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SUMMARY

Previous studies have shown that antibody cross-linking of the tetraspanin protein CD9 stimulates

the degranulation of platelets and eosinophils, although the mechanism of activation is unclear. In

this work we transfected human CD9 into the rat basophilic leukaemia (RBL-2H3) cell line and

studied the stimulation of secretion from these cells in response to a panel of anti-CD9 antibodies.

Intact immunoglobulin G1 (IgG1) antibodies activated transfected cells whereas F(abk)2 fragments

of antibody and an intact IgG2a did not. Stimulation of secretion was inhibited by co-incubation

with monomer murine immunoglobulin E (IgE) but not with an IgG1 isotype control, indicating

that the response involves the endogenous high-af®nity IgE receptor (FceRI). The anti-CD9

antibody activation curve was biphasic, and supraoptimal antibody concentrations stimulated little

or no degranulation, indicating that multivalent binding of human CD9 molecules is necessary for

the formation of an active complex with rat FceRI. Immunoprecipitation of FceRI under mild

detergent conditions co-precipitated CD9, suggesting the presence of pre-existing complexes of CD9

and FceRI that could be activated by antibody cross-linking. These data are further evidence that

tetraspanins are involved in FceRI signalling and may re¯ect the participation of tetraspanins in the

formation of complexes with other membrane proteins that use components of Fc receptors for

signal transduction.

INTRODUCTION

At least 17 mammalian tetraspanin proteins have been

identi®ed, each containing four highly homologous transmem-

brane domains and short intracellular N- and C-termini.

The proteins are characterized by the presence of a large

extracellular domain, which shows great amino acid diversity

except for four highly conserved cysteine residues that are

predicted to be involved in disulphide linkages. The conserved

nature of the transmembrane and intracellular regions

indicates that tetraspanin proteins interact with a limited range

of intracellular components. In contrast, the divergent extra-

cellular domain sequences suggest that extracellular interac-

tions will probably be more complex, with different ligands for

each tetraspanin protein.1 Tetraspanin involvement in cell

function is diverse and includes adhesion, cell±cell contact and

motility, Fc receptor signalling, and viral susceptibility.

Immunoprecipitation experiments have shown that several

types of protein appear to associate with tetraspanins, leading

to suggestions of a membrane network in which tetraspanin

proteins perform a largely structural function and maintain

correct spatial relationships between proteins.2 Other data

suggest that tetraspanins may have a role in signal transduc-

tion, interacting with protein and lipid kinases and phospha-

tases [reviewed in references 1, 3 and 4]. The most intensively

studied tetraspanin, CD9, is expressed on a wide variety of cells

(including B lymphoblasts, T cells, colon carcinoma and

endothelial cells) and functional data is available from many of

these cell types.5±11 Several monoclonal antibodies (mAb) to

CD9 induce platelet aggregation and granule release, which is

dependent on FccRIIa, although the signal generated is distinct

from FccRIIa activation alone.12 In eosinophils, a panel of

soluble anti-CD9 mAbs can prolong cellular survival by

increasing the production of granulocyte±macrophage col-

ony-stimulating factor (GM-CSF). This stimulatory activity is

inhibited by an anti-b2-integrin mAb.13
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The rat basophilic leukaemia (RBL-2H3) cell line is a

widely used model cell line for signalling via the high-af®nity

receptor for immunoglobulin E (IgE) (FceRI). Previous work

has shown that anti-rat CD63 and CD81 mAbs are capable of

inhibiting IgE-mediated secretion14,15 in RBL cells. In contrast,

we have shown previously that human CD63 is capable of

mediating mAb-dependent secretion when transfected into

RBL cells.16 In this report, we have used the rat CD9-negative

RBL cell line to study the participation of human CD9 in the

secretory response. Immunoglobulin G1 (IgG1) isotype anti-

human CD9 antibodies were found to activate transfected RBL

cells, probably through FceRI. We showed, for the ®rst time,

that a tetraspanin can co-precipitate with FceRI and discussed

possible mechanisms of action for antitetraspanin mAbs on

RBL cells.

