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Abstract. Mast cells play pivotal roles in allergic and
inflammatory processes via distinct activation path-
ways. Mucosal and serosal mast cells are activated by
the IgE/FceRI pathway, while only serosal mast cells
are activated by basic secretagogues. We show that
CD47 receptors are expressed on rat peritoneal mast
cells. 4N1K, a peptide agonist of CD47, rapidly caused
exocytosis. Such exocytosis required increased intra-
cellular calcium and was inhibited by pertussis toxin
and an antibody against the bg dimer of a Gi protein.
Cooperation with integrins and glycosylphosphatidyli-

nositol-anchored proteins was necessary, since anti-
integrin antibodies and pretreatment with phosphati-
dylinositol-phospholipase C reduced exocytosis. De-
pletion of membrane cholesterol inhibited exocytosis
and decreased CD47 in lipid rafts, consistent with a
CD47/integrin/Gi protein complex being located in
rafts. An anti-CD47 antibody inhibited exocytosis
induced by 4N1K and by mastoparan and spermine,
suggesting that basic secretagogues might target CD47.
We propose that 4N1K-stimulated mast cell exocytosis
involves a CD47/integrin/Gi protein complex.
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Introduction

Mast cells are tissue dwelling cells that play a pivotal
role in allergic reactions and take part in other
pathophysiological conditions such as innate and
acquired immunity, autoimmune diseases, inflamma-
tion, wound healing, fibrosis and tumors [1, 2].
Activated mast cells release stored and de novo-
synthesized mediators including histamine, cytokines,
leukotrienes, prostaglandins and proteases [3]. Both
mucosal and serosal (or connective tissue) mast cells
are activated by interaction of antigen to IgE bound to
the high-affinity IgE receptor FceRI [4]. In addition,
serosal mast cells, such as human skin and rat

peritoneal mast cells, are also activated by a variety
of compounds generically known as basic secretago-
gues [5], via an IgE-independent pathway. These
compounds include endogenous and venom peptides
(e.g., substance P, bradykinin, anaphylatoxin C3a and
mastoparan), drugs (e.g. , neomycin and cannabinoids,
defensins), and natural or synthetic polyamines (e.g. ,
spermine and compound 48/80) [5– 7]. Although
many attempts to identify candidate receptors for
these compounds have been made, none have been
described until recently. It was thus proposed that
after penetration into mast cells in an apparently
receptor-independent fashion, basic secretagogues
interact directly with G proteins to induce exocytosis
[5 – 9]. The inhibitory effects of pertussis toxin pre-
treatment and specific blocking antibodies against
Gi protein subunits, together with stimulation of* Corresponding author. E-mail: esick@pharma.u-strasbg.fr

Cell. Mol. Life Sci. 66 (2009) 1271 – 1282
1420-682X/09/071271-12
DOI 10.1007/s00018-009-8778-2
� Birkh�user Verlag, Basel, 2009

Cellular and Molecular Life Sciences

http://www.birkhauser.ch/CMLS


purified G proteins by mastoparan and other basic
peptides, support this hypothesis [7, 9, 10].
Nevertheless, the possible involvement of membrane
receptors accounting for basic secretagogue-induced
mast cell activation has never been formally excluded
[5]. Indeed, newly discovered G protein-coupled
receptors (GPCR) called Mas-related genes (Mrg)
have been recently suggested as candidate receptors
for basic secretagogues [11], based on the correlation
between cell expression levels and induced responses.
Furthermore, trimeric G proteins may also transduce
the activation of some non-heptahelical receptors
[12]. This has been extensively demonstrated for
CD47 (or integrin-associated protein, IAP) [13 – 15].
CD47, a 50-kDa transmembrane glycoprotein, is a
member of the immunoglobulin superfamily that was
also termed IAP because it co-purifies and interacts
with integrins [16, 17]. CD47 has a single Ig-V like
domain heavily glycosylated at its N terminus, five
transmembrane domains and an alternatively spliced
cytoplasmic C terminus. CD47 is ubiquitously ex-
pressed and, based on its modulatory interactions with
several types of integrins [18 –20], it has been
proposed that CD47 and integrin form a complex
having seven transmembrane helices that mimics
GPCR [18]. CD47 also mediates cell-cell interactions
via SIRP (signal regulatory protein) family receptors
[21] and cell-extracellular matrix interactions via
thrombospondin family members [22 –24]. Thrombo-
spondin is an endogenous ligand for CD47 [20, 23],
and peptide 4N1K, widely used as a specific CD47
agonist, corresponds to the C-terminal binding motif
of thrombospondin [23 – 25].
CD47 is implicated in many different physiological or
pathophysiological processes [18], including infection
[26], inflammation [27, 28], cell spreading, proliferation
and apoptosis [20, 27, 29]. Given that CD47 is func-
tionally coupled to trimeric Gi proteins [13–15], has
pro-inflammatory effects [27] and is expressed in a
variety of mast cells [30–32], we tested whether
exocytosis of mast cells is triggered by activating CD47.
Here, we show for the first time that stimulation of
CD47 by peptide 4N1K rapidly induces secretion of
histamine from rat peritoneal mast cells. Pretreatment
with a specific anti-CD47 monoclonal antibody
(mAb) or pertussis toxin blocked secretion induced
by 4N1K. The interaction of activated CD47 with
G proteins was confirmed by the inhibition of hista-
mine release upon pretreatment with mAb directed
against the Gbg dimer of Gi proteins. CD47-mediated
secretion required cooperation with integrins, as mAb
directed against b integrin subunits decreased hista-
mine release. Interestingly, pretreatment with an anti-
CD47 mAb also caused inhibition of secretion in-
duced by two reference basic secretagogues, masto-

paran and spermine, suggesting that CD47 might be a
receptor candidate for basic secretagogues. We also
found that membrane cholesterol was required for
CD47-mediated exocytosis and that a glycosylphos-
phatidylinositol (GPI)-anchored protein was impor-
tant in maintaining the functional integrity of the
CD47/integrin/Gi-protein complex.

Materials and methods

Antibodies and reagents. Peptides 4N1K, K-4NGG
and 4N1 – 2 were from Bachem (Bubendorf, Switzer-
land). 4N1K and 4NGG were also synthesized in the
lab by Dr. H. de Rocquigny, and were verified by mass
spectroscopy. Anti-CD47 (clone OX101), anti-CD48
(clone OX45), anti-CD18/b2 integrin (clone 6G2) and
anti-CD61/b3 integrin (clone F11) mAbs were from
Serotec (Oxford, UK). Anti-CD29/b1 integrin mAb
(clone Ha2/5) was from BD Pharmingen Biosciences
(San Diego, CA, USA). Anti-Gb mAb (directed
against the C-terminal 20 amino acids of mouse
G protein b1 subunit, with broad specificity to
mouse, rat and human Gb1 –4 subunits) was from
Santa Cruz Biotechnology (Santa Cruz, CA, USA).
Fura-2/AM and 2-aminoethoxydiphenyl borate (2-
APB) were from Calbiochem (San Diego, CA, USA).
Alexa Fluor� 568 goat anti-mouse IgG was from
Invitrogen (Paisley, UK). All other reagents were
from Sigma (St. Louis, MO, USA).

