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Mast cells, perhaps best known by their ability to trigger allergic reactions after
stimulation through the FceRI, express the unusual phosphatidylinositol 3-kinase
(PI3K)-dependent, Rac-binding protein SWAP-70. Here, we show that the IgE-mediated
passive cutaneous and the systemic anaphylactic responses are strongly reduced in
SWAP-70–/– mice. Cultured SWAP-70–/– immature bone marrowmast cells (BMMC) are
also impaired in FceRI-mediated degranulation, which can be restored by expression of
exogenous wild-type SWAP-70, but less so if a phosphatidylinositol trisphosphate (PIP3)
binding mutant is expressed. SWAP-70 itself supports inositol-3-phosphate and PIP3
production, the latter indicating a potential feedback from SWAP-70 towards PI3K.
FceRI-stimulated transcription and release of cytokines is controlled by SWAP-70. Key
FceRI signal transduction events like activation of LAT by phosphorylation, activation of
Akt/PKB and of p38 MAP kinase are reduced in SWAP-70–/– BMMC, but ERK is strongly
hyperactivated. Some requirements for SWAP-70 were apparent only under limited-
strength signaling conditions. We suggest that SWAP-70 defines a new element of
efficient mast cell activation upon FceRI signaling, important for the control of mast
cell-dependent anaphylaxis.

Supporting Information for this article is available at
http://www.wiley-vch.de/contents/jc_2040/2008/37597_s.pdf

Introduction

Murine SWAP-70, originally isolated from activated,
mature B lymphocytes [1], is strongly expressed in mast
cells [2]. Molecularly, SWAP-70 loosely resembles
proteins of the Dbl-family of guanine nucleotide
exchange factors (GEF) for small Rho GTPases [3, 4].

SWAP-70 interacts specifically with the Rho GTPase Rac,
which is a central molecular switch in a number of signal
transduction pathways including FceRI and c-kit
signaling [5, 6], and supports accumulation of its
activated form, to which it preferentially binds [7]. In
mast cells, SWAP-70 is found in the cytoplasm and at the
cytoplasmic membrane, but unlike in activated B cells is
not observed in the nucleus [2, 8, 9]. A pleckstrin
homology (PH) domain [10] exists in the center region
of SWAP-70, binds phosphatidylinositol trisphosphate
(PIP3), the second messenger product generated by
phosphatidylinositol 3-kinase (PI3K), and mediates
membrane localization of the protein. As shown with
a mutant (R230C) impaired in PIP3 binding, PIP3
binding is necessary for SWAP-70 to localize to
membrane F-actin structures called membrane ruffles
[7, 11], which represent sites of membrane F-actin

Correspondence: Rolf Jessberger, Institute of Physiological
Chemistry, Dresden University of Technology, Fiedlerstr. 42,
D-01307 Dresden, Germany
Fax: +49-351-4586305
e-mail: rolf.jessberger@tu-dresden.de

Received 26/6/07
Revised 7/11/07

Accepted 12/12/07

[DOI 10.1002/eji.200737597]

Key words:
Anaphylaxis

� Degranulation
� FceRI � Mast cells

� SWAP-70

Abbreviations: BMMC: bone marrow mast cell � DH: Dbl
homology � GEF: guanine nucleotide exchange factors �
IP3: inositol-1,4,5-triphosphate � PCA: passive cutaneous
anaphylaxis � PH: pleckstrin homology � PIP3: phosphatidyl-
inositol trisphosphate

Eur. J. Immunol. 2008. 38: 1–14 Molecular immunology 1

f 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.eji-journal.eu



remodeling, at which Rac activationwas also reported to
happen [12]. The Dbl homology (DH) domain of
SWAP-70 displays only limited amino acid identity
(ca. 20%), and overlaps with a tripartite coiled-coil
region [1]. In SWAP-70, the DH domain is positioned not
N-terminal but C-terminal to its PH domain, contrasting
nearly all proteins of the Dbl family. SWAP-700s closest
homolog, a protein called Def-6, SLATor IBP [13–15], is
the only known protein that also carries the PH and DH
domains in the N-C arrangement. Thus, SWAP-70 and
IBP may form a rather unique Rho GTPase-interacting
protein family. IBP was reported to act as a GEF for Rac
and Cdc42, and functions in Tcell signaling, particularly
of the Th2 subset [14].

Earlier, we determined a function for SWAP-70 in
mast cells in signaling from the c-kit receptor [16].
SWAP-70–/– bone marrow mast cells (BMMC) are
impaired in a number of c-kit-triggered processes,
indicating that SWAP-70 is an important regulator of
specific c-kit effector pathways including mast cell
activation, migration, and cell adhesion.

Mast cells contribute important and specific func-
tions to the immune system [17–20]. One well-known
function is in IgE-triggered allergic reactions. After
binding IgE, the cells can be stimulated by cross-linking
the FceRI-IgE complex by either antigen or by anti-IgE
antibody to release a variety of biologically active,
preformed mediators such as histamine, proteoglycans,
proteases, serotonin, and others. Cross-linking also
induces transcription, synthesis and subsequent release
of cytokines. Some reports suggest that binding of only
IgE to the FceRI without or with minimal cross-linking
initiates limited signaling, which induces the production
of certain cytokines [21–23].

In exocytosis assays that monitor release of hex-
oseaminidase as an indicator for degranulation,
SWAP-70–/– BMMC, stimulated by cross-linking the
IgE/FceRI complex with anti-IgE antibody, yield a signal
of about one-fifth of that of wild-type (wt) BMMC. If
cross-linked by antigen, the reduction is about 50% [2].
Triton X-100 lysis and ionomycin-triggered de-
granulation, however, generated the wt-like signal,
indicating that SWAP-70–/– BMMC contain functional
granules, which upon ionomycin-triggered Ca++ influx
release their content. Thus, not degranulation per se but
the IgE/FceRI signaling pathway leading to exocytosis
requires SWAP-70 [2]. Events downstream of the FceRI
required for mast cell degranulation include, among
others, activation of LAT, inositol-1,4,5-tri-
phosphate (IP3) and PIP3 production, activation of
kinases such as Akt, p38, and ERK, but whether
SWAP-70 acts in any of these processes is unknown.
Generally, the precise signaling pathways that lead to
degranulation are not yet described in sufficient details,
and more molecules important in this pathway such as

regulators or effectors need to be determined and
characterized [24–29].