MATERIALS AND METHODS

Antibodies

Fluorescein isothiocyanate (FITC)-labelled anti-CD9 antibody

and ALB6 anti-CD9 IgG1 were purchased from Coulter

(MuÈnchen, Germany). Anti-CD63 mAb H5C6 was obtained

from the American Type Culture Collection (ATCC) (Rock-

ville, MD). The ALMA anti-CD9 mAbs were generated from

mice immunized with human platelets, as described pre-

viously.17 The anti-CD9 antibodies recognized adjacent or

identical epitopes on the large extracellular domain of CD9.17

Tissue culture

Rat basophilic leukaemia (RBL-2H3) cells were routinely

cultured in Dulbecco's modi®ed Eagle's medium, containing

10% (v/v) fetal calf serum (FCS), at 37u in an atmosphere of

10% CO2. Media for transfected cells was supplemented with

400 mg/l of G-418 for transfectants. Transfected and untrans-

fected RBL cells were harvested with non-enzymatic cell

dissociation solution.

Expression of human CD9 in RBL cells

RBL-2H3 cells were transfected by electroporation, as

previously described,16 using the pEE6hCMV.neo vector

containing the human CD9 cDNA insert. Cells were sorted

using FITC-labelled anti-CD9 on a Becton-Dickinson Vantage

FACsort (Becton Dickinson, Franklin, NJ) selecting the top

10% on two occasions. Following the second round of sorting,

receptor number was quanti®ed by using the Quantum `Simply

Cellular' kit (Sigma, Poole, Dorset, UK).

F(abk)2 generation

Single peaks of IgG antibody were isolated from ascitic ¯uid or

culture supernatant using protein G±Sepharose. Pepsin diges-

tion was then performed at 37u for 10 hr, with a ®nal enzyme

concentration of 25 mg/l. Completion of digestion was checked

by silver staining sodium dodecyl sulphate±polyacrylamide gel

(SDS±PAGE) gels. Reactions were then quenched with 3 M

Tris (pH 8.6) and centrifuged at 10 000 g. Intact antibody was

removed by incubation overnight with modi®ed protein G±

Sepharose.

Measurement of cell activation

Using soluble anti-CD9 mAb. This was determined as the

release of [3H]5-hydroxytryptamine (5-HT) from intracellular

granules in response to incubation with mAbs for 30 min, as

described previously.16 In some cases, cells were co-incubated

with either IgE or IgG1 and anti-CD9 mAb. mAbs were always

centrifuged at 100 000 g for 1 hr prior to use to remove

aggregations. All values of release are quoted as a percentage of

total cell-associated radioactivity adjusted for background

(spontaneous) release or as a percentage of maximal antibody-

stimulated release. Anti-CD9 mAb-stimulated secretion was

typically 50±75% of the maximal secretory response to cross-

linkage of surface-bound mIgE by optimal concentrations of

antigen.

Using anti-CD9 mAb-coated ®xed cells. In some experi-

ments, the capacity of anti-CD9 mAb-coated ®xed cells to

stimulate secretion from un®xed cells was analysed. After

harvesting, cells were ®xed by incubation with 1% (w/v)

paraformaldehyde in balanced salts solution (BSS) for 30 min

at 4u. After two washes in BSS+0.2% (w/v) bovine serum

albumin (BSA) solution, ®xed cells were resuspended in BSS/

BSA alone with either ALMA 1 or isotype control Ab at 1 mg/

2r105 cells (the ratio giving maximal release in the antibody

dose±response assay). The cells were incubated for 1 hr at 4u
then washed three times with BSS to remove excess mAb. The

mAb-coated ®xed cells were added to monolayers of live RBL

cells prelabelled with [3H]5HT and incubated for 30 min at 37u.
The degranulatory response of the live cells to the mAb-coated

®xed cells was determined as the release of [3H]5HT into the

supernatant, as described above. Aliquots of ®xed cells were

also analysed, by using ¯ow cytometry, to determine mAb

binding.

