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Regulation of Highly Cytokinergic IgE-Induced Mast
Cell Adhesion by Src, Syk, Tec, and Protein Kinase C
Family Kinases'

Jiro Kitaura,* Koji Eto,” Tatsuya Kinoshita,* Yuko Kawakami,* Michael Leitges,*
Clifford A. Lowell,* and Toshiaki Kawakami>*

Mast cells play a critical role in IgE-dependent immediate hypersensitivity. Recent studies have shown that, contrary to the
traditional view, binding of monomeric IgE to FceRI results in a number of biological outcomes in mast cells, including survival.
However, IgE molecules display heterogeneity in inducing cytokine production; highly cytokinergic (HC) IgEs cause extensive FceRI
aggregation, which leads to potent enhancement of survival and other activation events, whereas poorly cytokinergic (PC) IgEs can do
so inefficiently. The present study demonstrates that HC, but not PC, IgEs can efficiently induce adhesion and spreading of mouse mast
cells on fibronectin-coated plates in slow and sustained kinetics. HC IgE-induced adhesion through 3, and (3, integrins promotes
survival, IL-6 production, and DNA synthesis. Importantly, we have identified Lyn and Syk as requisite tyrosine kinases and Hck, Btk,
and protein kinase C 0 as contributory kinases in HC IgE-induced adhesion and spreading, whereas protein kinase C € plays a negative
role. Consistent with these results, Lyn, Syk, and Btk are activated in HC IgE-stimulated cells in a slower but more sustained manner,
compared with cells stimulated with IgE and Ag. Thus, binding of HC IgEs to FceRI induces adhesion of mast cells to fibronectin by

modulating cellular activation signals in a unique fashion. The Journal of Immunology, 2005, 174: 4495-4504.

ast cells are the major effector cell type in IgE-medi-
M ated immediate hypersensitivity. Traditionally, it is

thought that mast cells bound to Ag-specific FceRl,
so-called sensitized mast cells, encounter multivalent Ag, and then
IgE-bound receptors are aggregated or cross-linked, leading to cell
activation (1). Activated mast cells secrete preformed and newly
synthesized proinflammatory mediators involved in inflammatory
processes of allergy, such as histamine, proteases, lipids, cyto-
kines, and chemokines. The mouse FceRI consists of an IgE-bind-
ing « subunit, a signal-amplifying 8 subunit, and disulfide-bonded
two molecules of signal-generating <y subunit (2). FceRI aggrega-
tion leads to the activation of 3 subunit-bound Lyn, a prominent
Src family protein-tyrosine kinase (PTK)? in mast cells (3). Lyn
phosphorylates the tyrosine residues in the ITAMs of the B and y
subunits (4). Phosphorylated ITAMs of 8 and vy subunits, respec-
tively, recruit Lyn and Syk, a member of another PTK family with
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two tandemly arranged Src homology 2 domains, leading to the
activation of these PTKs. Active Lyn and Syk phosphorylate nu-
merous cellular target proteins, leading to the activation of multi-
ple signaling pathways, including PI3K and phospholipase C
(PLC)-v. An alternative pathway involving Fyn (another Src fam-
ily PTK) was shown to activate PI3K (5). PLC hydrolyzes phos-
phatidylinositol 4,5-bisphosphate into two second messengers, i.e.,
diacylglycerol (DAG) and inositol 1,4,5-trisphosphate (IP5). 1P,
triggers Ca®" release from intracellular stores and then Ca®" in-
flux. Increased DAG and Ca®" lead to the activation of protein
kinase C (PKC) (reviewed in Ref. 6). Both PKC and Ca®" are
required for optimal degranulation (7).

Cell-cell and cell-extracellular matrix (ECM) interactions me-
diated by integrins play a critical role in cell proliferation, differ-
entiation, survival, apoptosis, and function. Activation of leuko-
cytes by agonists that bind to diverse classes of receptors triggers
ligand recognition by integrins. This process is termed inside-out
signaling. Activation of mast cells by FceRI aggregation and stem
cell factor (SCF) induces adhesion to fibronectin (FN) (8) predom-
inantly via integrin asB; (9—11). Upon FceRI aggregation and
SCF stimulation, FN-adherent cells exhibit stronger effector func-
tions such as histamine release and cytokine production than non-
adherent cells (10). Adherent cells exhibit more intense tyrosine
phosphorylation of certain proteins, including focal adhesion ki-
nase p1254¥, than nonadherent cells (12, 13). FceRI- and SCF-
induced mast cell adhesion involves several signaling pathways:
PI3K and PLC-vy are required for adhesion induced by both stimuli
(14). Lyn and Ca®" influx seem to be required for FceRI aggre-
gation- but not SCF-induced adhesion, and PKC may also be in-
volved in FceRI aggregation- but not SCF-induced adhesion (11).

We and others (15, 16) recently demonstrated that monomeric
IgE can promote mast cell survival. This observation, together
with earlier studies showing that IgE in the absence of cross-link-
ing reagents (such as Ag or anti-IgE) can increase the surface
expression of FceRI (17-19), has transformed the traditional view
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of IgE-mast cell binding as a sensitization step into the new one
that monomeric IgE can induce activation and survival of mast
cells (20). Indeed, all monoclonal IgE molecules tested so far not
only promote survival, but different IgE molecules also induce
varied levels of activation. At one extreme end of spectrum, some
IgE molecules, termed highly cytokinergic (HC) IgEs, induce the
production and secretion of various cytokines and other activation
events, including degranulation, whereas other IgE molecules,
termed poorly cytokinergic (PC), do so very inefficiently (21).