Our studies were done in wt or SWAP-70–/– mice or
with cultures of IL-3-dependent BMMC derived from
them [2]. These cultures, homogenous after about
4–5 wk, reflect mostly the mucosal type of mast cells
[30, 31]. FACS analysis of surface-bound IgE showed
that more than 98% of wt or SWAP-70–/– cells bind IgE.
The equal intensity of the signals also indicates similar
numbers of receptors on their surface. Wild-type or
SWAP-70–/– mast cells respond similarly to IL-3 with
regard to proliferation, cell cycle, and apoptosis under
starvation conditions [2].

Together, indications exist that SWAP-70 plays
important role(s) in mast cell signaling. This study
aimed at identifying specific contributions of SWAP-70
to FceRI signaling in vivo and in vitro.

Results

Mast cell dependent anaphylaxis depends on
SWAP-70

In order to assess the importance of SWAP-70 for mast
cell function in the organism and to study mast cell
FceRI-mediated reactions in vivo, we induced passive
cutaneous anaphylaxis (PCA) in mice by intravenous
injections of the antigen DNP-BSAwith 0.5% Evans blue
into wt or SWAP-70-deficient mice that were sensitized
by intradermal ear injections the day before with IgE in
HBBS (left ear) or HBSS alone (right ear). Extravasation
of the dye is caused by histamine and serotonin release
from FceRI-activated mast cells [32] and the dye
accumulates in the tissue. At 30 min after antigen
stimulation, the extravasated dye in the ears of mice was
measured spectrophotometrically. SWAP-70–/– mice
showed 1.7-fold lower total levels of extravasated dye
as compared to wt (Fig. 1A). However, the signal
observed with SWAP-70–/– mice (0.255 � 0.019) is at
background levels as derived from the control ear
(0.253 � 0.033), while a clear signal of 0.41 � 0.048
was obtained from wt mice (control at 0.207 � 0.041).

In addition, we carried out systemic anaphylaxis
experiments by challenging IgE-primed mice with
500 lg DNP-KLH and measuring changes in body
temperature caused by anaphylactic shock [33]
(Fig. 1B). A decrease in basal body temperature from
38 to about 30�C was observed within 30 min in wt
animals. Temperature returned to normal after about
2 h. No change in body temperature was observed in
mice that were not IgE-primed prior to DNP-KLH
stimulation. SWAP-70–/– mice primed with IgE and
challenged with DNP-KLH showed only a small decrease
in body temperature to about 35�C and a quick recovery,
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indicating a strong reduction in the systemic anaphy-
lactic response induced by FceRI.

Since mature peritoneal mast cells do not express
SWAP-70 [2], we asked which types of mature tissue
mast cells express SWAP-70. Analyses of fixed, paraffin-
embedded sections from back skin and sections from
frozen stomach mucosa by immunohistochemistry,
using FITC-conjugated avidin to stain mast cells [34]
and polyclonal rabbit anti-SWAP-70 followed by sec-
ondary anti-rabbit-Cy3 antibody, showed that mast cells
from back skin as well as mucosal mast cells strongly
express SWAP-70 (not shown). Back skin sections from
SWAP-70–/– mice showed fewer numbers of mast cells,
in agreement with an earlier report on twofold reduced
skin mast cells in these mice [2], while mucosal stomach
mast cell numbers are unaltered compared to wt.
Gastrointestinal tract mast cells were stained with
toluidine blue and no difference in numbers between
wt and SWAP-70–/– mice were found.

SWAP-70 reconstitution restores the
degranulation efficiency of SWAP-70–/– BMMC

Earlier, we reported that SWAP-70–/– BMMC are
defective in vitro in FceRI-mediated degranulation of
preformed mediators such as hexoseaminidase [2]. To
confirm a direct role of SWAP-70 and to get insights into
the molecular mechanisms of its function, we trans-
fected mutant BMMC with pEGFP constructs to
transiently express SWAP-70, or with the site-specific
mutant R230C which is reduced in PIP3 binding [7], or
with vector alone for control. Expression of SWAP-70 in

transfected SWAP-70–/– and control wt BMMC was
assessed by performing Western blot analysis (Fig. 2A).
The transfected cells were starved for 2 h, primed with
anti-DNP-KLH IgE for 1 h, followed by cross-linking
using 100 ng of the antigen DNP-KLH. The results are as
shown in Fig. 2B as the average of three experiments.
Compared to wt cells, SWAP-70–/– BMMC show *1.4-
fold reduced degranulation after cross-linking with
antigen, similar to the twofold reduction reported earlier
[2]. Infection of wt or SWAP-70–/– cells with control
vector had only marginal effects. Wild-type BMMC that
were transfected with SWAP-70 showed an increase of
about 1.8-fold in degranulation upon stimulation with
antigen. If background levels are deducted, the
stimulation is 2.5-fold. Reconstitution of SWAP-70–/–

BMMC with SWAP-70 restored degranulation to levels
similar to that seen in non-transfected wt BMMC.
Expression of the SWAP-70 R230C mutant, which is
compromised in PIP3 binding [35], in wt or SWAP-70–/–

cells stimulated degranulation to a lesser degree than
expression of the unaltered SWAP-70. The failure of
R230C to efficiently restore degranulation despite its
quite strong expression indicates a requirement for PIP3
binding of SWAP-70 in signaling to degranulation.