Isolation and purification of mast cells. Male Wistar
rats (300 – 500 g) were anesthetized before bleeding.
Rats were injected intraperitoneally with 10 ml
HEPES buffer (137 mM NaCl, 2.7 mM KCl, 0.3 mM
CaCl2, 1.0 mM MgCl2, 0.4 mM NaH2PO4, 5.6 mM
glucose, 10 mM HEPES and NaOH to pH 7.4)
supplemented with 0.1% BSA. Peritoneal fluid was
collected after gentle abdominal massage and centri-
fuged for 3 min at 180 g. The pellet of mixed peri-
toneal cells was resuspended in the same buffer and
mast cells were purified by centrifugation for 10 min at
220 g on a discontinuous BSA gradient (30 % and
40 %, w/v). The pellet was then resuspended and mast
cells were examined under a light microscope for
viability (>95 %) and purity (>97 %) using Trypan
blue and toluidine blue, respectively. Rats were raised
in the animal house facilities in the Faculty of
Pharmacy and used in accordance with Institutional
policies (No. D-67-218-26, Direction D�partementale
des Services V�t�rinaires du Bas-Rhin).

Quantification of mast cell exocytosis. Purified mast
cells (2�104 cells/assay) were pre-incubated for 5 min
at 378C before challenge with different secretagogues
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for 10 min at 378C. Reactions were stopped by adding
ice-cold buffer. Exocytosis of mast cells was quantified
by determining the amount of secreted histamine by
spectrofluorimetry, as previously described [33]. Val-
ues for stimulated histamine release in the super-
natant were expressed as a percentage of the total
cellular histamine content obtained after cell lysis
[supernatant/(supernatant+pellet) �100] and were
corrected for the basal release of histamine (similarly
calculated) that occurred in the absence of any
stimulus. Basal histamine release was less than 5 %
of total content.

Measurement of intracellular calcium. Intracellular
calcium was measured from Fura-2-loaded mast cell
suspensions using a spectrofluorimeter (Hitachi F-
2000) essentially as previously described [34]. Briefly,
mast cells (1�106 cells/ml) were incubated with 1 mM
Fura-2/AM for 15 min at room temperature in HEPES
buffer. Cells were then washed twice in HEPES buffer
and re-suspended in the same buffer at 1�106 cells/ml in
a 1-cm quartz cuvette. Cells were continuously stirred
and sequentially excited at 340 and 380 nm for 1-s
periods at room temperature; emitted fluorescence was
measured at 510 nm. Ca2+ concentrations were calcu-
lated as described elsewhere [35].

RNA extraction and RT-PCR. Total RNA was
extracted from mast cells with PureZOL� reagent
(Bio-Rad, Hercules, CA, USA) according to manu-
facturer�s recommendations. Reverse transcription
was done using 500 ng total RNA with the Super-
Script�III First-strand synthesis system (Invitrogen,
Paisley, UK) according to manufacturer�s protocol.
Amplification was assessed using 1 ml RT products in a
mixture containing 200 mM of each dNTP, 0.5 mM
oligonucleotide primer, 1� Phusion HF buffer and
0.02 U/ml Phusion DNA polymerase (Finnzymes,
Espoo, Finland). PCR primers 5�-CTCTGTGTGC-ACHTUNGTRENNUNGTGAAGGGGGG-3� (forward) and 5�-GGGACGC-ACHTUNGTRENNUNGGCAACAGACATT-3� (reverse) were used to detect
rat hypoxanthine-guanine phosphoribosyl transferase
(HPRT) mRNA, and 5�-ACTGAAGGGAGGTGA-ACHTUNGTRENNUNGCGGACTGTAACT-3� (forward) and 5�-ATTTTTT-ACHTUNGTRENNUNGATTACGTAAATTACAGCTGC-3� (reverse) for
CD47 mRNA. The presence of different CD47 iso-
forms (in rats: IAP5, IAP6, IAP7) were evaluated
using a common forward primer 5�-ACGCTTCTGG-ACHTUNGTRENNUNGTCTTGGCC-3�, and specific reverse primers 5�-
CATTCATCATCCCTTTCG-3� for IAP5 (corre-
sponding to human form 4), 5�-TCAGTT ATTCGT-
TAAGGG-3� for IAP6 (human form 3), and 5�-
TCAGTTATTCCTAGGAGG-3� for IAP7 (human
form 2) [36]. Cycling parameters were: 988C for 30 s,
608C for 30 s, and 728C for 30 s for 30 cycles, followed

by a final elongation at 728C for 5 min. PCR products
were run on 2 % agarose gels stained with 1 mg/ml
ethidium bromide. As a negative control, cDNA was
omitted from the reaction mixture, with no observed
amplified band. This ensures that no exogenous
contamination was present in our experiments.

Immunofluorescence microscopy. Purified mast cells
were allowed to adhere on glass coverslips for 1 h at
378C. Cells were fixed for 10 min at 48C with 4 %
paraformaldehyde/PBS. Nonspecific binding sites
were blocked with 2 % BSA/PBS for 1 h at room
temperature under gentle agitation. Mast cells were
incubated with a primary Ab directed against CD47
(10 mg/ml) and/or cholera toxin B subunit-FITC
(20 mg/ml) for 1 h at room temperature under gentle
agitation. Mast cells were then incubated for 1 h at
room temperature with the secondary Ab (Alexa
Fluor� 568 goat anti-mouse IgG, 1 mg/ml) under gentle
agitation. Coverslips were mounted and observed
using an epifluorescence microscope (Nikon Diaphot)
or a confocal microscope (Bio-Rad 1024, Kr/Ar laser,
excitation 488 nm, emission 522 and 585 nm; Nikon
Eclipse TE300, 40x Plan Apo CFI-Fluor oil immersion
objective, n.a. 1.3). Image J software (NIH freeware)
was used to analyze individual images from z-stacks
and to create merged (overlay) images [37].

Determination of reactive oxygen species

Mast cells (106/mL) were pre-incubated for 5 min at
378C. 100 ml aliquots were stimulated with 100 mM
4N1K for 5 min. Reactive oxygen species (ROS) were
immediately determined by a chemiluminescent assay
as previously described [38].

Statistical analysis. Results are presented as mean �
SEM of at least three independent experiments.
Statistical analysis was done using ANOVA. Signifi-
cant differences are represented throughout as
*p<0.05, **p<0.01 and ***p<0.001.

Results

Expression of CD47 on rat peritoneal mast cells.
CD47 has been shown to be expressed on human skin
mast cells [30]. Skin mast cells, like peritoneal mast
cells, belong to the serosal mast cell class, and respond
to basic secretagogues [39]. We first demonstrated
that CD47 was expressed on rat peritoneal mast cells
by immunostaining (Fig. 1A). The presence of mRNA
encoding CD47 was also verified (Fig. 1B). CD47 is
alternatively spliced and, in man, this alternative

Cell. Mol. Life Sci. Vol. 66, 2009 Research Article 1273



splicing results in the expression of four isoforms
differing by the length of the C-terminal domain,
while in rats only three isoforms are expressed [40].
Here, the three different CD47 isoforms were all
expressed in rat peritoneal mast cells (Fig. 1B).

