocytic cups and simi-
larly, we observed the recruitment of active Btk and Tec to the
base of cups away from pseudopods, where F-actin is enriched.
Although a role for PLCy2 in cup formation was questioned,
PLCY2 accumulates in sealing phagosomes during the uptake of
IgG-RBC (7) and the robust activation of PLC+y2 that we found at
5 min of stimulation supports a role for this enzyme in FcyR sig-
naling. However, we did not detect a role for Tec kinases in the
activation of PLC+y2 or tyrosine phosphorylation of most cellular
proteins at early stages of phagocytosis, indicating that the activ-
ities of Btk and Tec influence the functioning of a narrow range of
effectors involved in cup formation. Cheeseman et al. (19) recently
showed a transient early accumulation of active PLCyl and its
importance in cup formation. It is possible that the early activation
of Tec kinases is important for FcyR-induced PLCy1 activation. In
support of this possibility and a role in cup formation, the actin-
organizing molecule WASP, which interacts with Btk (53, 54), and
SLP-76, the adaptor protein coupling Tec kinases to the activation
of PLCy in T cells (55), are found in phagocytic cups in RAW
cells (56).
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Tec is functional in platelets from patients with XL A (27) and it
has redundant function with Btk in B cell development and acti-
vation (57). These findings raise the question whether Btk and Tec
functions are redundant during the uptake of IgG-opsonized par-
ticles. Our observations of cells treated with Btk and Tec siRNA,
simultaneously (Figs. 1C and 4C), do not support the possibility of
compensatory mechanisms between the two enzymes, but rather
suggest that their activities depend on each other. We obtained
partial inhibition of phagocytosis with LFM-A13 and limited ex-
tent of inhibition of FcyR-induced overall tyrosine phosphoryla-
tion with this inhibitor relative to the profound inhibition by the
Syk inhibitor, piceatannol, suggestive of a modulatory function of
these kinases during phagocytosis, similar to their previously de-
scribed role in Ag receptor signaling (58).

The persistent activation of Btk at 10 or 15 min and the elevated
activation of Tec at 15 min suggest a second wave of Tec family
kinase involvement that likely coincides with phagosome matura-
tion (59, 60). Future studies will determine the precise stage of
maturation in which these kinases function by using specific mat-
uration markers. PLCy2 activity also remains elevated and Tec
family kinases are required for this late activity as well as the
tyrosine phosphorylation of a number of cellular proteins. A pre-
vious study showed the presence of PIP,, the substrate for PLC, in
purified latex bead phagosomes (61). We demonstrated the accu-
mulation of the PKCSC1-GFP probe in a significant number of
phagosomes at 15-25 min after the initiation of phagocytosis. To
our knowledge, these data are the first to implicate PLC activation
and DAG accumulation at this stage of phagocytosis. It is possible
that the strong interaction of the PKC8C1-GFP probe with DAG
may have stabilized DAG and facilitated its detection in phago-
some membranes. Alternative approaches to detect DAG will be
needed to assess levels in phagosomes. DAG is bound by C1 do-
mains of signaling molecules, such as the conventional and novel
PKCs and ras-GRP, which is a novel ras-guanine nucleotide ex-
change factor that contains a DAG binding domain (62, 63). The
target proteins of phagosomal DAG and their role in phagosome
maturation remain to be identified. Because Tec family kinases
remain active even at 15 min after the initiation of phagocytosis,
we predicted that Btk and Tec may participate in the accumulation
of DAG in phagosomes. We found enrichment of catalytically ac-
tive Btk in the majority of phagosomes with accumulated
PKC8C1-GFP, suggesting that Btk may contribute to DAG accu-
mulation. Tec, however, was not present on phagosomes. LFM-
A13 experiments suggest a negative regulatory function for Btk in
DAG accumulation (Fig. 9C). Because DAG kinases convert DAG
into phosphatidic acid and regulate membrane DAG levels (64,
65), it is conceivable that Btk activates DAG kinase in phagosome
membranes. These data suggest that DAG formation in phago-
somes is not mediated by Tec family kinase-dependent PLCy2
activity. The demonstration of Tec clustering at sites of phagosome
formation (Fig. 9, A and B) suggests that Tec may be involved in
phagosome scission or targeting to the endocytic pathway for mat-
uration. Whether PLC+2 is a target for Tec in mediating such
function remains to be elucidated. The distinct distribution patterns
of Btk and Tec at relatively late stages of phagocytosis suggest
unique downstream targets and functions, in contrast to the early
uptake stage, at which the two kinases likely function in the same
pathway. In summary, the modes of Btk and Tec activation and
function appear to be complex and differ between the ingestion and
maturation stages of FcyR-mediated phagocytosis.
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