A recent study showed that three HC IgE molecules can trigger
mast cell adhesion to FN with sustained kinetics and mainly via the
asf, integrin, and adhesion to FN enhances IgE-induced signal-
ing, leading to the increased survival and cytokine production (22).
In this study, we have extended these previous observations and
showed that monomeric HC, but not PC, IgEs can induce 3, and
B, integrin-mediated mast cell adhesion and spreading onto FN-
coated plates. We have identified Lyn and Syk as requisite signal-
ing molecules for these events. Minor roles for Hck, Btk, PKCe,
and PKC® for adhesion were also found. Changes in the activation
statuses of membrane-proximal PTKs and other signaling mole-
cules were consistent with the slow but sustained process of HC
IgE-induced adhesion and spreading.

Materials and Methods
IgEs and Abs

Anti-DNP mouse IgE (H1 DNP-€-206, abbreviated hereafter as 206) and
H1 DNP-€-26 mAbs (23) were purified as described previously (21). Anti-
dansyl, anti-trinitrophenyl (TNP) (IgE-3), anti-TNP (C48-2), and anti-TNP
(C38-2) mouse IgE mAbs were purchased from BD Pharmingen. Anti-
DNP IgE (SPE-7) was purchased from Sigma-Aldrich. We used highly
purified monomeric IgE preparations (gel filtration-purified as the final
purification step) in many key experiments shown in Figs. 1, 2, 5, and 6.
Some experiments that demanded large amounts of IgE were performed
with less pure preparations. The latter preparations were contaminated typ-
ically with 5-15% IgE aggregates, although IgG or other Ig isotypes were
detected by SDS-PAGE/Coomassie brilliant blue staining. However, these
aggregates did not contribute significantly to the extent of mast cell adhe-
sion (i.e., <20% increase over that induced by highly purified monomeric
IgE preparations). Function-blocking anti-integrin mAbs were purchased
from BD Pharmingen: anti-integrin o, anti-integrin as, anti-integrin 3,
anti-integrin 3, and anti-integrin ,. Following are the sources of other
commercial Abs: anti-phospho-Btk (Tyr**®), anti-phospho-Src family
(Tyr*'®), anti-phospho-PLC-y2 (Tyr'?'”), anti-phospho-p44/42 MAPK
(Thr*®?/Tyr**%), anti-phospho-p38 MAPK (Thr'®%/Tyr'®?), and anti-
phospho-Akt (Ser*’®) were purchased from Cell Signaling Technology;
anti-phospho-tyrosine mAb 4G10 were obtained from Upstate Cell Sig-
naling Solutions; anti-p38, anti-Akt, anti-Lyn, anti-Syk, anti-JNK1, and
anti-PLC-vy2 were obtained from Santa Cruz Biotechnology; anti-ERK was
purchased from Zymed Laboratories; and FITC-conjugated anti-mouse
IgG was obtained from Jackson ImmunoResearch Laboratories.

Cells

Bone marrow cells from wild-type and mutant mice were cultured in IL-
3-containing medium for 4—6 wk to generate immature mast cells (bone
marrow-derived mast cells (BMMCs)) with >95% purity (c-Kit"FceRI™
by flow cytometry). The following mutant mice were used: lyn '~ (24),
An'T (25), bnffn'T (26), hek'T (27), syk T (28), btk™'" (29),
PKCB™'~ (30), PKCe '~ (31), and PKCO~'~ (32). Animal experiments
were approved by the Animal Care Committee of the La Jolla Institute for
Allergy and Immunology and performed in accordance with the guidelines
of the National Institutes of Health.

Flow cytometry

Flow cytometric analysis of receptor expression and apoptosis was per-
formed as described previously (21).

Adhesion assay

Ninety-six-well microtiter plates (no. 353072; BD Falcon) were coated
with 20 ug/ml bovine FN or BSA (Sigma-Aldrich) in PBS for 12 h at 4°C,
blocked with 4% BSA in PBS for 1 h at 37°C, and then washed twice with
assay medium (RPMI 1640 medium, 1% BSA, and 20 mM HEPES) just

before assay. For IgE+Ag stimulation, BMMCs were sensitized overnight
with 0.5 pg/ml 206 IgE, washed twice and incubated with DNP,;-HSA,
and resuspended at 5 X 10° cells/ml in assay medium. For the other stim-
ulations, naive BMMCs were used. The cells in 100 ul were added to each
FN (or BSA)-coated well followed by the addition of a stimulant. After
incubation at 37°C for the indicated periods, assay wells were rinsed with
an assay buffer to remove nonadherent cells and finally filled with 100 ul
of trypsin for 20 min to measure the number of adherent cells using trypan
blue staining under microscopy. The degree of adhesion is calculated by
dividing the number of the adherent cells by the number of input cells. In
assays with Abs, BMMCs were preincubated with 20 ug/ml Abs for 30
min at 37°C before the addition of the cells and Abs to the plate.

Confocal microscopy

BMMCs (2.5 X 10° cells in 0.5 ml) were seeded into coverslips placed
in 12-well plates coated with 20 wg/ml FN. After stimulation at 37°C
for 30 or 60 min, coverslips were washed twice with PBS and fixed with
3.7% formaldehyde in PBS for 10 min at room temperature. The cells
were washed with PBS, permeabilized with 0.2% Triton X-100 in PBS
for 5 min at room temperature, washed with PBS, and incubated with
10% goat serum in PBS for 1 h at room temperature. The cells were
stained with rhodamine-phalloidin (Molecular Probes) for 45 min at
room temperature, washed with PBS, then stained with anti-phospho-
tyrosine mAb (PY 20) (BD Pharmingen) for 60 min at room tempera-
ture, washed with PBS, and finally stained with goat anti-mouse Igs
conjugated with fluorescein (BioSource International) for 60 min at
room temperature. Washed cells were analyzed with a Leica fluores-
cence microscope equipped with a laser scanning confocal system
(MRC 1024; Bio-Rad). Images were processed in Photoshop 7.0
(Adobe) as described previously (33, 34).

Measurements of cytokines

Supernatants of BMMCs that had been incubated with IgE were measured
by ELISA for IL-6 and TNF-a (BD Pharmingen).