Activation of CD47 by 4N1K stimulates mast cell
exocytosis and involves G proteins. Histamine secre-
tion from mast cells challenged with peptide 4N1K, a
widely used CD47 agonist [19, 23 –25], occurred in a
concentration-dependent manner (Fig. 2A). A max-
imal effect of 65% release of total histamine content
was reached at 300 mM. Greater 4N1K concentrations
were not used because of lack of peptide solubility.
Pretreatment of cells with OX101, a well-character-
ized function blocking anti-CD47 mAb [21], de-
creased 4N1K-stimulated secretion (Fig. 2C). 4N1K-
induced histamine release was unaffected by pretreat-

ment with a control isotype IgG1 (anti-CD48 mAb
OX45; Fig. 2D). Basal histamine secretion from cells
in the absence of 4N1K was unaffected by pretreat-
ment with the anti-CD47mAb (Fig. 2E), indicating
that CD47 was not constitutively activated.
The time course of histamine release induced by
100 mM 4N1K was rapid, with a plateau response
being reached within 10 – 20 s (Fig. 2F). These rapid
kinetics confirm that the CD47-mediated pathway is
different from the IgE/RFce pathway (for which
stimulated exocytosis reaches a maximum only after
a few minutes [4]), and are similar to those observed
for basic secretagogues [5].
In addition to histamine, we also examined whether
4N1K was capable of liberating other mast cell
mediators. We assessed the production of ROS using
a luminescent assay. Stimulation of mast cells with
100 mM 4N1K for 5 min significantly enhanced ROS
production (from 5162�585 RLU to 11 515�1013
RLU; n=3).
Since several CD47-mediated effects depend on
Gi protein signaling [13 – 15], mast cells were pre-
treated with pertussis toxin. This resulted in a strong
dose-dependent inhibition of 4N1K-induced hista-
mine release (Fig. 2A). Next, permeabilized cells were
pretreated with an anti-Gbg mAb since, in mast cells,
the only substrates of pertussis toxin are G proteins of
the Gi2 and Gi3 subtypes [7, 9, 33]. Again, a concen-
tration-dependent inhibition of 4N1K-induced secre-
tion was obtained (Fig. 2B), with essentially complete
inhibition at the highest used mAb concentration. This
is the first demonstration of CD47 being coupled to
the bg dimer of G proteins.
The Gbg dimer is known to interact with PLCb,
thereby leading to IP3 production and Ca2+ release
from intracellular stocks located in the endoplasmic
reticulum. To test whether CD47-mediated exocytosis
is dependent on a rise in intracellular Ca2+, mast cells
were pretreated with caffeine, which acts on IP3

receptors. This resulted in a concentration-dependent
inhibition of 4N1K-induced histamine release
(Fig. 3A). Similar effects were obtained for cells
pretreated with 2-APB (Fig. 3B), initially described
as an IP3 receptor antagonist [41] but subsequently
reported to also block TRP channel-mediated Ca2+

influx [42]. To prevent simulated rises in intracellular
Ca2+, mast cells were pretreated with BAPTA-AM
[43]. Chelation of intracellular Ca2+ by BAPTA
resulted in dose-dependent inhibition of 4N1K-stimu-
lated secretion (Fig. 3C). Consistently, we also con-
firmed that 4N1K application induces a rapid increase
in intracellular Ca2+ by measurements done on Fura-
2-loaded mast cell suspensions (Fig. 3D). Finally,
chelation of extracellular Ca2+ using EGTA had no
effect on 4N1K-induced histamine release (not

Figure 1. CD47 expression in rat peritoneal mast cells. (A) CD47
was immunocytochemically detected on mast cells. (B) CD47/
integrin-associated protein (IAP) mRNA expression was analyzed
by first strand cDNA PCR using primers for all CD47 isoforms
(lane 1) or specific primers for IAP5 (lane 2), for IAP6 (lane 3) and
IAP7 (lane 4).
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shown). Taken together, these data indicate that
CD47-mediated secretion requires a rise in intra-
cellular Ca2+ and does not depend on Ca2+ influx,
similar to basic secretagogues that induce IP3 produc-
tion in mast cells [6, 33, 34, 44].

CD47-mediated exocytosis involves cooperation with
integrins and GPI-anchored proteins in lipid rafts.
Since CD47 has been widely reported to interact with

integrins [18], we thus determined if integrins cooper-
ate with CD47 in mast cell exocytosis. Pre-incubation of
cells with anti-b1 integrin mAb resulted in approx-
imately 50% inhibition of 4N1K-induced secretion
(Fig. 4). Greater inhibition was not obtained by in-
creasing mAb concentrations (not shown). Maximal
inhibitory effects against 4N1K-induced histamine
release obtained for pre-incubation with anti-b2 and
anti-b3 integrin mAb were 30% and 35%, respectively

Figure 2. 4N1K-stimulated histamine secretion in rat peritoneal mast cells. (A) Cells were pretreated with pertussis toxin (PTX, 50 ng/ml)
or not and then stimulated by increasing 4N1K concentrations for 10 min (n=6). Exocytosis was assessed by measuring released histamine.
(B) Effect of an mAb directed against the bg dimer of trimeric G proteins on mast cells stimulated with 4N1K. Cells were permeabilized
with streptolysin O (2500 U/ml) as described previously [33], incubated for 2 min at 378C with the indicated concentrations of mAb and
then stimulated with 100 mM 4N1K for 2 min (n=3). Results were normalized because of the irregular increases in passive histamine release
following permeabilization of mast cells. As a control, we previously reported that specific mAb directed Gat and Gas subunits were
without effect in permeabilized rat peritoneal mast cells [33]. (C) Effect of OX101, a blocking anti-CD47 mAb, on secretion induced by
100 mM 4N1K (n=5). Cells were pre-incubated (1 h, 378C) with the indicated mAb concentrations and then stimulated for 10 min. (D)
Pretreatment (1 h, 378C) with an isotype control mAb (IgG1) was without effect on 100 mM 4N1K-induced histamine release (n=5). (E)
Pretreatment with the anti-CD47 mAb (1 h, 378C) was without effect on basal secretion from non-stimulated cells (n=5). (F) Time course
of 4N1K-induced release of histamine. Cells were pre-incubated for 5 min at 378C then stimulated with 100 mM 4N1K for the indicated
times (n=4). Data are mean � SEM of n independent experiments (*p<0.05, **p<0.01, ***p<0.001).
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(Fig. 4). Pretreatment with an isotype control IgG1
(anti-CD48 mAb OX45) was again without effect on
4N1K-induced secretion (not shown). Cells were also
pretreated with 1 mg/ml anti-CD47 mAb and then with
1 mg/ml anti-b1 or anti-b3 integrin mAb. The inhibition
of 100 mM 4N1K-induced histamine release was not
significantly greater than observed for the anti-b
integrin mAb alone (not shown). These data indicate
that mast cell exocytosis provoked by 4N1K involves b

integrin subunits and are consistent with a CD47/
integrin complex mimicking GPCR [18].
Since GPI-anchored proteins interact with integrins
[45], we tested whether a GPI-anchored structure is
implicated in CD47-mediated secretion. Mast cells
were pretreated with phosphatidyl inositol-phospho-
lipase C (PI-PLC) that catalyzes disruption of the GPI
anchor [46]. PI-PLC pretreatment resulted in an
approximately 50 % inhibition of 4N1K-induced his-
tamine release (Fig. 5). This suggests that a GPI-
anchored protein belongs to a macromolecular com-
plex responsible for the effects of 4N1K in mast cells.
Cells were also pretreated with 1 mg/ml anti-CD47
mAb and then with 1 U/ml PI-PLC. The inhibition of
100 mM 4N1K-induced histamine release was not
significantly greater compared to pretreatment with
PI-PLC alone (not shown).
Since cholesterol is a crucial plasma membrane
component in maintaining the functional integrity of

the signaling complex formed by CD47/integrin/
Gi protein [47], we determined the role of cholesterol
in CD47-mediated mast cell activation. Cells were
pretreated with methyl-b-cyclodextrin (MbCD), re-
sulting in a concentration-dependent inhibition of
4N1K-induced secretion (Fig. 6A). Since lipid rafts
are also involved in the exocytotic process [48], a
potential inhibitory effect of MbCD on secretory
granule fusion with the plasma membrane was as-
sessed by pretreating cells with MbCD prior to