SWAP-70 controls cytokine gene expression

Activation of mast cells induces synthesis and secretion
of cytokines, rendering mast cells important contribu-
tors to the cytokine repertoire of an organism. Earlier,
we obtained indications for reduced secretion of IL-6 or
TNF-a by FceRI-stimulated SWAP-70–/– BMMC [2]. To

Figure 1. Quantification of IgE-induced passive cutaneous and active systemic anaphylaxis. SWAP-70+/+ or SWAP-70–/– mice were
primed intradermally in their left earswith 20 lg IgE (anti-DNP antibody clone SPE-7) and injectedwith HBSS in their right ears for
internal controls, followed after 24 h by intravenous injections of 100 lg antigen DNP-BSA together with 0.5% Evans blue in HBSS
to induce PCA reactions. Control mice received HBSS with Evans blue alone without DNP-BSA. After 30 min, extracted dye from
minced ear tissues was measured spectrophotometrically at OD 610 nm and normalized against the appropriate controls. Each
group under study comprised five mice. The average difference in OD of sensitized left ears versus the HBBS-injected right ear
controls was 0.41 � 0.048 versus 0.207 � 0.041 for SWAP-70+/+ and 0.255 � 0.019 versus 0.253 � 0.033 for SWAP-70–/– mice (A).
SWAP-70+/+ or SWAP-70–/– mice priorly sensitized intravenously or not with 50 lg IgE were challenged 48 h later with 500 lg DNP-
KLH. Changes in basal body temperatureweremonitored at 20-min intervals for up to 2.5 h. Tenmicewere analyzed in each group.
Values are means � SEM (B).
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assay not only for degranulation of preformedmediators
as above, but also for induction of new synthesis of
mediators, we asked whether SWAP-70 is involved in
regulating transcription of cytokine genes. Using RT-
PCR with RNA prepared at various time points after
either cross-linking of the IgE-loaded FceRI or after IgE
loading only without cross-linking, we show here that

transcription of several interleukins is altered in
SWAP-70–/– BMMC (Fig. 3A, B). Upon cross-linking,
induction of transcription of IL-1, IL-2 or IL-10 largely
fails in SWAP-70–/– cells, and transcription of IL-6 and
TNF-a is mildly reduced if compared to wt cells. IL-5
transcription is up-regulated as in wt cells, IL-4
expression is mildly increased, and IL-3 transcription
may be slightly reduced. Transcription of b-micro-
globulin is unchanged as compared to the HPRTcontrol.

To test whether additional requirements for
SWAP-70 would become apparent under limiting
signaling conditions, i.e. by sensitization with IgE alone,
we tested cytokine gene expression at different time
points after IgE binding (Fig. 3B). Expression of IL-6,
IL-10 or TNF-a under these conditions is readily
observed in wt but very weak in SWAP-70–/– cells,
where IFN-c is also clearly reduced. IL-5 expression is
similarly induced in both genotypes, and IL-3 (not
shown) is not detectable in either. Remarkably, expres-
sion of IL-4 is strongly up-regulated in mutant BMMC,
while it is not induced in wt cells.

Since IL-4 released by mast cells upon activation
through the IgE receptor has been previously shown to
provide an initial pulse to trigger T cells for sustained
release of IL-4 [36] and to contribute to B cell activation
[37], and thus is biologically relevant, we investigated
basal levels of IL-4 in the serum of SWAP-70–/– mice,
compared to wt (Fig. 4A). Analysis by ELISA revealed
twofold higher levels of IL-4 in SWAP-70-deficient mice
independent of the strain background, i.e. in both, the
129SvEMS and C57BL/6 wt or SWAP-70–/– strains. To
further evaluate the effect of IgE on the IL-4 levels in
SWAP-70–/– mice compared to wt, we injected different
concentrations of IgE and 24 h later analyzed the serum
by ELISA for IL-4 (Fig. 4B). Both in control mice and in
mice injected with 50 or 100 lg IgE, SWAP-70–/– mice
showed higher serum IL-4 levels compared to wt, even
though at 100 lg IgE an inhibitory effect was observed
in all strains.

Activation of Akt, ERK, and p38

Degranulation as well as cytokine gene expression
triggered by FceRI stimulation is mediated by activation
of kinases such as Akt, ERK and p38. Therefore, we
analyzed activation of these kinases in SWAP-70-
deficient BMMC. Western blotting using antibodies
specific for phosphorylated Akt (P-Ser 473) revealed
differences between wt and SWAP-70–/– BMMC, both
upon IgE sensitization only and after FceRI cross-
linking. In total cell lysates of wt cells, Akt phosphoryl-
ation is higher than in lysates from SWAP-70–/– cells
(Fig. 5A, B). Phosphorylation was further mildly
increased for a few minutes after cross-linking.
SWAP-70–/– cells showed only weak Ser 473 phosphor-

Figure 2. In vitro reconstitution of SWAP-70 expression and
degranulation in SWAP-70–/– BMMC. Immunoblots probedwith
anti-SWAP-70 antibody showing expression of SWAP-70 or
SWAP-70-EGFP in transfected BMMC. SWAP-70–/– (top) or wt
(lower panel) BMMC transiently transfected with pEGFP vector
alone, pEGFP-SWAP-70, or pEGFP-R230C were sorted 48 h post
transfection for GFP expression using a MoFlo cell sorter. RIPA
extracts from GFP– (nos. 1–4) or GFP+ cells (nos. 5–8) of
1 � 105 wt and 5 � 105 SWAP-70–/– cells were subjected to
SDS-PAGE followed by immunoblot with anti-SWAP-70 anti-
body. The upper panel shows extracts from mock transfected
wt (no. 1) as a control followed bymock transfected SWAP-70–/–

BMMC extract (no. 5). Extracts from wt or SWAP-70–/– BMMC
are shown in the upper and lower panels, respectively, from
cells that were transfected with pEGFP vector alone (nos. 2, 6),
pEGFP-SWAP-70 (nos. 3, 7), and pEGFP-R230C (nos. 4, 8) (A).
Hexoseaminidase assay for degranulation in reconstituted
SWAP-70–/– BMMC (B). Cells (105) from each batch of wt or
SWAP-70–/– BMMCafter transfection and sorting for expression
of GFP as described above for (A) were starved for 4 h,
sensitized with 0.5 lg anti-DNP IgE for 1 h, and stimulated
with the antigen DNP-KLH (100 ng) for 15 min. Supernatants
were subjected to spectrophotometric quantification of the
released hexoseaminidase using fluorescent N-acetyl-b-D-
glucosaminidine as a substrate, as a measure for degranula-
tion. Degranulation was calculated and plotted as % of total
hexoseaminidase from the respective Triton X-100-lysed cell
pellets. Values shown are the averages from three experiments
� SEM (A).
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ylation of Akt, visible often only upon prolonged
exposure of the film. Total amounts of Akt protein were
the same in both cell types.