Immunoprecipitation of Fc receptors and CD9

Human CD9 and mock-transfected RBL cells were incubated

overnight with 1 mg/ml of dinitrophenol (DNP) -speci®c mouse

IgE and then washed with release buffer prior to incubation at

37u for 30 min, with or without 100 ng/ml of DNP-human

serum albumin (HSA). After two washes with release buffer

and one with lysis buffer without detergent (50 mM Tris-HCl,

pH 7.6, 100 mM NaCl, 5 mM EDTA, 5 mM NaF, 1 mM

phenylmethylsulphonyl ¯uoride [PMSF], 1 mM Na3VO4 and

2 mg/ml of aprotinin, pepstatin and leupeptin), cells were lysed

with 1% (v/v) (3-[(3-cholamidopropyl)-dimethylammonio]-l-

propane sulphanate (CHAPS) in lysis buffer at 4u for 30 min.

After centrifugation at 15 000 g (for 5 min at 4u), lysates were

cleared three times with protein A±agarose at 4u for 1 hr and

then incubated with varying concentrations of rabbit anti-

mouse antibody at 4u for 2 hr. Immune complexes were

isolated by incubation with protein A±agarose beads at 4u for

1 hr, then washed three times with lysis buffer, eluted by

boiling and resolved by 15% SDS±PAGE under non-reducing

conditions and subsequently transferred to nitrocellulose

membranes. Membranes were probed using anti-CD9 anti-

bodies and then visualized using enhanced chemiluminescence.

RESULTS

Generation of a CD9-expressing RBL cell line

RBL cells transfected with CD9 cDNA were selected by

¯uorescence-activated cell sorter (FACS) analysis using an

FITC-labelled anti-CD9 antibody. Two rounds of selection
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were performed, isolating the top 10% of ¯uorescent cells. A

mock transfectant cell line was established by transfection of

RBL cells with vector alone (pEE6) and grown continually in

selection media (containing G418). The antibody-binding

capacity of the CD9-RBL cells was found to be 1.6r105/cell,

compared with an IgE-binding capacity of 1.3r105/cell. The

cellular distribution of CD9 in RBL cells was analysed by

¯uorescence microscopy and found to be predominantly at the

plasma membrane (data not shown). Mock-transfected RBL

cells did not bind detectable levels of anti-CD9 in either direct

or indirect immuno¯uorescence assays (results not shown).

Stimulation of degranulation in RBL by anti-CD9 mAbs

The anti-CD9 mAbs, ALMA 1, ALMA 11 and ALB6 (IgG1),

and ALMA 3 (IgG2a), bound speci®cally to CD9-transfected

RBL cells, with half-maximal binding, at 1±10 nM (Fig. 1-

a, 1b, 1c, 1d). These mAb were tested for their ability to

stimulate degranulation from transfected RBL cells. ALMA 1,

11 and ALB 6 all stimulate secretion according to a biphasic

dose±response curve, whereas ALMA 3 had no effect at any of

the concentrations used. Stimulation was maximal at 10±

100 nM but decreased strongly again at 100±1000 nM (Fig. 1-

a, 1b, 1c, 1d). At concentrations where stimulation of degra-

nulation was half maximal, binding was < 80% of the

maximum. At peak stimulatory levels of mAb, antibody

binding was 100%, with stimulation decreasing as binding

remained at saturation levels. The secretory response to anti-

CD9 IgG1 mAb was speci®c; an IgG1 mAb that recognizes the

human receptor for C5a (hC5aR) was tested on RBL cells

transfected with this receptor.18 Expression levels of hC5aR,

a G-protein-coupled receptor, were comparable to CD9

(1.7r105/cell and 1.6r105/cell, respectively) but mAb at

concentrations up to 67 nM failed to stimulate any 5-HT

secretion. Mock-transfected RBL cells did not secrete [3H]5-

HT in response to any of the mAbs tested (results not shown).