Figure 3. (A) Effect of pre-incubation (20 min, 378C) with increasing concentrations of caffeine on secretion induced by 100 mM 4N1K
(10 min, 378C; n=4). (B) Effect of pretreatment (10 min, 378C) with increasing concentrations of 2-aminoethoxydiphenyl borate (2-APB)
on histamine release induced by 100 mM 4N1K (n=3). (C) Effect of pretreatment (10 min, 378C) with increasing concentrations of BAPA-
AM on secretion induced by 4N1K (n=3). Data are mean� SEM of three to four independent experiments (***p<0.001). Error bars in (B)
and (C) are smaller than the symbols. (D) Changes in emitted fluorescence from Fura-2-loaded mast cells upon stimulation (arrow) with
100 mM 4N1K (left panels) and corresponding calculated increase in intracellular Ca2+ (right panel). Traces are representative from four
independent experiments.

Figure 4. Effects of blocking antibodies against b1, b2 and b3
integrin subunits on the secretory response of rat peritoneal mast
cells induced by 100 mM 4N1K. Cells were pre-incubated 1 h at
378C with the indicated mAb concentrations and then stimulated
for 10 min. Data are mean�SEM of four independent experiments
(*p<0.05, **p<0.01, ***p<0.001).
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stimulation with the Ca2+ ionophore A23187 [34]. No
significant inhibition of A23187-induced exocytosis
was found after pretreatment with MbCD (Fig. 6B).
To verify that CD47 is co-localized in lipid rafts,

confocal microscopy was done on fixed mast cells
stained for CD47 and for GM1 gangliosides (Fig. 6C –
F). GM1 gangliosides are particularly enriched in
detergent-resistant lipid raft microdomains and are
ligands for cholera toxin B subunits [49, 50]. Resting
cells (Fig. 6C, D) and 100 mM 4N1K-stimulated cells
(Fig. 6E, F) were pretreated (Fig. 6D, F) or not
(Fig. 6C, E) with MbCD. A clear decrease in co-
localization of CD47 with GM1 gangliosides was
observed for MbCD pretreated cells (Fig. 6D, F).
Thus, our data are consistent with 4N1K-induced
histamine release from mast cells requiring co-local-
ization of CD47, integrins, Gi proteins and GPI-
anchored proteins in lipid rafts.

CD47: A candidate receptor for basic secretagogues?
Since the secretory responses induced by 4N1K and by
basic secretagogues share several similarities, we
tested the effect of the anti-CD47 mAb OX101 on
secretion induced by mastoparan and spermine, two
reference basic secretagogues [6]. Pretreatment with
the anti-CD47 mAb decreased secretion induced by
both mastoparan and spermine (Fig. 7A, B). Again, a

Figure 5. Effects of pretreatment of rat peritoneal mast cells with
phosphatidylinositol-phospholipase C (PI-PLC; 1 U/ml, 3 h, 378C)
on the secretory response induced by increasing concentrations of
4N1K (10 min stimulation, 378C). Data are mean � SEM of four
independent experiments (**p<0.01, ***p<0.001).

Figure 6. Effects of pretreatment of rat peritoneal mast cells by methyl-b-cyclodextrin (MbCD) on the secretory response induced by 4N1K
(A) and by the Ca2+ ionophore A23187 (B). Cells were pre-incubated (10 min, 378C) with the indicated concentrations of MbCD and then
stimulated (10 min, 378C) by 100 mM 4N1K or 1 mM A23187. Data are mean � SEM of four independent experiments. (C–F) Confocal
micrographs from z-stacks of fixed mast cells. CD47 was labeled with Alexa Fluor� 568 (red) and lipid rafts were stained with cholera toxin
B subunit-FITC (green), a ligand for GM1 gangliosides that are particularly enriched in detergent-resistant membrane microdomains. The
distribution of each marker was analyzed by Image J colocalization software. Also shown is an overlay of each image (merge). Images are
representative of at least ten cells from three independent experiments: (C) untreated mast cells; (D) mast cells pretreated with MbCD
(3 mM) for 10 min at 378C before immunostaining; (E) mast cells stimulated for 10 min with 100 mM 4N1K at 378C before immunostaining;
(F) mast cells pretreated with MbCD and then stimulated with 4N1K before immunostaining.
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control IgG1 (anti-CD48 mAb OX45) had no effect
on mastoparan-induced exocytosis (Fig. 7C). Secre-
tion induced by the Ca2+ ionophore A23187, which
depends on Ca2+ influx, was also unaffected by the
anti-CD47 mAb (not shown). Furthermore, when
mastoparan was used as a secretagogue, similar levels
of inhibition were obtained with the anti-b integrin
mAb (Fig. 7D) compared to 4N1K-induced secretion
(Fig. 4). Lastly, pretreatment with PI-PLC also de-
creased mastoparan-stimulated histamine release
(Fig. 7E). These results suggest that basic secretago-
gues might trigger mast cell exocytosis via CD47
receptors, thus representing a possible receptorial
pathway for such positively charged molecules.

We found that both peptides K-4NGG and 4NGG (in
which the VVM motif is replaced by GGM) stimu-
lated mast cell secretion (Table 1). This effect of these
peptides may arise independently of the thrombo-
spondin binding site on CD47, possibly because such
peptides mimic basic secretagogues. The potency of
basic secretagogues is correlated to their net positive
charge and deleting positively charged residues (ly-
sine and arginine) from peptides decreases their
triggering effect on mast cells [51]. Consistently, the
truncated peptide 4N1 –2 (RFYVVM), which lacks
the lysine (K) residue at its C-terminal, had much
weaker effects (Table 1). This suggests that positively
charged 4N1K-related peptides might drive mast cell
secretion independently of the VVM motif because
they resemble basic secretagogues.