Since phosphorylation of Akt is affected in
SWAP-70–/– BMMC, we performed Akt kinase assays
using GSK3-a fusion protein as substrate in the presence
of ATP with BMMC lysates from SWAP-70–/– or wt
BMMC (Fig. 5C). About tenfold less phosphorylated
GSK-3a was noted when SWAP-70–/– BMMC lysates
were used as compared to wt lysates. This confirms the
requirement of SWAP-70 for proper activation of Akt in
FceRI-stimulated BMMC.

The extracellular signal-regulated kinases (ERK)
constitute a subfamily of mitogen-activated protein

kinases (MAP kinases). ERK are involved in the control
of cell proliferation, cell shape, cell mobility, and cell-
cell interactions [38–40]. Since signaling through the
FceRI stimulates ERK [21, 41, 42], we asked whether
ERK activation may be affected by SWAP-70 deficiency
as well. We tested phosphorylation of ERK1 and ERK2 by
a phospho-specific antibody. After triggering signal
transduction by IgE sensitization alone (Fig. 6A) or by
cross-linking with anti-IgE antibody (Fig. 6B), we found
phosphorylation of both ERK1 and ERK2 – though under
these conditions primarily ERK2 – up-regulated in wt
cells. However, phosphorylation in SWAP-70–/– cells is
much stronger than in wt cells. This increased
phosphorylation is independent of the mode of

Figure 3. Cytokine gene expression of SWAP-70+/+ vs. SWAP-70–/– BMMC. RNA from SWAP-70+/+ or SWAP-70–/– BMMC upon
stimulation by IgE binding for 4 h followedby anti-IgE antibody cross-linkingwas subjected to RT-PCR analysis tomonitor cytokine
gene expression after IgE binding followed by anti-IgE antibody cross-linking (A) or IgE binding alone (B), for the indicated times
(min). Results are representative of at least four, in many cases six experiments for each of the cytokines shown.

Figure 4. Effect of SWAP-70 on serum IL-4 levels: Serum IL-4 levels from SWAP-70+/+ or SWAP-70–/– mice on the C57BL/6 and
129SvEMSbackgroundwere quantified using ELISA. Each symbol represents onemouse (A). Effect of IgE stimulation on serum IL-4
levels (B). Groups of four each of SWAP-70–/– or wtmicewere sensitized intravenously with 50 or 100 lg IgE (anti-DNP antibody) in
HBSS or with HBBS alone. After 24 h, IL-4 levels from sera of these mice were quantified. Values are plotted as means � SEM.
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stimulation, although the difference between wt and
SWAP-70–/– cells was highest if the FceRI was cross-
linked. The total amount of ERK2 is similar in cells of
both genotypes. In SWAP-70–/– BMMC, an additional
band appears that reacts with the anti-ERK1/2 antibody
and migrates at a position between ERK1 and ERK2. A
comparable polypeptide has been observed earlier [16]
and seems to replace the ERK1 band in non-stimulated
or briefly stimulated cells. After 1 h of IgE stimulation,
the typical ERK1 signal appears. The identity of the
SWAP-70–/–-specific band is subject to future studies.
Differentially regulated isoforms of ERK have been
reported in various systems [43].

Kinase assays using an ELK-1 fusion protein as a
substrate for ERK immunoprecipitated from BMMC
lysates, which were prepared after stimulation with only
IgE, revealed much higher levels of activated ERK in
SWAP-70–/– BMMC lysates as compared to wt lysates
(Fig.6C)(*12-foldhigherat the10-min timepoint).This
supports our notion of hyperactivation of ERK in the
absenceofSWAP-70.Similarly increasedERKactivitywas
found upon cross-linking of the FceRI (data not shown).

As another key component, kinase p38 has been
implicated in mast cell signaling to control migration,
adhesion, cytokine production, and survival [21, 41, 44,
45]. We analyzed p38 phosphorylation and activity.
Upon FceRI stimulation through IgE binding only, we
observed that SWAP-70–/– BMMC show similar or only
mildly lower phosphorylation of p38 compared to wt
BMMC (Fig. 7A). The difference is much more
pronounced when the FceRI/IgE complex is cross-linked
(Fig. 7B; there is no detectable signal after 1 h of
pretreatment with IgE only). There also appears to be
more p38 expressed in wt BMMC before and after
stimulation, although slightly more lysate may have
been loaded in Fig. 7B. To assess p38 kinase activity, we
subjected lysates from wt or SWAP-70–/– cells with or
without FceRI cross-linking to immunokinase assays
with the ATF2-GST fusion protein as substrate (Fig. 7C).
Very little p38 activity was observed in SWAP-70-
deficient BMMC, indicating a reduction of ca. 10–25-fold
(5-min time point) compared to wt.