Immunoblotting analysis

Mast cells were lysed in 1% Nonidet P-40-containing lysis buffer (20 mM
Tris-HCI (pH 8.0), 0.15 M NaCl, 1 mM EDTA, 1 mM sodium orthovana-
date, | mM PMSF, 10 pg/ml aprotinin, 10 ug/ml leupeptin, 25 uM p-
nitrophenyl p’-guanidinobenzoate, 1 wM pepstatin, and 0.1% sodium
azide). Cell lysates were analyzed by SDS-PAGE, followed by immuno-
blotting. Proteins reactive with primary Ab were visualized with an HRP-
conjugated secondary Ab and ECL reagents (PerkinElmer).

In vitro kinase assays

Syk and JNKI molecules were immunoprecipitated from HC IgE- or
IgE+Ag-stimulated mast cells with respective Abs. Immune complexes
were incubated with a substrate (GST-HS1 for Syk and GST-c-Jun for
JNK1) in the kinase buffer in the presence of 10 uCi of [y-**P]ATP. Re-
action products were analyzed by SDS-PAGE and autoradiography of
dried gels.

Results
HC, but not PC, IgEs induce mast cell adhesion to FN
efficiently

Given the heterogeneity among IgE molecules in the capacity to
induce FceRI aggregation (21), we first tested whether both HC
and PC IgEs can induce mast cell adhesion to plastic wells coated
with FN. In comparison, mast cells were also stimulated with a PC
(206) IgE and Ag (this mode of stimulation hereafter termed
IgE+Ag), SCF, or 1 mM MnCl, (a direct activator of integrins).
Incubation of BMMCs with 5 pg/ml of various IgE molecules for
60 min led to either high- or very low-level cell adhesion (Fig. 1A).
As shown by Lam et al. (22), efficient adhesion (~50% of input
cells) was observed with HC IgEs. However, poor adhesion (<5-
10% of input cells) was observed with PC IgEs for up to 3 h of
incubation. In contrast with varied levels of cytokine production
induced by different HC IgEs, adhesion induced by various HC
IgEs was uniformly high. For example, IL-6 production induced
by C38-2 or 26 IgE was only one-twentieth or one-seventh, re-
spectively, that by SPE-7 IgE (21), but all of these HC IgEs in-
duced similar levels in adhesion. Similarly, high-level adhesion
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FIGURE 1. HC IgEs induce mast cell adhesion on FN-coated plates in

uniquely slow but sustained kinetics. BMMCs from wild-type mice with a
mixed genetic background of 129 and B6 strains were incubated with 5
ng/ml of various monoclonal IgEs, 100 ng/ml SCF, or 1 mM MnCl, for 60
min (A) or the indicated periods (B). In the case of IgE+Ag stimulation,
BMMCs were first sensitized by an overnight culture with 0.5 pg/ml 206
IgE and then stimulated with 100 ng/ml DNP,;-HSA for 60 min (A) or the
indicated periods (B). Adherent cells were counted.

was observed when BMMCs were stimulated with [gE+Ag, SCF,
or MnCl, (Fig. 1A), as shown previously (10, 35, 36). So, we
decided to further investigate HC IgE-induced mast cell adhesion
and compare it to those by other stimuli. In most following exper-
iments, we used SPE-7 IgE as a representative of the HC IgE.

We next compared kinetics of adhesion induced by HC IgE with
those by IgE+Ag, SCF, and MnCl,. Compared with IgE+Ag and
SCF stimulation, SPE-7 IgE-induced adhesion was substantially
slower; this stimulation needed 30 min before 30% adhesion was
achieved, and the peak adhesion (~70%) was only seen at 2 h (Fig.
1B). However, high-level adhesion induced by SPE-7 IgE was
maintained for a longer time with >50% adhesion seen at the last
tested time point (30 h) of the experiment. MnCl,-induced adhe-
sion also exhibited slow kinetics, but high-level adhesion was not
maintained. Therefore, the slow but sustained adhesion to FN-
coated plates is characteristic of HC IgE-induced mast cell acti-
vation, which is distinctly different from that induced by other
stimuli.

HC IgE-induced mast cell adhesion to FN is mediated through
B, and B integrins

Mast cell adhesion to FN-coated plates induced by HC IgEs,
IgE+Ag and SCF was shown to be mediated predominantly by the
high-affinity state of integrin asB, (9-11, 22). As shown previ-
ously (9, 35), integrins f3;, 3,, and 3, are expressed on the surface
of BMMCs (Fig. 2A). Expression of these integrins was not
changed by stimulation for 1-3 h with HC IgE, SCF, or IgE+Ag
(data not shown). We tested whether these integrins are involved
in HC IgE-induced adhesion to FN by preincubating BMMCs with
function-blocking anti-integrin Abs before stimulation with HC
IgE. We confirmed that HC IgE-induced adhesion is inhibited dra-
matically by anti-integrin 8, (Fig. 2B). However, it was also in-
hibited by anti-integrin 3,, albeit to a lesser extent. Preincubation
with a combination of anti-integrin 3, and anti-integrin 3, com-
pletely inhibited HC IgE-induced adhesion. These results indicate
that HC IgE induces FN-mediated cell adhesion mainly through
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FIGURE 2. Expression of 3 integrins and the involvement of integrins
in HC IgE-induced mast cell adhesion. A, Expression of 8 integrins was
measured by flow cytometry. B and C, Wild-type BMMCs were preincu-
bated with function-blocking Abs against specific integrin subunits for 30
min before being seeded into FN-coated plates containing 5 ug/ml SPE-7
IgE or 100 ng/ml SCF or PBS. Cell adhesion was measured 60 min after
incubation. * and *#*, p < 0.05 and p < 0.01 (vs the control Ab-treated
sample by Student’s ¢ test), respectively.

integrin 3, and, to a lesser extent, through integrin [3,. Consistent
with the previous studies on the role of asf3, (9), anti-integrin as
also inhibited HC IgE-induced BMMC adhesion to FN substan-
tially but incompletely (Fig. 2C). Anti-integrin «, inhibited
BMMC adhesion to a lesser extent, and a combination of anti-a,
and anti-a5 inhibited HC IgE-induced adhesion almost to basal
levels.