Discussion

We have demonstrated that CD47 is expressed in rat
peritoneal mast cells that belong to the serosal (or
connective tissue) mast cell class. Similarly, CD47 was
reported to be expressed in human dermal mast cells
[30] that belong to the same class of mast cells. All
isoforms of CD47 were about equally expressed in rat
mast cells, suggesting that a specific isoform cannot be
associated with mast cell exocytosis. This differs from
a previous study [36] showing that IAP5 (human form
4) and IAP6 (human form 3) were closely associated
with memory consolidation in rats, while IAP7

Figure 7. Effects of the anti-CD47 mAb OX101 on the secretory
response of rat peritoneal mast cell to 100 mM mastoparan (A, n=5)
and 100 mM spermine (B, n=3). (C) Pretreatment with isotype
control (IgG1) mAb was without effect on 100 mM mastoparan-
induced secretion (n=5). Effects of mAb against b integrin subunits
on histamine release induced by 100 mM mastoparan (D, n=4).
Cells were pre-incubated (1 h, 378) with the indicated mAb
concentrations and then stimulated for 10 min. (E) Effects of
pretreatment with PI-PLC (1 U/ml, 3 h, 378C) on the secretory
response induced by increasing concentrations of mastoparan
(10 min stimulation, 378C). Data are mean � SEM of n independ-
ent experiments (*p<0.05, ***p<0.001).

Table 1. Exocytosis induced by 4N1K-related peptides.a

Compounds (mM) Sequence Exocytosis (%)

4N1K RFYVVMWK

0.1 38.3 � 2.5

0.3 57.6 � 5.1

K-4NGG KRFYGGMWK

0.1 51.5 � 2.0

0.3 62.6 � 3.4

4NGG RFYGGMWK

0.1 55.3 � 1.8

0.3 51.4 � 2.2

4N1–2 RFYVVM

0.1 5.5 � 2.6

0.3 28.5 � 2.5

a Cells were pre-incubated 5 min at 378C and then stimulated with
peptides at the indicated concentrations for 10 min. Data are mean
� SEM of at least three independent experiments.
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(human form 2) was the major isotype implicated in
signal transduction in rat astrocytes.
4N1K stimulation of CD47 leads to mast cell hista-
mine secretion; this is the first evidence of a role for
CD47 in mast cells. The activation of mast cells results
in the development of an inflammatory reaction, in
agreement with previous studies showing that CD47 is
implicated in many inflammatory processes. CD47
was discovered as a plasma membrane molecule that
co-purified with the integrin avb3 in leukocytes and
placenta [16]. Indeed, CD47, in cooperation with
integrins, mediates cytokine production in inflamma-
tory cells like monocytes [27] and neutrophils [26].
However, CD47 was reported to inhibit cytokine
production in an integrin-independent fashion in
macrophages and dendritic cells [28, 52].
Taken together, it may be that pro-inflammatory
processes mediated by CD47 require cooperation with
integrins, and that CD47 acting via an integrin-
independent pathway mediates anti-inflammatory
reactions. Thus, differences in the involvement of
integrins in the function of CD47 may be a determi-
nant in the switching of immune cell responses from
pro-inflammatory to anti-inflammatory. CD47-medi-
ated histamine secretion requires interaction with
integrins (Fig. 4). b1, b2 and b3 integrin subunits are
all expressed in rat peritoneal mast cells [53, 54], and
a4b1 and a2b1 have been shown to contribute to the
development of inflammatory responses of mast cells
in vivo [55, 56]. Our results therefore reinforce the
notion that integrins have a key role in inflammatory

processes induced by mast cells and may, therefore,
constitute a new area of investigation.
An integrin/CD47 complex has been proposed [18] to
mimic heptahelical receptors in activating Gi proteins
(Fig. 8). In agreement, we found that CD47 signaling
in mast cells also involves coupling to Gi protein, with
the bg dimer (Fig. 2B) being responsible for mast cell
exocytosis via mobilization of intracellular Ca2+ stores
(Fig. 3). While previous reports have identified the bg

dimer as the target of mastoparan and spermine in
mediating mast cell exocytosis [33], this is the first
description of CD47 coupling to a G protein bg dimer.
Lipid rafts, plasma membrane microdomains enriched
with glycosphingolipids, cholesterol and GPI-anch-
ored proteins [46], function as platforms regulating
the induction of signaling pathways [57]. Cholesterol
depletion following MbCD pretreatment resulted in
decreased CD47-mediated exocytosis (Fig. 6A), con-
sistent with cholesterol being necessary to maintain
the functional integrity of the CD47/integrin/G pro-
tein complex [47]. In agreement, our confocal micro-
graphs indicate that CD47 localization in lipid rafts is
clearly decreased after MbCD pretreatment (Fig. 6C –
F). This strongly indicates that CD47-mediated exo-
cytosis in mast cells requires CD47 localization in lipid
rafts (Fig. 8), as also described for CD47-mediated T
cell activation [58]. Experiments using two combina-
tions of inhibitors (anti-CD47 mAb and anti-b1/anti-
b3 mAb or PI-PLC) show that there was no additive
inhibitory effect, with a maximal inhibition of about
50 % being observed. A possible explanation may be

Figure 8. Schematic representa-
tion of the CD47/integrin/GPI-
anchored protein complex locat-
ed in cholesterol-enriched lipid
rafts proposed to result in activa-
tion of Gi proteins and histamine
secretion in rat peritoneal mast
cells stimulated by 4N1K and
basic secretagogues.
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that other yet-unidentified proteins participate in the
secretory response evoked by 4N1K, and therefore
that our suggested CD47/integrin/GPI-anchored pro-
tein/Gi protein signaling complex is probably too
simple. Note, however, that completion inhibition of
4N1K-induced histamine release was obtained after
pretreatment with 50 mg/ml anti-Gbg mAb (Fig. 2B).
This indicates that G proteins represent a convergent
and obligate pathway for 4N1K-induced secretion.
Our data suggest that the integrin/CD47 complex might
constitute a possible target for basic secretagogues,
given the inhibitory effects of anti-CD47 mAb and anti-
b integrin mAb on exocytosis induced by mastoparan
and spermine (Fig. 7). Indeed, secretory responses
induced by CD47 and by basic secretagogues are
inhibited by pertussis toxin and an anti-Gbg mAb, and
require rapid internal Ca2+ mobilization. Also, CD47
stimulated a significant increase in ROS production, as
previously reported for compound 48/80 and substance
P in rat peritoneal mast cells [59]. Basic secretagogues
are thought to directly enter cells, subsequently activat-
ing G proteins and exocytosis [6–9]. Substance P was
shown to rapidly penetrate cells leading to mast cell
exocytosis within a few seconds. However, when
applied intracellularly, exocytosis occurred only after
a delay of 100–500 s [60]. On the other hand, it was
shown 30 years ago that polymyxin B and compound
48/80 grafted on Sepharose beads induce histamine
release [61, 62], clearly indicating that interaction of
basic secretagogues with the cell membrane can initiate
the secretory response without requiring entry into
mast cells. Furthermore, neurotensin-induced mast cell
exocytosis was reported to be receptor mediated [63],
and Mrg receptors have been recently proposed to be
targets of basic secretagogues [11]. Other observations
are also consistent with basic secretagogues interacting
at the cell surface. For example, removing surface sialic
acid residues with neuraminidase [5] and [D-Pro4, D-
Trp7,9,10] SP1–4 antagonizes basic secretagogues at the
cell surface [6].
If indeed CD47 is a target for basic secretagogues, this
raises the question of whether 4N1K stimulates
exocytosis because of its CD47 agonist properties or
because 4N1K resembles basic secretagogues. The
octapeptide 4N1K (RFYVVMWK) is a widely used
CD47 agonist that corresponds to a C-terminal motif
of thrombospondin [24, 25], an endogenous CD47
ligand [23]. The sequence VVM was proposed to be a
key motif of thrombospondin and 4N1K, responsible
for binding to CD47, based on affinity labeling and
immunoprecipitation studies and functional cellular
responses [24]. Indeed, peptide 4NGG, which corre-
sponds to 4N1K with its VVM motif replaced by
GGM, is inactive in promoting CD47-mediated pro-
liferation and migration of smooth muscle cells [64]