Figure 5.Akt activation upon FceRI stimulation. Phosphorylation of Akt at Ser 473 was analyzed by immunoblotting extracts from
SWAP-70+/+ or SWAP-70–/– BMMC stimulated with IgE only (A) or with IgE followed by anti-IgE antibody (B). Extracts were probed
with antibodies for either phosphorylated or total Akt. Representative of five experiments. (C) Akt activity was measured by
immunokinase assays using GSK3-a-GST fusion protein as substrate for Akt immunoprecipitated from extracts from SWAP-70+/+

or SWAP-70–/– BMMC. The p-GSK3-a generatedwas analyzed by immunoblotting (C) and quantitation is shown in the lower panel.
The experiment was repeated three times.
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PI3K activity and IP3 production are impaired
in SWAP-70–/– BMMC

Phospholipids are produced during FceRI and serve as
key second messengers. PI3K is activated and catalyzes
the synthesis of PIP3 [46]. This is considered a key
reaction, for several signaling proteins like serine/
threonine kinases, protein tyrosine kinases, GEF and
GTPases depend on PIP3, which they bind for their
translocation from the cytosol to the membrane [47].
SWAP-70, which also binds PIP3, is considered to act

downstream of PI3K, but we wondered whether its
absence nevertheless affects PIP3 production, since IL-4
production is increased and known to down-regulate
PI3K by recruiting SHP-1 [48]. We assayed PIP3
production by PI3K, which was immunoprecipitated
fromwt or SWAP-70–/– cells (Fig. 8A). Upon IgE binding,
PIP3 production by PI3K was found to be *1.5-fold
lower in SWAP-70–/– cells than in wt. By further cross-
linking of the IgE-loaded FceRI, PIP3 production
remained consistently lower (average wt 48 � 5 pmol;
pmol; SWAP-70–/– 40 � 4.5 pmol). Immunoprecipita-

Figure 6. ERK phosphorylation and activity in SWAP-70+/+ or SWAP-70–/– BMMC. Extracts fromBMMC stimulatedwith IgE alone (A)
or with IgE followed by anti-IgE antibody (B) were probed by immunoblotting with antibodies specific for phosphorylated or total
ERK. Antibody specific against actinwas used as the loading control. The experimentwas repeated four or five times, respectively.
(C) ERK activity was measured in immunokinase assays of SWAP-70+/+ or SWAP-70–/– BMMC extracts, using immunoprecipitated
phosphorylated ERK and ELK-1–GST fusion protein as substrate; p stands for the control protein (GST-ELK-1). Immunoblots probed
with phospho-specific ELK-1 (left) or GST control antibodies (right) are shown in the upper panel. The GST-ELK-1 band and the
antibody L-chain of the anti-phospho-ERK antibody are indicated. The lower panel shows quantification of the kinase activity by
Imagequant analysis of immunoblots.
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tion experiments from RIPA lysates of IgE/anti-IgE
antibody-activated BMMC with anti-phosphotyrosine
antibody (4G10) and subsequent probing of the
precipitate by immunoblotting with anti-p85 antibody
indicated reduced phosphorylation of the p85 regula-
tory subunit of PI3K (not shown).

Phospholipase Cc (PLCc) converts phosphatidylinos-
itol-4,5-bisphosphate (PIP2) to IP3, which through
binding to IP3 receptors on the endoplasmic reticulum
allows Ca++ channels to be opened [49]. This process
may be at least partially dependent on PIP3 production
and is required for FceRI-triggered mast cell degranula-
tion [49–52]. Ca++ flux is mildly impaired upon FceRI

Figure 7. Phosphorylation and activity of p38 in SWAP-70+/+ or SWAP-70–/– BMMC. Phosphorylation of p38 was analyzed by
immunoblotting of cells stimulated with IgE alone (A) or IgE followed by anti-IgE antibody (B). Antibodies specific for
phosphorylated or for total p38 were used. Antibody specific against actin was used as the loading control. These experiments
were repeated three times. (C) p38 immunoprecipitated from extracts of IgE/anti-IgE antibody-treated SWAP-70+/+ or SWAP-70–/–

BMMC was assayed in kinase assays with ATF2-GST fusion protein as substrate. Products were analyzed by immunoblotting
with antibodies specific for phosphorylated ATF2 and GST (detects all ATF-GST, indicated by ATF-2, right hand blot) for control as
shown in the left two panels. The right two panels show quantitation of p38 activity for either BMMC treatedwith IgE only or with
IgE/anti-IgE antibody. Representative of three experiments.

Figure 8. PI3K activity and IP3 production in SWAP-70+/+ or SWAP-70–/– BMMC. ELISAmeasuring PI3K activity (A). PI3K activity was
measured in kinase reactions using SWAP-70+/+ or SWAP-70–/– BMMC extracts with the amount of PIP3 generated, plotted against
the indicated time intervals of activationwith IgE, as the read-out. One representative experiment of three is shown. Generation of
the second messenger IP3 upon stimulation by IgE binding followed by anti-IgE antibody cross-linking (B). IP3 generated upon
stimulation of SWAP-70+/+ or SWAP-70–/– BMMCwasmeasured using the BIOTRAKTRK-1000 kit. The concentration of IP3 (pmol) is
plotted against the time intervals of stimulation.
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in SWAP-70–/– BMMC (data not shown), similar to our
observation of reduced Ca++ flux upon c-kit activation
of these cells [16]. PLCc1 and PLCc2 phosphorylation in
FceRI-triggered SWAP-70–/– BMMC are similar to wt,
but their distribution between NP40-soluble and
-insoluble fractions differs, since we find much lower
amounts of PLCc in the soluble fraction, but more in the
cytoskeletal fraction, prepared from SWAP-70–/– cells as
compared to wt fractions (not shown). We analyzed
levels of IP3 in FceRI-stimulated SWAP-70–/– or wt
BMMC. Kinetic analysis in 30 s intervals of IP3 levels in
defined numbers of cells revealed that the spike of IP3
production in wt cells, seen within 1–3 min after FceRI
cross-linking, is missing in mutant cells where only a
mild increase was observed (Fig. 8B). In wt cells, levels
of IP3 increase from an average of 8 to 24 pmol per
107 cells. Analyzing IP3 levels at 15 s intervals con-
firmed the absence of the spike in IP3 production in
SWAP-70-deficient cells (not shown).