F(abk)2 fragments were generated from intact ALMA 1 by

pepsin digestion followed by puri®cation using protein G.

Despite binding to transfected RBL cells with an avidity similar

to intact mAb (Fig. 1a), these fragments failed to stimulate

degranulation at concentrations up to 1 mM, 10±100-fold higher

than the amounts of intact mAb required to stimulate maximal

degranulation. F(abk)2 fragments of ALMA 11 also failed to

stimulate detectable levels of degranulation at these concentra-

tions (data not shown).

Effects of co-incubation with monomer IgE (mIgE) and mIgG1

on anti-CD9 mAb-stimulated degranulation in RBL cells.

The possibility that an Fc receptor interaction with anti-
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Figure 1. Antibody binding and activation of rat basophilic leukaemia (RBL-2H3) cells transfected with human CD9. RBL-2H3

cells transfected with human CD9 were incubated with anti-CD9 antibodies at 4u for measurement of binding by indirect

immuno¯uorescence (squares, left axes). RBL-2H3 cells labelled with [3H]5-hydroxytryptamine (5-HT) were incubated with

antibodies at 37u for the measurement of cell activation (triangles, right axes), as described in the Materials and methods. The binding

data is the mean of one experiment performed in duplicate, typical of two similar experiments. Cell activation data is expressed as the

meantSEM of three experiments performed in duplicate. The open symbols on (a) show the binding and cell activation measured

using F(abk)2 fragments of ALMA 1.
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CD9 mAb must occur in order to stimulate degranulation from

transfected RBL cells was investigated by attempting to inhibit

the response by co-incubation with either mIgG1 or mIgE. The

data showed that addition of mIgE inhibited the response to

ALMA 1 with an IC50 of < 1±10 nM, whereas mIgG1 did not

inhibit at concentrations of up to 1 mM (Fig. 2). The binding of

ALMA 1 to transfected RBL cells was not inhibited by co-

incubation with mIgE (results not shown). This strongly

suggests that co-ligation of CD9 and the high-af®nity IgE

receptor (FceRI) occurs during incubation with the

IgG1 mAbs.

Effects of anti-CD9 mAb presented on ®xed cells

An alternative explanation of our data is that anti-CD9 mAb

bound to the surface of RBL cells is capable of ligating and

activating Fc receptors on adjacent cells (trans-activation)

rather than co-ligating CD9 and FceRI on the same cell (cis-

activation). RBL cells transfected with CD9 were ®xed using

paraformaldehyde and saturated with an anti-CD9 mAb

(ALMA 1). This ®xation method did not affect the amount

of mAb bound to the cell surface, as measured by using ¯ow

cytometry (data not shown). These loaded cells were then

washed and added to un®xed target cells, labelled with [3H]5-

HT. Using live CD9+ RBL cells, some release of radiolabel was

observed at ratios of 5 : 1±20 : 1 ®xed : target cells (at 20 : 1,

31t12% of response to direct addition of ALMA 1, mean

tSD, n=3). The 5-HT release observed was presumed to be

caused by leakage of anti-CD9 mAb from the ®xed cells

because live untransfected cells used in the same assay

produced no release at these ratios. This suggests that cellular

activation by anti-CD9 mAb is not a result of trans-activation

but is a consequence of the co-ligation of FceRI and CD9 on

the surface of the same cell.