and apoptosis of breast tumor cells [15], consistent
with decreased binding of 4NGG to CD47. However,
it should be noted that other 4N1K-derived peptides
like 4N3G (RFGVVMWK) and 4N7G (RFYVVM-ACHTUNGTRENNUNGGK) that conserve the VVM motif are only partially
active in inducing CD47-mediated cell adhesion and
spreading [25]. This strongly indicates that the VVM
motif is not solely sufficient for completely activating
CD47. Moreover, to our knowledge, specific binding
of radiolabeled peptides containing or not the VVM
motif to CD47 has never been reported, and, to date,
the effects of such peptides have been only assessed
using functional cellular responses.
In any case, since the selective anti-CD47 mAb
inhibits exocytosis stimulated by mastoparan, sper-
mine and 4N1K, CD47 is clearly involved. It might be
possible that basic secretagogues bind either to CD47
at sites distinct from the thrombospondin motif or on
other membrane structures interacting with CD47.
While it is widely held that basic secretagogues
activate serosal but not mucosal mast cells [5],
surprisingly, no explanation exists for this striking
difference that has been known for over 50 years.
Since CD47 is expressed in mast cells from human
skin, gastrointestinal tract and lung [30 – 32], and also
in neoplastic mast cells obtained from patients with
systemic mastocytosis [31], it alone cannot account for
the difference in sensitivity to basic secretagogues
between serosal and mucosal mast cells. We attempted
experiments using siRNA-mediated knockdown of
CD47 to demonstrate whether CD47 is necessary for
responses to basic secretagogues. However, we found
that freshly isolated, mature, rat peritoneal mast cells
could not be maintained alone in culture for more than
1 – 2 days, unfortunately precluding siRNA-based ex-
periments in these cells.
We observed that pretreatment of mast cells with PI-
PLC, which catalyzes disruption of GPI-anchored
proteins [46], decreases both 4N1K- (Fig. 5) and basic
secretagogue-induced secretion (Fig. 7E). It was first
reported in lymphocytes that GPI-anchored proteins
like CD48, CD59 and Thy-1 are associated with Gai2

and Gai3 [65]. Cholesterol depletion with MbCD
decreased CD59-mediated activation [66], consistent
with GPI-anchored proteins being located in lipid
rafts [46]. A yet-unidentified transmembrane protein
present in lipid rafts was proposed to be involved in
the recruitment of Gai2 at CD59 clusters [66]. We
suggest that the CD47-integrin complex might be
responsible for the recruitment of G proteins and
GPI-anchored proteins in lipid rafts. If indeed a
CD47-containing complex plays a role in serosal mast
cell secretion induced by basic secretagogues, such a
functional complex might not be formed in mucosal
mast cells, which are insensitive to these compounds.
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In conclusion, we show for the first time that
activation of CD47 receptors leads to secretion of
histamine from rat peritoneal mast cells. Our data
indicate that CD47 interacts with integrins, G proteins
and GPI-anchored proteins, forming a complex local-
ized in lipid rafts (Fig. 8). This complex could con-
tribute to the control of inflammation, possibly being
implicated in processes like cell proliferation or
apoptosis that are influenced by mast cell reactivity.

Acknowledgements. This work was supported in part by the CNRS
and the Ligue Nationale Contre le Cancer (Comit�s du Bas-Rhin et
du Haut-Rhin). E.S. was in receipt of a Fellowship from the
Minist	re de la Recherche. We thank Dr. H. de Rocquigny (UMR
7175, D�pt. Pharmacologie) for synthesis of peptides 4N1K and
4NGG.

1 Gurish, M. F. and Austen, K. F. (2001) The diverse roles of mast
cells. J. Exp. Med. 194, 1–5

2 Bischoff, S. C. (2007) Role of mast cells in allergic and non-
allergic immune responses: Comparison of human and murine
data. Nat. Rev. Immunol. 7, 93–104

3 Marshall, J. S. (2004) Mast-cell responses to pathogens. Nat.
Rev. Immunol. 4, 787–799

4 Blank, U. and Rivera, J. (2004) The ins and outs of IgE-
dependent mast-cell exocytosis. Trends Immunol. 25, 266–273

5 Ferry, X., Brehin, S., Kamel R. and Landry, Y. (2002) G
protein-dependent activation of mast cells by peptides and
basic secretagogues. Peptides 23, 1507–1515

6 Mousli, M., Bronner, C., Bueb, J. L., Tschirhart, E., Gies, J. P.
and Landry, Y. (1989) Activation of rat peritoneal mast cells by
substance P and mastoparan. J. Pharmacol. Exp. Ther. 250,
329–335

7 Aridor, M., Traub, L. M. and Sagi-Eisenberg, R. (1990)
Exocytosis in mast cells by basic secretagogues: Evidence for
direct activation of GTP-binding proteins. J. Cell Biol. 111,
909–917

8 Tomita U., Takahashi, K., Ikenaka, K, Kondo, T., Fujimoto, I.,
Aimoto, S., Mikoshiba, K., Ui, M. and Katada, T. (1991) Direct
activation of GTP-binding proteins by venom peptides that
contain cationic clusters within their alpha-helical structures.
Biochem. Biophys. Res. Commun. 178, 400–406

9 Aridor, M., Rajmilevich, G., Beaven, M. A. and Sagi-Eisen-
berg, R. (1993) Activation of exocytosis by the heterotrimeric
G protein Gi3. Science 262, 1569–1572

10 Higashijima, T., Uzu, S., Nakajima, T. and Ross, E. M. (1988)
Mastoparan, a peptide toxin from wasp venom mimics
receptors by activating GTP-binding regulatory proteins (G-
proteins). J. Biol. Chem. 263, 6491–6494

11 Tatemoto, K., Nozaki, Y., Tsuda, R., Konno, S., Tomura, K.,
Furuno, M., Ogasawara, H., Edamura, K., Takagi, H.,
Iwamura, H., Noguchi, M. and Naito, T. (2006) Immunoglo-
bulin E-independent activation of mast cell is mediated by Mrg
receptors. Biochem. Biophys. Res. Commun. 349, 1322–1328

12 Landry, Y., Niederhoffer, N., Sick, E. and Gies, J.P. (2006)
Heptahelical and other G-protein-coupled receptors (GPCRs)
signaling. Curr. Med. Chem. 13, 51 –63

13 Frazier, W. A., Gao, A. G., Dimitry, J., Chung, J., Brown, E. J.,
Lindberg, F. P. and Linder, M. E. (1999) The thrombospondin
receptor integrin-associated protein (CD47) functionally cou-
ples to heterotrimeric Gi. J. Biol. Chem. 274, 8554–8560