LAT phosphorylation is reduced in SWAP-70–/–

BMMC

The transmembrane adaptor molecule LAT is another
key element in early steps of FceRI signaling [53]. Upon
its phosphorylation and activation by tyrosine kinases, it

binds to adaptors and other signaling proteins to drive
several transduction pathways, including PLCc, Grb2,
Gads, and SLP-76, and forms membrane-bound signal-
ing complexes including many of these proteins [26]. To
determine whether SWAP-70 is involved in a step as
early as LAT phosphorylation, we analyzed SDS-
solubilized total extracts (RIPA extracts) from
SWAP-70–/– and wt BMMC for LAT phosphorylation
using phospho-specific antibodies to LAT (pTyr 171).
SWAP-70–/– BMMC showed reduced phosphorylation of
LATas compared with wt BMMC, both upon and prior to
stimulation with IgE/anti-IgE antibody, while total LAT
expression remained unaltered in both (Fig. 9A). We
further performed immunoprecipitation experiments
using anti-SWAP-70 antibody with BMMC lysates
prepared in less stringent RIPA buffer that only
solubilized a fraction of LAT. Still, we observed some
IgE-dependent coprecipitation of SWAP-70 and phos-
phorylated LAT, which disappeared after anti-IgE anti-
body cross-linking (Fig. 9B). However, the reverse
precipitation, i.e. using anti-LAT antibody, did not
precipitate LATwith any antibody tried. Together, these
experiments indicate that SWAP-70 also affects LAT and
thus an early step in FceRI signaling.

Figure 9. Activation of LAT upon FceRI stimulation. SDS extracts from BMMC sensitized with IgE followed by anti-IgE antibody
cross-linking (A) were subjected to SDS-PAGE followed by immunoblotting with antibodies specific for P-LAT (Tyr 171), total LAT
and actin for control. The results shown are representative of three experiments. (B) Co-immunoprecipitation of LAT with
SWAP-70. RIPA extracts from BMMC upon stimulation by anti-IgE antibody cross-linking following IgE presensitization were
subjected to immunoprecipitation with anti-SWAP-70 antibody and immunoblotted with anti-P-LAT, anti-LAT followed by anti-
SWAP-70 antibody.
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Discussion

Initial data from a previous study suggested a role for
SWAP-70 in mast cell FceRI signaling [2], and we set out
to identify specific requirements for SWAP-70 in the
FceRI signaling pathway. Our data reveal roles for
SWAP-70 in the activation of LAT, Akt, ERK, and p38, in
the production of PIP3 and IP3, and in the regulation of
cytokine gene expression as illustrated in a working
model (Fig. 10). In addition, IgE-dependent local and
systemic anaphylaxis are impaired in SWAP-70–/– mice,
correlating with impaired FceRI signaling and degran-
ulation seen in vitro.

The key contribution of mast cells to anaphylactic
reactions has been widely demonstrated. For example,
anti-IgE antibody-induced mast cell degranulation is
involved in anaphylactic reactions that result in
cardiopulmonary changes and mortality in mice [54].
Mast cell-deficient W/Wv as well as Sl/Sld mice were
shown to exhibit negligible anaphylactic responses upon
anti-IgE antibody stimulation as compared to wt mice.
Upon mast cell reconstitution, cardiopulmonary altera-
tions and mortality were restored to wt levels, indicating
the essential role for mast cell FceRI signaling in
anaphylaxis. Further, functional elimination of certain
effectors of FceRI signaling, like LAT [55], SLP-76 [56],
Btk [57], or vav [42], causes diminished responses in
mast cell-mediated anaphylaxis. In contrast, mice

lacking the signal transducer PIPKIa, which negatively
regulates mast cell degranulation, exhibit enhanced
anaphylactic responses upon FceRI stimulation [58].
However, only a limited number of FceRI signaling
components are known, and only few have been shown
to be involved in the anaphylactic reaction. Here, we
demonstrate SWAP-70 as an important factor in passive
cutaneous and active systemic anaphylaxis. The reduc-
tion in anaphylactic responses is likely a direct
consequence of impaired FceRI signaling as observed
in SWAP-70–/– BMMC; however, not all types of mature
mast cells express SWAP-70, which is absent in mature
peritoneal mast cells [2]. We have now determined that
skin mast cells and stomach mucosal mast cells express
SWAP-70. As reported earlier [2], there are somewhat
fewer skin mast cells present in SWAP-70–/– animals, but
the number of mucosal mast cells, at least in the
stomach, is like in wt mice. The strong reduction of
systemic anaphylaxis indicates that SWAP-70 is partic-
ularly important in the mucosal cells, since they express
SWAP-70, show an unaltered frequency in SWAP-70–/–

mice, and are similar to BMMC, which are impaired in
degranulation in the absence of SWAP-70. The cuta-
neous anaphylactic response cannot be explained by the
twofold reduced number of skin mast cells in
SWAP-70–/– mice since, if background signal is
deducted, SWAP-70–/– mice show essentially no cuta-
neous anaphylaxis signal at all. Thus, SWAP-70 is of key

Figure 10. Hypothetical model for SWAP-70 function in mast cell FceRI signaling (see Discussion section). Several of the processes
indicated here occur at the cytoplasmicmembrane, and there are certainly levels of crosstalk between these processes that are not
illustrated. The LAT-Ras-ERK pathway is adopted fromGu et al. [71]. The Akt-mediated inhibitory effect of SWAP-70 on ERK cannot
be less potent than the stimulatory effect of SWAP-70 through LAT on ERK, for ERK becomes hyperactivated in the absence of
SWAP-70. It cannot be excluded that SWAP-70 also acts directly on PLCc, ERK, Akt, and/or PI3K. SWAP-70 inhibition of the negative
effect of IL-4 on PI3K supports PI3K activity. Based on our earlier reports, we hypothesize thatmany or all of the effects of SWAP-70
shown here are exercised through control of Rho GTPases and F-actin rearrangements of membrane-proximal cytoskeletal
structures and their associated signaling molecules.

Raja R. Sivalenka et al. Eur. J. Immunol. 2008. 38: 1–1410

f 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.eji-journal.eu



importance to the anaphylactic reaction. In any case, the
two explanations for the reduced anaphylactic response
in the skin – impaired FceRI signaling in mature mast
cells or developmentally decreased numbers of mature
mast cells – are not mutually exclusive.