Immunoprecipitation of FceRI and CD9

To determine if CD9 and FceRI can form stable complexes

prior to the addition of anti-CD9 mAb, RBL cells were loaded

with anti-DNP mIgE and then the plasma membranes were

solubilized using the detergent, CHAPS. IgE bound to FceRI

was immunoprecipitated by anti-mouse immunoglobulin anti-

bodies. Development of Western blots with anti-CD9 mAb

showed clearly that CD9 (MW 24 000) was co-precipitated with

FceRI in unactivated cells (Fig. 3a). A similar result was

obtained by direct immunoprecipitation with an antibody

against the a subunit of FceRI (results not shown). This

suggests that CD9 forms complexes with FceRI in the absence

of anti-CD9 mAbs. Activation of RBL cells by the polyvalent

antigen, DNP-HSA, increased the amounts of CD9 associated

with FceRI (Fig. 3b). In total detergent lysates, a lower

molecular weight form of CD9 was also present (< 21 000),

which may be a degradation product of CD9 or the

aglycosylated form; lysates from mock transfected cells did

not contain either form of CD9 (results not shown). The 21 000-

MW form of CD9 did not appear to associate with FceRI.

DISCUSSION

CD9 has been implicated in the activation of eosinophils and

platelets through integrins and FccRIIa, respectively. In this

work we investigated the potential of transfected human CD9

to support activation in a model system, the antibody-mediated

degranulation of RBL cells.
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Figure 2. Cell activation by anti-CD9 antibodies is inhibited by murine

immunoglobulin E (IgE) but not by murine immunoglobulin G1

(IgG1). Rat basophilic leukaemia (RBL-2H3) cells labelled with [3H]5-

hydroxytryptamine (5-HT) were co-incubated with different concen-

trations of either murine IgE or IgG1 and 67 nM anti-CD9 antibody

(ALMA 1), and cell activation was measured as described in the

Materials and methods. The results show 5-HT release relative to the

effect of ALMA 1 alone (=100) and are expressed as the meantSEM

of three experiments performed in duplicate.
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Figure 3. Co-precipitation of CD9 and FceRI from solubilized cell

membranes. Immunoglobulin E (IgE)/FceRI complexes were im-

munoprecipitated by anti-k light-chain antibodies (Ab; 0±100 mg)

immobilized on protein A±agarose beads from either resting rat

basophilic leukaemia (RBL) cells (a) or from cells activated with

polyvalent antigen (b) prior to solublization in 1% CHAPS. Western

blots were developed using ALMA 1 anti-CD9 monoclonal antibodies

(mAb) and visualized by enhanced chemiluminescence. The results

shown are representative of four similar experiments.
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response for activation suggests that the primary event in cell

stimulation is not the binding of mAb to CD9, but a lower

af®nity event that occurs only at high surface concentrations of

mAb. F(abk)2 fragments of two mAb, ALMA 1 and ALMA 11,

failed to stimulate degranulation although they retained the

ability to bind to cells transfected with CD9. RBL cells did,

however, degranulate in response to cross-linkage of the anti-

CD9 F(abk)2 fragments by intact anti-F(abk)2 antibodies (data

not shown). Taken together, this evidence indicates that an Fc

receptor is involved in cell activation and that simple cross-

linking of CD9 molecules is insuf®cient to stimulate degranula-

tion. The identity of this Fc receptor was revealed when it was

found that mIgE was far more potent than mIgG1 for

inhibition of the response to anti-CD9 mAb. It has been

shown previously that FceRI has a higher af®nity for mIgG1

than mIgG2a, explaining the inactivity of mAb ALMA 3 in the

RBL cell degranulation assay.19,20 RBL cells have been

shown to possess low-af®nity IgG Fc receptors (FccRII and

FccRIII).21,22 The cross-linking of these receptors by saturat-

ing concentrations of aggregated IgG does not elicit degranu-

lation21 and they may, in fact, be negative regulators of

secretion.22 Previous work has also shown that mouse IgE can

only partly inhibit IgG binding to RBL-cell Fcc receptors,

whereas we found that low concentrations of monomeric

mouse IgE could completely inhibit the anti-CD9 mAb

response.19 For these reasons, Fcc receptors are unlikely to

be involved in the secretory response to anti-CD9 antibodies.