14 Wang, X. Q., Lindberg, F. P. and Frazier, W. A. (1999) Integrin-
associated protein stimulates a2b1-dependent chemotaxis via
Gi-mediated inhibition of adenylate cyclase and extracellular-
regulated kinases. J. Cell Biol. 147, 389–399

15 Manna, P. P. and Frazier, W. A. (2003) The mechanism of
CD47-dependent killing of T cells: Heterotrimeric Gi-depend-
ent inhibition of protein kinase A. J. Immunol. 170, 3544–3553

16 Brown, E. J., Hooper, L., Ho, T. and Gresham, H. (1990)
Integrin-associated protein: A 50-kD plasma membrane anti-
gen physically and functionally associated with integrins. J. Cell
Biol. 111, 2785–2794

17 Lindberg, F. P., Gresham, H. D., Schwarz, E. and Brown, E. J.
(1993) Molecular cloning of integrin-associated protein: An
immunoglobulin family member with multiple membrane-
spanning domains implicated in avb3-dependent ligand bind-
ing. J. Cell Biol. 123, 485–496

18 Brown, E. J. and Frazier, W. A. (2001) Integrin-associated
protein (CD47) and its ligands. Trends Cell Biol. 11, 130–135

19 Gao, A. G., Lindberg, F. P., Dimitry, J. M., Brown, E. J. and
Frazier, W. A. (1996) Thrombospondin modulates avb3
function through integrin-associated protein. J. Cell Biol. 135,
533–544

20 Chung, J., Gao A. G. and Frazier, W. A. (1997) Thrombspondin
acts via integrin-associated protein to activate the platelet
integrin aIIbb3. J. Biol. Chem. 272, 14740–14746

21 Vernon-Wilson, E. F., Kee, W. J., Willis, A. C., Barclay, A. N.,
Simmons, D. L. and Brown, M. H. (2000) CD47 is a ligand for
rat macrophage membrane signal regulatory protein SIRP
(OX41) and human SIRPalpha 1. Eur. J. Immunol. 30, 2130–
2137

22 Gao, A. G., Lindberg, F. P., Finn, M. B., Blystone, S. D., Brown,
E. J. and Frazier, W. A. (1996) Integrin-associated protein is a
receptor for the C-terminal domain of thrombospondin. J. Biol.
Chem. 271, 21 –24

23 Gao, A. G. and Frazier, W. A. (1994) Identification of a
receptor candidate for the carboxyl-terminal cell binding
domain of thrombospondins. J. Biol. Chem. 269, 29650–29657

24 Kosfeld, M. D. and Frazier, W. A. (1992) Identification of active
peptide sequences in the carboxyl-terminal cell binding
domain of human thrombospondin-1. J. Biol. Chem. 267,
16230–16236

25 Dorahy, D. J., Thorne, R. F., Fecondo, J. V. and Burns, G. F.
(1997) Stimulation of platelet activation and aggregation by a
carboxyl-terminal peptide from thrombospondin binding to
the integrin-associated protein receptor. J. Biol. Chem. 272,
1323–1330

26 Lindberg, F. P., Bullard, D. C., Caver, T. E., Gresham, H. D.,
Beaudet, A. L. and Brown, E. J. (1996) Decreased resistance to
bacterial infection and granulocyte defects in IAP-deficient
mice. Science 274, 795–798

27 Hermann, P., Armant, M., Brown, E., Rubio, M., Ishihara, H.,
Ulrich, D., Caspary, R. G., Lindberg, F. P., Armitage, R.,
Maliszewski, C., Delespesse, G. and Sarfati, M. (1999) The
vitronectin receptor and its associated CD47 molecule medi-
ates proinflammatory cytokine synthesis in human monocytes
by interaction with soluble CD23. J. Cell Biol. 144, 767–775

28 Armant, M., Avice, M. N., Hermann, P., Rubio, M., Kiniwa,
M., Delespesse, G. and Sarfati, M. (1999) CD47 ligation
selectively downregulates human interleukin 12 production. J.
Exp. Med. 190, 1175–1182

29 Mateo, V., Lagneaux, L., Bron, D., Biron, G., Armant, M.,
Delespesse, G. and Sarfati, M. (1999) CD47 ligation induces
caspase-independent cell death in chronic lymphocytic leuke-
mia. Nat. Med. 5, 1277–1284

30 Ghannadan, M., Baghestanian, M., Wimazal, F., Eisenmenger,
M., Latal, D., Kargul, G., Walchshofer, S., Sillaber, C.,
Lechner, K. and Valent, P. (1998) Phenotypic characterization
of human skin mast cells by combined staining with toluidine
blue and CD antibodies. J. Invest. Dermatol. 111, 689–695

31 Florian, S., Ghannadan, M., Mayerhofer, M., Aichberger, K.
J., Hauswirth, A. W., Schernthaner, G. H., Printz, D., Firtsch,
G., Bçhm, A., Sonneck, K., Krauth, M. T., M
ller, M. R.,
Sillaber, C., Sperr, W. R., B
hring, H. J. and Valent, P. (2005)
Evaluation of normal and neoplastic human mast cells for
expression of CD172a (SIRPa), CD47 and SHP-1. J. Leukoc.
Biol. 77, 984–922

Cell. Mol. Life Sci. Vol. 66, 2009 Research Article 1281



32 Krauth, M. T., Mailesi, Y., Florian, S., Bohm, A., Hauswirth, A.
W., Ghannadan, M., Wimazal, F., Raderer, M., Wrba, F. and
Valent, P. (2005) Cell surface membrane antigen phenotype of
human gastrointestinal mast cells. Int. Arch. Allergy Immu-
nol. 138, 111–120

33 Ferry, X., Eichwald, V., Daeffler, L. and Landry, Y. (2001)
Activation of bg subunits of Gi2 and Gi3 proteins by basic
secretagogues induce exocytosis through phospholipase Cb
and arachidonate release through phospholipase Cg in mast
cells. J. Immunol. 167, 4805–4813

34 Kassel, O., Amrani, Y., Landry, Y. and Bronner, C. (1995) Mast
cell activation involves membrane potential- and thapsigargin-
sensitive intracellular calcium pools. Fundam. Clin. Pharma-
col. 9, 531–539

35 Lynch, J. W. Lemos, V. S., Bucher, B., Stoclet, J. C. and Takeda,
K. (1994) A pertussis toxin-insensitive calcium influx mediated
by neuropeptide Y2 receptors in a human neuroblastoma cell
line. J. Biol. Chem. 269, 8226–8233

36 Lee, E. H., Hsieh, Y. P., Yang, C. L., Tsai, K. J. and Liu, C. H.
(2000) Induction of integrin-associated protein (IAP) mRNA
expression during memory consolidation in rat hippocampus.
Eur. J. Neurosci. 12, 1105–1112

37 Hamadi, A., Bouali, M., Dontenwill, M., Stoeckel, H., Takeda,
K. and Rond�, P. (2005) Regulation of focal adhesion dynamics
and disassembly by phosphorylation of FAK at tyrosine 397. J.
Cell Sci. 118, 4415–4425

38 Andr�, P., Metzger, C., Petey, S., Muller, D. and Vidon, D. J.
(2005) Chemiluminescence of enterococci isolates from fresh-
water. FEMS Microbiol. Lett. 245, 123–129