HC IgE-triggered inside-out signaling involves Src, Syk, Tec,
and PKC family kinases

FceRI aggregation induces the activation of Src, Syk, and Tec
family PTKs in the vicinity of plasma membranes (3, 37, 38).
Therefore, we next examined the roles of these PTKs in HC IgE
(SPE-7 or 26)-induced mast cell adhesion to FN using mast cells
deficient in these kinases. As shown previously (22), Lyn defi-
ciency abrogated HC IgE-induced adhesion (Fig. 3A). Hck defi-
ciency also reduced adhesion by 22-35% (Fig. 3B), whereas Fyn
deficiency did not significantly affect HC IgE-induced adhesion
(Fig. 3C). IgE+ Ag-induced adhesion was reduced slightly at low
Ag concentrations in Lyn-deficient cells, and this reduction was
more pronounced in Lyn/Fyn-doubly deficient cells (Fig. 3D). By
contrast, deficiencies of these Src family kinases had no or little
effect on SCF-induced adhesion.

Syk, which requires Lyn but not Fyn for its activation in mast
cells (5, 39, 40), is known to be essential for almost all known
aspects of mast cell activation induced by FceRI aggregation (41—
43). HC IgE-induced adhesion was not only abrogated but also
reduced below basal levels in Syk-deficient cells, and these cells
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FIGURE 3. HC IgE-induced mast cell adhesion requires Lyn and Syk.
Mutant mast cells deficient in Src, Syk, or Tec family members (indicated
by their names), and the respective control cells were incubated with the
indicated concentrations of SPE-7 IgE or 100 ng/ml SCF on FN-coated
plates for 60 min before counting adherent cells. 206 IgE-sensitized cells
were stimulated by the indicated concentrations of DNP,;-HSA for 60 min.
The filled and empty columns represent wild-type and mutant cells, re-
spectively. * and **, p < 0.05 and p < 0.01 (vs wild-type cells; Student’s
t test), respectively.
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did not adhere to FN upon IgE+Ag stimulation (Fig. 3E). In con-
trast, adhesion induced by SCF or MnCl, was almost intact in
Syk-deficient cells.

Btk activity is regulated by Lyn and Syk (44—46) and active Btk
in concert with Syk phosphorylates and activates PLC-y2 (47, 48).
Btk deficiency also significantly reduced HC IgE-induced adhe-
sion (Fig. 3F). IgE+ Ag-induced adhesion was affected strongly by
Btk deficiency at low Ag doses. However, similar to cells deficient
in Src or Syk family kinases, SCF-stimulated, Btk-deficient cells
adhered as efficiently as wild-type cells.

PKC§ is under the control of Lyn, Syk, and Btk through PLC-
v1/2 (46) and plays a critical role in degranulation and cytokine
production in FceRI-cross-linked mast cells (46, 49-51). PKCf
deficiency resulted in lower basal adhesiveness to FN compared
with wild-type cells (Fig. 4, upper panel). However, HC IgE-in-
duced adhesion was not significantly affected by PKCf deficiency.
SCF- or PMA-induced adhesion was not affected either. Interest-
ingly, IgE+ Ag-induced adhesion was reduced slightly at low con-
centrations of Ags, a defect shared by Lyn-deficient and Btk-
deficient cells.

PKC6, when overexpressed, can play a role in the activation of
ERK, /L-3 gene transcription, and degranulation in response to
FceRI aggregation (52). HC IgE-induced adhesion was reduced at
suboptimal IgE concentrations by PKC#6 deficiency, whereas SCF-
or PMA-induced adhesion was not affected (Fig. 4, middle panel).
Similar to cells deficient in Lyn, Btk, or PKCp, IgE+ Ag-induced
adhesion was reduced at low concentrations of Ags in PKC6-de-
ficient cells.

In contrast with PKC6-deficient mast cells, HC IgE-induced ad-
hesion was not reduced but rather increased at a suboptimal dose
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regulatory role in HC IgE-induced mast cell adhesion. Mutant and control
cells were stimulated as described for Fig. 3. In addition, these cells were
also stimulated by 100 nM PMA for 60 min. * and s**, p < 0.05 and p <
0.01 (vs wild-type cells; Student’s 7 test), respectively.

of 1 wg/ml in PKCe-deficient cells (Fig. 4, lower panel). Similarly,
IgE+ Ag-induced adhesion also tended to be increased at low Ag
concentrations. Therefore, different members of the PKC family
play redundant as well as opposing functions in HC IgE- and
IgE+Ag-induced adhesion.

In the above experiments, none of the gene-targeted mast cells
used exhibited changes in surface expression of FceRlI, c-Kit, or
integrin 3, (data not shown). Therefore, the changes in FN adhe-
siveness in mutant cells seem to reflect the changes in integrin
affinity/avidity. We did not see any significant differences between
SPE-7 and 26 IgEs with any of the kinase-deficient cells. Our data
collectively suggest that HC IgE-induced integrin B, (and f3,)-
dependent adhesion requires Src (Lyn and Hck) and Syk family
kinases. Btk and PKC#6 play a minor role in these adhesions,
whereas PKCe plays a negative regulatory role.