The interaction between monomeric IgG1 Fc domains

and the rat FceRI receptor is a low-af®nity event that is

undetectable in indirect immuno¯uorescence assays19 and

therefore no binding of anti-CD9 mAb to untransfected

RBL cells is observed. Additionally, we found that prior

incubation of RBL cells with IgE did not inhibit anti-

CD9 mAb binding. It appears probable from our immuno-

precipitation data that the binding of mIgG1 to the Fc receptor

is driven by a pre-existing association between CD9 and FceRI

which speci®cally increases the concentration of antibody in the

immediate vicinity of the Fc receptor. The biphasic nature of

the IgG1 activation curve suggests that multimers, possibly

dimers, of CD9 molecules may interact with FceRI molecules

to produce cell stimulation. At high mAb concentrations,

competition between mAb molecules may result in monovalent

CD9 binding and prevent formation of the putative activation

complex. A similar biphasic response curve is also observed

when an anti-IgE antibody is used to stimulate RBL cells,23

although this phenomenon has been ascribed to the formation

of inhibitory signalling complexes at high antibody concentra-

tions. We can disregard the possibility that the Fc regions of

anti-CD9 mAb bound to one cell may interact with the Fc

receptors of neighbouring cells. Fixed cells saturated with an

activating anti-CD9 mAb (ALMA 1) had no effect on secretion

from live untransfected cells and only a small effect on

CD9-transfected RBL cells. The failure of anti-hC5aR IgG1 to

stimulate secretion also argues against this and so the simple

display of mIgG1 on the cell surface is insuf®cient to cause cell

activation.

There is a considerable body of evidence showing that

stimulation of RBL cells by IgE requires the formation of

dimers and higher multimers of FceRI,24 although this picture

is complicated by experiments using rigid cross-linkers which

appear to show that physical contact between receptors is not

essential for activation.25 Our immunoprecipitation data shows

that CD9 and FceRI are associated on the surface of RBL cells.

However, the failure of anti-CD9 F(abk)2 fragments to trigger

degranulation suggests that simple cross-linkage of the putative

CD9/FceRI complexes is insuf®cient to cause activation; an

interaction between the Fc region of the antibody and FceRI is

required. The importance of this interaction in IgE-mediated

(b)(a)

Increasing mAb concentration

Key

Anti-CD9 IgG1

CD9

Fc receptor

Inactive

Active

Figure 4. Models of anti-CD9-mediated Fc receptor activation. Supraoptimal concentrations of anti-CD9 immunoglobulin G1

(IgG1) inhibit deganulation of transfected rat basophilic leukaemia (RBL) cells. In (a), increasing competition for limiting CD9

epitopes decreases the proportion of complexes between CD9 and FceRI that are capable of stimulating degranulation. In (b), the

active complex is a large network of Fc receptors linked by CD9 dimers. The size of these networks is diminished at high antibody

concentrations, leading to inhibition of the antibody response.
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signalling has recently been highlighted by work using the

SH2-domain-containing inositol polyphosphate 5-phosphatase

(SHIP) knockout mouse.26 Mast cells isolated from SHIP±/±

mice are extremely sensitive to occupancy of the FceRI by

puri®ed IgE monomers and complete degranulation can

apparently occur in the absence of the cross-linking of Fc

receptors. The signal generated by the binding of monomeric

Fc domains to FceRI is undetectable in mast cells from normal

mice, presumably owing to down-regulation of signalling by

SHIP. In our system, it is possible that the presence of CD9 in

complexes with FceRI can override this negative regulatory

signal. However, mIgE monomers were not observed to

stimulate CD9+ RBL cells, and mIgE inhibited degranulation

by anti-CD9 mAb. This suggests that activation requires

conformational changes in the CD9/FceRI complex, induced

speci®cally by the anti-CD9 IgG1 Fc domain.