39 Emadi-Khiav, B., Mousli, M., Bronner, C. and Landry, Y.
(1999) Human and rat cutaneous mast cells: Involvement of a
G protein in the response to peptidergic stimuli. Eur. J.
Pharmacol. 1995. 272, 97–102

40 Reinhold, M. I., Lindberg, F. P., Plas, D., Reynolds, S., Peters,
M. G. and Brown, E. J. (1995) In vivo expression of
alternatively spliced forms of integrin-associated protein
(CD47). J. Cell Sci. 108, 3419–3425

41 Maruyama, T., Kanaji, T., Nakade, S., Kanno, T. and Mikoshi-
ba, K. (1997) 2APB, 2-aminoethoxydiphenyl borate, a mem-
brane-penetrable modulator of Ins(1,4,5)P3-induced Ca2+

release. J. Biochem. (Tokyo) 122, 498–505
42 Togashi, K., Inada, H. and Tominaga, M. (2008) Inhibition of

the transient potential cation channel TRPM2 by 2-amino-
ethoxydiphenyl borate (2-APB). Br. J. Pharmacol. 153, 1324–
1330

43 Giannone, G., Rond�, P., Gaire, M., Haiech, J. and Takeda, K.
(2002) Calcium oscillations trigger focal adhesion disassembly
in human U87 astrocytoma cells. J. Biol. Chem. 277, 26364–
26371

44 Nakamura, T. and Ui, M. (1985) Simultaneous inhibitions of
inositol phospholipid breakdown, arachidonic release, and
histamine secretion in mast cells by islet-activating protein,
pertussis toxin. A possible involvement of the toxin-specific
substrate in the Ca2+-mobilizing receptor-mediated biosignal-
ing system. J. Biol. Chem. 260, 3584–3593

45 Preissner, K. T., Kanse, S. M. and May, A. E. (2000) Urokinase
receptor: A molecular organizer in cellular communication.
Curr. Opin. Cell Biol. 12, 621–628

46 Sharom, F. J. and Lehto, M. T. (2002) Glycosylphosphatidyli-
nositol-anchored proteins: Structure, function, and cleavage by
phosphatidylinositol-specific phospholipase C. Biochem. Cell.
Biol. 80, 535–549

47 Green, J. M., Zhelesnyak, A., Chung, J., Lindberg, F. P., Sarfati,
M., Frazier, W. A. and Brown, E. J. (1999) Role of cholesterol
in formation and function of a signalling complex involving
alphavbeta3, integrin-associated protein (CD47), and hetero-
trimeric G proteins. J. Cell Biol. 146, 673–682

48 Hanzal-Bayer, M. F. and Hancock, J. F. (2007) Lipid rafts and
membrane traffic. FEBS Lett. 581, 2098–2104

49 Puri, N. and Roche, P. A. (2006) Ternary SNARE complexes
are enriched in lipid rafts during mast cell exocytosis. Traffic 7,
1482–1494

50 Mrowczy, L. and H�gerstrand, H. H. (2008) Patching of
ganglioside M1 in human erythrocytes – Distribution of CD47
and CD59 in patched and curved membrane. Mol. Membr.
Biol. 25, 258–265

51 Bueb, J. L., Mousli, M., Landry, Y. and Regoli, D. (1993)
Structure-activity studies of bradykinin analogues on rat mast
cell histamine release. Peptides 14, 685–689

52 Avice M. N., Rubio, M., Sergerie, M., Delespesse, G. and
Sarfati, M. (2000) CD47 ligation selectively inhibits the
development of human naive T cells into Th1 effectors. J.
Immunol. 165, 4624–4631

53 Ra, C., Yasuda, M., Yagita, H. and Okumura, K. (1994)
Fibronectin receptor integrins are involved in mast cell
activation. J. Allergy Clin. Immunol. 94, 625–628

54 Fox, C. C., Jewell, S. D. and Whitacre, C. C. (1994) Rat
peritoneal mast cells present antigen to a PPD-specific T cell
line. Cell. Immunol. 158, 253–264

55 Hojo, M., Maghni, K., Issekutz, T. B. and Martin, J. G. (1998)
Involvement of a4 integrins in allergic airway responses and
mast cell degranulation in vivo. Am. J. Respir. Crit. Care
Med. 158, 1127–1133

56 Edelson, B. T., Stricker, T. P., Li, Z., Dickeson, S. K., Shepherd,
V. L., Santoro, S. A. and Zutter, M. M. (2004) Mast cell-
mediated inflammatory responses require the a2b1 integrin.
Blood 103, 2214–2220

57 Brown, D. A. (2006) Lipid rafts, detergent-resistant mem-
branes, and raft targeting signals. Physiology (Bethesda) 21,
430–439

58 Rebres, R. A., Green, J. M., Reinhold, M. I., Ticchioni, M. and
Brown, E. J. (2001) Membrane raft association of CD47 is
necessary for actin polymerization and protein kinase C q
translocation in its synergistic activation of T cells. J. Biol.
Chem. 276, 7672–7680

59 Brooks, A. C., Whelan, C. J. and Purcell, W. M. (1999) Reactive
oxygen species generation and histamine release by activated
mast cells: Modulation by nitric oxide synthase inhibition. Br. J.
Pharmacol. 128, 585–590

60 Lorenz, D., Wiesner, B., Zipper, J., Winkler, A., Krause, E.,
Beyermann, M., Lindau, M. and Bienert, M. (1998) Mecha-
nism of peptide-induced mast cell degranulation. J. Gen.
Physiol. 112, 577–591

61 Morrison, D. C., Roser, J. F., Cochrane, C. G. and Henson, P. M.
(1975) The initiation of mast cell degranulation: Activation at
the cell membrane. J. Immunol. 114, 966–970

62 Hino, R. H., Lau, C. K. and Read, G. W. (1990) The site of
action of the histamine releaser compound 45/80 in causing
mast cell degranulation. J. Pharmacol. Exp. Ther. 200, 658–663

63 Barrocas, A. M., Cochrane, D. E., Carraway, R. E. and
Feldberg, R. S. (1999) Neurotensin stimulation of mast cell
secretion is receptor-mediated, pertussis-toxin sensitive and
requires activation of phospholipase C. Immunopharmacology
41, 131–137

64 Wang, X. Q. and Frazier, W. A. (1998) The thrombospondin
receptor CD47 (IAP) modulates and associates with a2b1
integrin in vascular smooth muscle cells. Mol. Biol. Cell 9, 865–
874

65 Solomon K. R., Rudd, C. E. and Finberg, R. W. (1996) The
association between glycosylphosphatidylinositol-anchored
proteins and heterotrimeric G protein alpha subunits in
lymphocytes. Proc. Natl. Acad. Sci. USA 93, 6053–6058

66 Suzuki, K. G., Fujiwara, T. K., Edidin, M. and Kusumi, A.
(2007) Dynamic recruitment of phospholipase C gamma at
transiently immobilized GPI-anchored receptor clusters in-
duces IP3-Ca2+ signaling: Single-molecule tracking study 2. J.
Cell Biol. 177, 731–742

1282 E. Sick et al. CD47-mediated mast cell exocytosis