HC IgE-induced mast cell spreading is dependent on Src and
Syk family kinases

FceRI aggregation induces actin polymerization and reorganiza-
tion of the cytoskeleton leading to morphological changes charac-
terized by actin plaques, membrane ruffling (lamellipodia), and
filopodia (53). We examined morphological changes in FN-adher-
ent mast cells induced by HC IgE, IgE+Ag, and SCF by visual-
izing F-actin and tyrosine-phosphorylated proteins under a confo-
cal microscope. Unstimulated BMMCs displayed a round shape
with few lamellipodia or filopodia. Upon HC IgE stimulation, cells
became spread with numerous filopodia and lamellipodia, in which
F-actin was colocalized with tyrosine-phosphorylated proteins
(Fig. 5). IgE+Ag and SCF also induced a morphology character-
ized by the presence of abundant lamellipodia and some filopodia.
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Consistent with the data shown in Fig. 3, Fyn-deficient cells ex-
hibited morphologies indistinguishable from wild-type cells. By
contrast, HC IgE-stimulated, Lyn-deficient cells had less abundant
filopodia than similarly stimulated wild-type cells (Fig. 5A). Lyn/
Fyn-doubly deficient cells had even fewer filopodia and were less
spread upon HC IgE stimulation. Lyn deficiency also caused se-
vere defects in spreading induced by IgE+Ag. However, SCF-
stimulated, Lyn-deficient and Lyn/Fyn-deficient cells exhibited
abundant filopodia and lamellipodia. Syk ~/~ BMMCs stimulated
by HC IgE or IgE+ Ag exhibited a morphology similar to unstimu-
lated wild-type cells, whereas, upon SCF stimulation, syk ~/~ cells
exhibited the filopodia-rich shape similar to wild-type cells (Fig.
5B). These results collectively indicate that both Lyn and Syk, but
not Fyn, are required for HC IgE-induced mast cell spreading on
FN-coated plates, similar to adhesion. Syk was also necessary for
IgE+Ag-induced spreading similar to adhesion. In addition,
IgE+Ag-induced spreading was also dependent on Lyn even un-
der high Ag conditions where Lyn was dispensable for adhesion.

Adhesion to FN enhances HC IgE-induced survival, cytokine
production, and DNA synthesis

Both HC IgE and IgE+Ag appear to induce aggregation of FceRlI,
leading to activation and/or survival (21, 54). As previously shown
(22), stronger survival effects of HC, but not PC, IgEs were seen
on FN-adherent cells upon growth factor withdrawal, compared
with nonadherent cells (Fig. 64). We also observed an increased
secretion of IL-6 from HC IgE- and IgE+ Ag-stimulated BMMCs

A

Stimulation

No
Stimulation

FIGURE 5. HC IgE-induced mast cell spreading on FN-coated plates is
dependent on Lyn and Syk. A, BMMCs from fyn '~ lyn'~, fin ™'~
Iyn~'", and wild-type control mice were plated on FN for 30 min with no
stimulation or stimulation with 5 wg/ml SPE-7 IgE, IgE+Ag (5 or 100
ng/ml DNP,;-HSA), or 100 ng/ml SCF. The cells were then fixed, perme-
abilized, stained for F-actin (red) and phosphotyrosine (green), and ana-
lyzed by confocal microscopy. Results shown are representative of three
independent experiments. Bar, 10 um. B, BMMCs from s_vk” ~ and wild-
type mice were analyzed similarly.

4499

on FN-coated plates compared with similarly stimulated cells on
BSA-coated plates (Fig. 6B). In contrast with Lam et al. (22),
enhanced DNA synthesis was seen in HC IgE-stimulated cells on
FN (Fig. 6C).

Activation of PTKs by HC IgE vs IgE+Ag

It is reasonable to assume that HC IgE and IgE+ Ag induce similar,
although not necessarily identical, intracellular signals because
both stimuli engage the same receptor, FceRI, leading to receptor
aggregation. However, some differences in their consequences
have been noticed: survival effects were observed by a wide range
of IgE concentrations without suppression by very high (>50 ug/
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FIGURE 6. Adhesion to FN increases HC IgE-induced survival, IL-6
production and DNA synthesis. A, Wild-type BMMCs were left unstimu-
lated (PBS) or stimulated by IgEs or IgE+Ag with or without IL-3 in FN-
or BSA-coated plates for 72 h. Survival of adherent and nonadherent cells
was quantified by flow cytometry after staining with annexin V and pro-
pidium iodide. B, Wild-type BMMCs were stimulated similarly with 206 or
SPE-7 IgE or by IgE+Ag in the presence of IL-3 for 20 h. IL-6 in culture
supernatants was quantified by ELISA. C, Wild-type BMMCs in adhesion
medium were stimulated similarly in FN- or BSA-coated plates for 48 h in
the presence of [3H]thymidine for the last 12 h. The radioactivity incor-
porated into acid-insoluble compartments was counted by liquid scintilla-
tion. *, p < 0.05 (vs the cells incubated in BSA-coated plates; Student’s ¢
test).
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ml) IgE concentrations (15), whereas only a narrow range of weak-
to-moderate stimulation by IgE+Ag could induce survival (54);
degranulation induced by HC IgE has a short lag period before its
initiation whereas that by IgE+Ag is very fast (21); furthermore,
HC IgE-induced adhesion is slow but sustained, whereas IgE+ Ag-
induced adhesion is quick and short-lived (Fig. 1B). In addition,
we have found that Lyn and Hck are necessary for HC IgE-induced
adhesion, whereas these PTKs are dispensable for IgE+Ag-in-
duced adhesion (Fig. 3). These observations suggest that there are
qualitative as well as quantitative differences in signaling induced
by HC IgE and IgE+Ag, whereas no observable signaling events
were induced by PC IgEs (15). To gain insight into signaling
mechanisms underlying the different adhesive and other outcomes
by HC IgE and IgE+Ag, we first performed immunoblotting anal-
ysis of tyrosine-phosphorylated proteins in HC IgE- and IgE+Ag-
stimulated cells. When BMMCs were stimulated by IgE+Ag on
BSA-coated plates (to which the cells did not adhere), tyrosine
phosphorylation of cellular proteins peaked at ~1-3 min (data not
shown) and then returned to basal levels within 30 min, which was
exactly the same as that in IgE+ Ag-stimulated cells in suspension
(Figs. 7, C and D). However, when cells were stimulated by
IgE+Ag on FN-coated plates, tyrosine phosphorylation of cellular
proteins peaked at ~30 min and then returned to basal levels
within 2 h of stimulation (Fig. 7, C and D). Although the pattern
of tyrosine phosphorylation was similar to that by IgE+Ag, ty-
rosine phosphorylation peaked at ~1 h in HC IgE-stimulated cells
on FN-coated plates and then started to decline (Fig. 7, A and B).
However, unlike IgE+Ag stimulation, HC IgE-induced phosphor-
ylation in FN-adherent cells was observed easily at 4 h, the last
time point of measurement (Fig. 7B). These analyses revealed
firstly that a peak in tyrosine phosphorylation precedes that in ad-
hesion: tyrosine phosphorylation peaked ~1 h and adhesion
reached the peak level ~2 h in SPE-7 IgE-treated cells, whereas
tyrosine phosphorylation peaked ~30 min and adhesion reached
the peak level ~1 h in IgE+ Ag-stimulated cells. Secondly, it was
shown that adhesion is sustained long after tyrosine phosphoryla-
tion wanes and returns to baseline. Parenthetically, no tyrosine
phosphorylation was observed in PC IgE-stimulated cells on either
FN- or BSA-coated plates (data not shown).