To unravel the specific contribution of SWAP-70 to
FceRI signaling, we tested the SWAP-70 dependence of a
number of events associated with degranulation and
FceRI signaling and demonstrate a series of hitherto
unknown functions of SWAP-70. Some functions, such
as regulation of cytokine expression, are apparently
downstream of PI3K. The supportive role of SWAP-70 in
PI3K activation and PIP3 production, however, is
seemingly upstream of PI3K. Rather than classifying
SWAP-70 as an upstream or downstream factor, we
hypothesize that SWAP-70 plays a complex role in
regulating and perhaps coordinating different signaling
events within a signaling pathway such as the FceRI
pathway. Once activated by binding PIP3, and likely by
other events such as phosphorylation (Pearce and
Jessberger, manuscript in preparation), SWAP-70 may
– as our data indicate – in a feedback loop directly or
indirectly (see Results section on PI3K activity and
Fig. 8A) further increase or maintain the generation of
PIP3 itself. Thus, SWAP-70 may have a signal multiplier
role. Although SWAP-70 may serve as a feedback
multiplier for PI3K activation, e.g. by down-regulating
IL-4 production, which has been shown to inhibit PI3K
activity in an autocrine fashion [48], the loss of this
feedback loop still allows production of some PIP3.

The impairment in PIP3 production seen in
SWAP-70–/– BMMC may be caused by increased IL-4
expression in these mutants, and therefore be an
indirect effect. Interestingly, in c-fos-deficient mast
cells, expression of many cytokines is reduced but IL-4
expression is increased [59], similar to SWAP-70–/–

BMMC. Since Lee et al. [59] also showed that c-fos–/–

mast cells express much less SWAP-70, our results
suggest that the effect on cytokine expression seen in
c-fos–/– mast cells may be a consequence of reduced
SWAP-70 expression. Mast cells contribute IL-4 espe-
cially in the early phase of an immune response, where
their IL-4 supports expression of IL-4 in T cells [19, 60].

The cytokines that are only weakly expressed in
SWAP-70–/– BMMC belong to various classes, among
them pro-inflammatory cytokines such as IL-1, IL-2, or
TNF-a and the anti-inflammatory IL-10, rendering the
biological consequences complex. While IL-4 may down-
regulate expression of the FceRI [61], IL-6 is thought to
up-regulate it [62]. There is induction of IL-6 expression
upon FceRI cross-linking to almost wt levels in
SWAP-70–/– cells, but when only IgE is bound,
SWAP-70–/– BMMC only weakly express IL-6. The
parallel up-regulation of IL-4 may suggest that expres-
sion of the FceRI is no longer as much supported in the

SWAP-70–/– cells as it is in wt cells if treated with IgE
only. However, RT-PCR and FACS indicated equal levels
of FceRI expression in wt and SWAP-70–/– BMMC before
and after stimulation [2].

Cytokine gene expression depends on upstream
signaling events that include molecules like ERK
(IL-4) [63–65] orAkt (IL-2) [66]. ImpairedAkt activation
and ERK hyperactivation in SWAP-70–/– BMMC may
contribute to the observed changes in cytokine expres-
sion, which, however, may also be generated through
other pathways, e.g. altered activation of transcription
factorsor translocationof factors intothenucleus through
altered Rac activation and F-actin rearrangements.
Nevertheless, the increase in IL-4 production correlates
with increased ERK activation, and positive stimulatory
crosstalk between IL-4 and ERK was reported [63].

Akt kinase acts in multiple processes including
apoptosis and cell survival, proliferation, cell motility,
gene expression and angiogenesis [67]. Akt is activated
in signaling from several receptors including the FceRI
and c-kit and its activation depends among others on
PIP3 [68, 69]. Akt binds PIP3 in the cytoplasmic
membrane via its PH domain, becomes phosphorylated,
and then dissociates from the membrane to act on
various substrates. Phenotypic consequences of im-
paired Akt activation in BMMC may include reduced
exocytosis, gene expression, or compromised cell
survival [66]. Indeed, SWAP-70–/– BMMC were found
to be more sensitive to c-irradiation [2], impaired in
degranulation and to display altered cytokine gene
expression patterns. Since activated Akt may inhibit ERK
[70], hyperactivation of ERK observed in stimulated
SWAP-70–/– BMMC may be a result of impaired Akt
activation. It remains to be shown, however, through
which mechanism ERK becomes hyperactivated. ERK is
known to be activated via the Ras/Raf/MEK pathway
independently of PI3K/Akt [71, 72]. The up-regulation
of ERK activity may constitute a compensatory mechan-
ism for the loss of Akt activation to support cell survival.
However, we cannot exclude that SWAP-70 acts through
an Akt-independent pathway as a negative regulator of
ERK. This pathway is also likely not dependent on the
LAT/PLCc/IP3 pathway, for LAT and IP3 are reduced in
the absence of SWAP-70. Experiments to pharmacolo-
gically inhibit PI3K activity by the broad-spectrum PI3K
inhibitor LY294002 abolished Akt and ERK activation in
wt BMMC with and without FceRI cross-linking, but did
not abolish most of the activated ERK in SWAP-70–/–

BMMC, pointing to a PI3K-independent ERK activation
pathway (not shown). IL-4 gene expression was not
affected by the LY294002 treatment, indicating that
regulation of cytokine gene expression occurs through a
PI3K/Akt-independent pathway.