Lyn is a major PTK that phosphorylates numerous proteins in
IgE+ Ag-stimulated mast cells (40, 55). Therefore, we compared
kinase activity of Lyn and Lyn-dependent PTKs, Syk and Btk, in
HC IgE- and IgE+Ag-stimulated mast cells. Lyn activation, as
measured by immunoblotting for phosphorylation on Tyr*?¢ in the
activation loop, also exhibited slower kinetics but an increased
magnitude upon stimulation by HC IgE on FN-coated plates than
that by IgE+Ag (Fig. 7E). Similar to the kinetics of general ty-
rosine phosphorylation, Lyn phosphorylation also peaked ~60 and
30 min in SPE-7 IgE- and IgE+ Ag-stimulated adherent cells, re-
spectively. This is consistent with the role of Lyn in tyrosine phos-
phorylation of many cellular proteins. Despite the importance of
Hck in HC IgE-induced adhesion, low expression of Hck ham-
pered similar analysis (data not shown). Enhanced activation by
HC IgE vs IgE+Ag was even more remarkable in Syk kinase
activity (Fig. 7E and data not shown). The same tendency, albeit to
a lesser degree, was seen in Btk activity, as measured for phos-
phorylation on Tyr*** (autophosphorylation site). Activation of
Lyn, Syk, and Btk was much more transient in both HC IgE- and
IgE+Ag-stimulated nonadherent cells (Fig. 7E and data not
shown). Parenthetically, the presence of FN that leached out into
cell lysates precluded efficient immunoprecipitation of some pro-
teins, particularly Hck, Fyn, and Lyn, making it difficult to accu-
rately measure these kinase activities in vitro (data not shown).
However, slower and more sustained activation of Lyn, together
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with stronger activation of Syk and Btk, could explain the slower
and sustained adhesion of HC IgE-stimulated mast cells on FN,
compared with IgE+Ag-stimulated cells. The differences in the
magnitude of activity of these PTKs, particularly Syk, between
adherent and nonadherent cells could account for the increased
survival, IL-6 production, and DNA synthesis in adherent cells.

Downstream signaling events induced by HC IgE vs IgE+Ag

PLC-y hydrolyzes phosphatidylinositol 4,5-bisphosphate into
DAG and IP;. IP, induces Ca”" release from intracellular stores,
and DAG (with or without Ca®>") activates several PKC isoforms.
Because Ca®* was shown to be critical for HC IgE-induced mast
cell adhesion (22), we estimated the activity of PLC-y2, a major
PLC-v isoform in mast cells. PLC-y2 phosphorylation on Tyr'*'”
was more pronounced in adherent cells than in nonadherent cells
upon HC IgE and IgE+Ag stimulation (Fig. 7E), in line with the
previous studies that Lyn is required for Ca™ responses (5, 22, 40,
55), and PLC-vy2 phosphorylation is under a concerted regulation
of Syk and Btk (47, 48).

Mast cell survival is increased by adhesion to FN (10). ERKs of
the MAPK family are implicated as a critical signal transducer for
survival in various cell types (56), including HC IgE-stimulated
mast cells (57). Akt (= protein kinase B) is another serine/threo-
nine kinase crucial for survival in many cell types (reviewed in
Refs. 58—60). By contrast, JNK and p38, two other MAPK sub-
families, are involved in apoptosis under certain conditions (56).
Therefore, we compared activities of these kinases in adherent vs
nonadherent cells upon HC IgE and IgE+Ag stimulation. Consis-
tent with their presumed role in HC IgE-induced survival (57),
activation of ERK1 and ERK2, as evaluated by phosphorylation at
their activation loops, was more prolonged in adherent cells than in
nonadherent cells upon HC IgE stimulation (Fig. 7F, upper and
lower panels). By contrast, ERK activation was transient in
IgE+ Ag-stimulated cells under conditions that did not enhance
survival, just like that in SCF-stimulated cells (Fig. 7F, lower
panel). These results, although consistent with the role for ERKs in
IgE-mediated survival, do not prove that HC IgE-dependent incre-
ment in survival in adherent cells over nonadherent cells is due to
the prolonged ERK activation. By contrast, p38 activities were
comparable in adherent and nonadherent cells. Activation of JNK1
and Akt was strongly induced by IgE+Ag, but their activities re-
turned to baseline within 30 min, and no difference in their activ-
ities was observed between adherent and nonadherent cells (Fig.
7F). Activities of JNK1 and Akt in HC IgE-stimulated cells were
much lower than in IgE+ Ag-stimulated cells and indistinguishable
between adherent and nonadherent cells. Consistent with no ob-
served tyrosine phosphorylation, activation of MAPKs or Akt was
not observed in PC IgE-stimulated cells on FN- or BSA-coated
plates (data not shown). These results suggest that the prolonged
activation of ERKs, but not JNK, p38, or Akt, is involved in HC
IgE-induced survival.

Discussion

The present study demonstrates that HC IgEs can induce adhesion
and spreading of mouse mast cells on FN-coated plates in slow and
sustained kinetics, whereas PC IgEs cannot do so efficiently. Sim-
ilar to IgE+Ag- and SCF-induced adhesion (14, 36), HC IgE-
induced adhesion was mediated mainly through (3, integrin, as
shown recently (22). In addition, our study has identified 3, inte-
grin as another mediator of mast cell adhesion. Importantly, we
have identified Lyn and Syk as requisite proximal PTKs and Hck,
Btk, and PKC# as contributory kinases in HC IgE-induced adhe-
sion. Consistent with these results, analysis of activation status of
signaling proteins has revealed that Lyn phosphorylation on Tyr**¢
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FIGURE 7. Signal transduction triggered by HC IgE vs IgE+Ag in adherent and nonadherent mast cells. A—F, Wild-type BMMCs were left unstimulated
(PBS) or stimulated by SPE-7 IgE or IgE+Ag in FN-coated or BSA-coated plates for the indicated periods. Cell lysates were analyzed by immunoblotting
with anti-phospho-tyrosine mAb 4G10 (A-D) or the indicated Abs. A, C, E, and F, In some cases, suspended cells were stimulated by IgE+Ag in Tyrode’s

solution. Cell lysates were analyzed by immunoblotting with the indicated Abs.

When phospho-specific Abs were used for the first probing, the same blots

were stripped and reprobed with the respective nonphospho-specific Abs. E and F, In vitro kinase assays were conducted on immune complexes of Syk
and JNKI. Intensities of the phosphorylated bands induced by SPE-7 IgE and IgE+Ag were measured by densitometry. For Lyn and ERKSs, only results
with p53°" and ERK1 are shown. IgE+ Ag samples (three rightmost lanes in E and F) were analyzed by gels separate from the other samples, which were
analyzed by single gels. So, the apparent reduction in Lyn amounts in “IgE+ Ag” samples does not reflect real amounts. Results representative of two (A—E)

or three (F) experiments are shown.

is induced in a slower but more sustained fashion in HC IgE-
stimulated adherent cells than in IgE+Ag-stimulated adherent
cells. Lyn-dependent Syk and Btk were more strongly activated in
HC IgE-stimulated cells than in IgE+ Ag-stimulated cells. Activa-
tion of Lyn, Syk, and Btk was much more transient in nonadherent
cells than in adherent cells. These signaling data support the data

on the increased survival, IL-6 production/secretion, and DNA
synthesis in HC IgE-stimulated adherent cells, compared with sim-
ilarly stimulated nonadherent cells.

Mast cells do not efficiently adhere and spread on FN without
activation through FceRI or c-Kit. Both stimuli use 3, integrin as
the major adhesion receptor. The engagement of integrins by ECM



4502

ligands triggers outside-in signals that collaborate with immuno-
receptor-initiated signals (including inside-out signals that activate
integrins) to determine cell fate and function (61). Both 3, inte-
grin-initiated outside-in and FceRlI-initiated inside-out signals use
PTKs of the Src family. Importantly, Src family PTKs directly
interact with the integrin 8 cytoplasmic domains: integrin £,
binds to Lyn, Hck, and c-Yes but not c-Src, Fyn, or c-Fgr (62).
These binding data and integrin-clustering experiments suggest
that integrin-Src family PTK interactions initiate Src PTK activa-
tion following integrin clustering (outside-in signaling). Interest-
ingly, deficiencies in integrin 3,-binding Lyn or Hck, but not in-
tegrin 3,-nonbinding Fyn, result in defects in HC IgE-induced
mast cell adhesion. Although Lyn and Hck may not work only by
binding to the integrin, it is tempting to speculate that Src family
PTKSs bound to a integrin 3, subunit are used in HC IgE-recruited,
inside-out signaling as well. If this is the case, inside-out signaling
and outside-in signaling can be well synchronized at the level of
Src family PTKs during the slow, sustained signaling process in
HC IgE-stimulated cells. However, inside-out signals generated by
IgE+ Ag stimulation, which induces a strong but transient activa-
tion of the PTKs, might not be synchronized with outside-in sig-
nals as efficiently as in HC IgE-stimulated cells. This possibility is
supported by the stronger Lyn phosphorylation on Tyr**¢ in HC
IgE-stimulated adherent cells, compared with IgE+ Ag-stimulated
adherent cells (Fig. 7E). The difference between HC IgE- and
IgE+ Ag-stimulated adherent cells was even more remarkable in
the kinase activity of Syk, a Lyn substrate (Fig. 7E).

Although HC IgE-induced adhesion data nicely correlate the
requirement of Lyn and Hck with integrin-Src family PTK inter-
actions, it was somewhat unexpected that Fyn deficiency did not
lead to a defect in HC IgE- or IgE+Ag-induced adhesion. Thus,
earlier studies showed that PI3K is required for HC IgE-,
IgE+Ag-, and SCF-induced adhesion (22, 36, 63, 64), and Par-
ravicini et al. (5) proposed that Fyn regulates PI3K activity through
Gab2 phosphorylation. However, in our unpublished study using
Fyn-deficient mice that had been extensively backcrossed into the
C57BL/6 strain, we could not see such drastic defects in degran-
ulation, cytokine production, or several signaling events as de-
scribed by Parravicini et al. (5), raising the possibility that the
differences between the two studies might be attributable to genetic
background. Interestingly, earlier studies suggested multiple dis-
tributions of PI3K: FceRI cross-linking increases PI3K activity in
anti-LAT, anti-FceRIB, and anti-Gab2 immune complexes (65).
Therefore, the PI3K pathway under the control of Lyn (and Hck)
might be required for mast cell adhesion. In this regard, immuno-
electron microscopic analysis identified two types of cell surface
areas rich in signaling molecules in FceRI-cross-linked cells: os-
miophilic patches termed the primary signaling domain contain
FceRI, Gab2, and PI3K among others, and another type termed the
secondary signaling domain contains LAT and PI3K (65).