There are several lines of evidence indicating that the
importance of SWAP-70 depends on the strength of the
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signal originating at the FceRI. Cross-linking IgE bound
to FceRI sometimes triggers similar responses in wt or
mutant cells, e.g. in expression of IL-4, IL-5, IFN-c, IL-6,
or TNF-a. Binding of IgE, which weakly cross-links due
to its partially oligomeric form to the FceRI without
further cross-linking – thus triggering a weaker signal –
reveals a requirement for SWAP-70 for proper tran-
scription of IL-4, IL-6 or TNF-a. Similarly, some
phenotypes seen after FceRI cross-linking are barely
observable upon binding of IgE only, e.g. low p38
phosphorylation. Thus, for full amplification of a signal
of limiting strength, SWAP-70 is often required. Upon
cross-linking of the receptor, SWAP-70 deficiency can
sometimes be overcome, probably by complementing
factors or alternate converging pathways. The impor-
tance of the degree of activation of the FceRI for the
plasticity of mast cell responses has been described [21,
73]. SWAP-70, with its roles in low-strength signaling
and as a regulator and perhaps signal multiplier, likely
constitutes an important factor in determining FceRI-
dependent mast cell plasticity. Given the known role of
SWAP-70 in rearrangement of cytoskeletal, cytoplasmic
membrane-proximal F-actin structures, we hypothesize
that SWAP-70 affects the FceRI pathway and the specific
components identified here through intracellular re-
cruitment, assembly into proper signaling complexes at
the right time and the right location. This hypothesis can
now be tested.

Materials and methods

Bone marrow-derived murine mast cell (BMMC) cultures were
derived fromwt or SWAP-70–/– mice on the 129SvEMS genetic
background. Cell culture procedures, reagents and assays for
phosphorylation and activity of Akt and ERK are described in
Sivalenka and Jessberger [16]. pEGFP vectors expressing
SWAP-70 or the PIP3 binding-defective SWAP-70 mutant
R230C have been described earlier [7], as were degranulation
assays [2]. The IL-4 ELISA kit was obtained from Peprotech,
NJ, USA. p38 phosphorylation and activity assays and RT-PCR
for cytokine expression are described in the Supporting
Information.

Passive cutaneous anaphylaxis

To induce PCA, SWAP-70–/– or wt control mice were injected
intradermally with 20 lg IgE (anti-DNP antibody, clone SPE-7)
in HBSS into their left ears and HBSS as control into the right
ears. After 24 h, the mice were challenged intravenously with
100 lg DNP-BSA in HBSS containing 1% Evans blue. Control
mice received HBSS with Evans blue alone without DNP-BSA.
At 30 min after antigen challenge, quantification of extra-
vasated Evans blue dye was performed. Briefly, ear tissues
were minced in formamide and incubated at 80�C for 2 h. The
optical density of the dye in the extract was measured at
610 nm using a spectrophotometer. The optical density of

samples extracted from the right ears (IgE-primed) was
normalized to the internal control samples from the respective
left ears (non-primed).

Active systemic anaphylaxis

Wild-type or SWAP-70–/– mice were sensitized by intravenous
injection of 50 lg anti-DNP IgE, and were challenged with
500 lg DNP-KLH per mouse intravenously after 48 h.
Respective controls were performed without IgE sensitization.
Changes in body temperature associated with anaphylaxis [33]
were monitored by measuring the rectal temperature before
and up to 2.5 h after antigen challenge using a rectal probe
(Yellow Springs Instrument Co., Yellow Springs, OH).

Nucleofection of BMMC

Cultured wt or SWAP-70–/– BMMC (1 � 106/sample) were
nucleofected with 2.5 lg pEGFP-C1 vector alone, pEGFP
containing SWAP-70, pEGFP containing the R230C PIP3
binding-defective mutant of SWAP-70, or were mock trans-
fected without DNA for control. An AMAXA nucleofection kit
(macrophage kit) from AMAXA Biosystems was used with the
Y01 program as per the manufacturer's instructions. After
48 h, BMMC were harvested and transfection efficiency was
measured by FACS analysis. An average of about 20–30%
BMMC were positive for GFP. In control nucleotransfections,
viability and proliferation of transfected BMMC and their
responsiveness to IL-3 or SCF were found to be normal.

Statistics

Where indicated, statistics were calculated using Student's
t-test.

PI3K activity assay

PI3K activity was measured using an activity ELISA kit
obtained from Echelon Biosciences Inc., USA, as per the
manufacturer's instructions. Briefly, PI3K was immunoprecip-
itated (rabbit anti-p85 antibody; Cell Signaling Technology
Inc.) from 106 BMMC stimulated with 0.5 lg/mL IgE and
0.5 lg/mL anti-IgE antibody for various time intervals.
Subsequently, immunoprecipitated PI3K was used in kinase
assays, with 100 pmol (2.4 lg) diC8 PI(4,5)P2 as substrate.
Reactions were terminated by addition of EDTA to 5 mM, and
the reaction mixtures were transferred to an incubation plate.
Alternatively, standards were prepared in separate wells of the
same incubation plate containing PIP3 at concentrations
ranging from 0 to 100 pmol per 50 lL standard solution.
Standards and samples were run in triplicate. An equal volume
of PIP3 detector (1 : 200) was added to each of the wells and
incubated at room temperature for 60 min in the dark. Of the
secondary detection reagent (1 : 40 dilution), 100 lL was
added and incubated for another 60 min. Solutions were then
discarded and wells washed with 300 lL Tris-buffered saline
(TBS) or TBS containing 0.05% Tween-20. 100 lL TMB was
added to each well, and reactions were stopped after color
development (within 20–30 min) by addition of 100 lL 0.5 M
H2SO4. Absorbance was measured at 450 nm.
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Measurement of IP3 production

IP3 production was measured using the commercially available
assay kit BIOTRAK TRK1000 (Amersham Pharmacia Biotech,
NJ). BMMC (107) were sensitized with anti-DNP IgE and
stimulated in PBS containing protease and phosphatase
inhibitors in the absence or presence of 0.5 lg/mL anti-IgE
antibody. Stimulation was terminated at the desired time
intervalsbyadding1 : 10v/vice-cold100%trichloroaceticacid.
Samples were then neutralized and IP3 partitioned into the
aqueous phase usingwater-saturated diethyl ether. The amount
of IP3 in each sample was quantified by employing competitive
bindingassaysof IP3 toanIP3-bindingprotein, competedforbya
tracer of D-myo-H3 inositol 1,4,5-trisphosphate. Standard IP3
provided with the kit was assayed simultaneously in
concentrations ranging between 0.19 and 25 pmol; pmol IP3
in a sample was derived from the standard curve.
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