Mast cell adhesion and spreading are intimately related events.
As expected from adhesion data, mast cell spreading induced by
HC IgE requires Lyn and Syk but not Fyn. Interestingly, however,
IgE+ Ag-induced spreading is dependent not only on Syk but also
on Lyn, in contrast with IgE+ Ag-induced adhesion in which Lyn
is dispensable. Therefore, the requirement for Lyn in inside-out
signaling seems to depend on how FceRI is stimulated.

This and previous studies demonstrate that Lyn is a positive
regulator of HC IgE-induced mast cell adhesion to FN. Other Lyn-
mediated positive regulatory aspects of mast cell activation
through FceRI have been shown in a reduction in passive cutane-
ous anaphylactic responses in Lyn-deficient mice (66) and the de-
layed Ca®™ responses to IgE+Ag in Lyn-deficient mast cells (40,
55). However, FceRI-induced secretion of cytokines is enhanced
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in Lyn-deficient mast cells, indicative of a role in negative regu-
lation possibly via the FcyRIIB1 receptor (40, 55, 67). Enhanced
degranulation was also reported in some, but not all, studies of
Lyn-deficient mast cells, and a recent study showed that this is due
to the increased Fyn activity and leads to an enhanced anaphylactic
response in young Lyn-deficient mice (68). Interestingly, Lyn
plays a negative regulatory role in adhesion of neutrophils to FN
and other ECM proteins and ICAM-1 (69). This may suggest the
importance of the cell context in determining the positive vs neg-
ative roles of Lyn in adhesion and other cellular functions.

Extracellular Ca®* has been shown to be required for HC IgE-,
IgE+Ag-, and SCF-induced increase in the avidity of asf;, (22).
Upstream of Ca*" responses, pharmacological experiments indi-
cate that PLC-vy is also required for HC IgE-, IgE+ Ag-, and SCF-
induced adhesion (22). These previous findings were underpinned
by our results: upstream PTK regulators of PLC-vy activity and
Ca®" response, i.e., Lyn, Syk, and Btk, are all required for optimal
adhesion stimulated by HC IgE (Fig. 3). By contrast, deficiencies
of these PTKSs did not result in defects in SCF-induced adhesion,
suggesting that c-Kit, but not Lyn, Syk, or Btk, phosphorylates and
activates PLC-y in SCF-stimulated cells (70). Because PLC-y2
phosphorylation is regulated by Btk and Syk (47, 48), the Btk-
dependent signaling component for HC IgE-induced adhesion may
be mediated by PLC-y2. However, a Btk-independent compo-
nent(s) must exist, given that HC IgE-induced adhesion was de-
fective only partially in Btk-deficient cells despite the complete
abrogation of adhesion in Syk-deficient cells. Potentially, other
Tec family PTKs such as Tec and Itk might be involved in this
process.

Downstream of PLC-y and Ca*", roles of PKC isoforms in HC
IgE-induced adhesion seem complex. Pharmacological studies
suggest that conventional PKC isoforms play a positive role in HC
IgE- and IgE+Ag-induced adhesion and that some PKC iso-
form(s), which can be inhibited by a pan-specific PKC inhibitor,
plays a negative regulatory role in HC IgE-induced adhesion (22).
Our present study has identified PKC6 and PKCe as the positive
and negative regulators, respectively, of HC IgE-induced adhesion.
As BMMCs express PKCa, PKCBI, and PKCII among the con-
ventional isoforms, it is speculated that PKCeq, which is known to
be activated by adhesion via integrin a3, (71), may play a pos-
itive regulatory function in HC IgE-induced adhesion.

ERKs are implicated in HC IgE-induced survival (57). Our re-
sults demonstrate the prolonged activation of these kinases in HC
IgE-stimulated adherent cells compared with similarly stimulated
nonadherent cells (Fig. 7F), supporting this possibility. The pro-
longed ERK activation is also consistent with the prolonged and
enhanced Syk activity in HC IgE- and IgE+ Ag-stimulated adher-
ent cells, compared with similarly stimulated nonadherent cells.
Thus, Syk is known to positively regulate ERKs (43). The en-
hanced Syk activity, particularly in HC IgE-stimulated cells, is
compatible with the essential role for Syk in IgE-induced survival
(21). By contrast, our analysis suggests that JNK1, p38, or Akt
might not be involved in differential regulation of adhesion, sur-
vival, or other activation events by HC IgE vs IgE+Ag. Because
activities of these kinases, particularly JNK1, were shown previ-
ously to be under the control of Syk and Btk (43, 72), signaling
pathways required for adhesion to FN seem to branch out at the
level of these PTKs or upstream of them.

The present study demonstrates that mast cell adhesion can be
induced by HC, but not PC, IgEs in a uniquely slow and sustained
fashion. Recent studies have shown that IgE can be produced not
only in lymphoid organs but also in inflammatory mucosal tissues
in allergic diseases (73, 74). Therefore, it is tempting to suggest
that HC IgE-induced, Lyn- and Syk-dependent mast cell adhesion
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is involved in the recruitment of mast cells to such inflammation
sites with high IgE concentrations. Such a possibility warrants ad-
ditional investigation.

FceRI stimulation induces secretion of a plethora of chemical,
lipid, peptide, and protein mediators, including cytokines and che-
mokines. Many of them have the capacity to affect adhesion,
spreading, and migration of mast cells, as well as other cell types.
Our present study focused on overall roles of various kinases on
adhesion and spreading. However, it is likely that some of these
kinases are involved in adhesion and spreading induced by the
mediators secreted by FceRI stimulation. This is quite likely for
HC IgE-induced mast cell adhesion given the prolonged time
course of this form of mast cell adhesion. Therefore, this possi-
bility warrants additional investigation.
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