Two models of the activation complex that ®t these

observations are shown in Fig. 4. In the ®rst model (Fig. 4a),

two CD9 molecules are brought into a complex with an FceRI

molecule, which results in Fc receptor activation. This model

does not require the dimerization of CD9 prior to anti-

CD9 mAb addition but does suggest a direct association

between CD9 and FceRI. In the second model (Fig. 4b), pre-

existing multimers of CD9 are cross-linked by IgG1 to form a

network in which FceRI molecules become enmeshed as a

result of interactions with antibody Fc domains. Degranulation

is a consequence of this immobilization of Fc receptors, which

is similar to the direct formation of FceRI multimers by antigen

cross-linking of bound IgE. Direct association between CD9

and FceRI is not essential in this model but these molecules

must be in close proximity to drive the IgG1/Fc receptor

interaction. Although CD9 multimers did not co-precipitate

with FceRI, dimers were seen in SDS±PAGE of plasma

membrane preparations, suggesting that CD9 can form stable

multimers, even in the presence of SDS. The formation of a

network involving CD9 and Fc receptors is in agreement with

the `tetraspanin web' theory recently proposed by Rubinstein

et al.,2 in which membrane proteins are organized into

functional domains or clusters.

The signi®cance of the interaction between human CD9 and

endogenous FceRI in RBL cells is unclear. However, the

documented examples of interactions among CD9, FccRIIa,

integrins and the tyrosine kinase p72syk in platelets suggest a

role for CD9 in signalling clusters or networks of membrane

proteins. CD9 is known to interact directly with platelet

integrins (e.g. aIIb/b3) and, following anti-CD9 stimulation,

with FccRIIa and gpIIb/IIIa.12,27,28 The gpIb-IX-V complex

(which mediates platelet activation by von Willebrand factor

and thrombin) also interacts with FccRIIa in platelets.29 It is

interesting to note that platelet activation by collagen requires

an interaction between the Fc receptor c chain and gpVI, in

addition to engagement of the integrin gpIa-Iia.30 The Fc

receptor c chain is normally associated with FccRI and FceRI

(neither of which are present on platelets) and is the primary

signalling protein for these Fc receptors. The c chain has also

been implicated in the induction of mouse mast cell adhesion to

®bronectin following aggregation of the low-af®nity IgG

receptor, FccRIII.31 In RBL cells, transfected human CD9

may be mimicking the role of endogenous tetraspanins by

interacting with FceRI. FceRI/tetraspanin complexes may

mediate interactions with other cluster components, giving

access to the FceRI c chains that could act as signal transducers

for a range of membrane proteins. A common component of

the platelet signalling pathways activated through CD9/

FccRIIa and gpVI/FcR c chains is the protein tyrosine kinase

p72syk, which is also involved in gpIIb/IIIB signalling.32,32,33

The role of CD9 in these signalling clusters, which can include

b1 and b3-integrins and FccRII, may involve the incorporation

and organization of speci®c components in clusters, linking

diverse cell-surface proteins with common downstream signal

transducers such as p72syk. In RBL cells, IgE-mediated

degranulation is potentiated by cell adhesion and spreading

on physiological substrates, such as ®bronectin, or non-

physiological substrates, such as poly-L-lysine and anti-major

histocompatibility complex (MHC) class I antibodies.34,35 The

mechanism for this may involve the presence of signalling

clusters similar to those occurring in platelets, containing

integrins, MHC I, FceRI and other proteins, which function-

ally interact and modulate signal transduction. Such clusters

will probably involve tetraspanins (such as CD81 and CD63)

that are known to associate with these proteins in other

systems. Antibodies against tetraspanins are thus able to

modulate cluster function, either inhibiting FceRI signalling (in

the case of endogenous CD63 and CD8114,15) or stimulating it

[in the case of transfected human CD9 and CD63 (this work

and reference 16]. Other potential components of these clusters

have been identi®ed by mAbs that interfere with IgE-mediated

secretion from RBL cells: antibodies B17 and AA4 recognize a

ganglioside, GD1b;36,37 G63 recognizes the mast cell function-

associated antigen, a C-type lectin;38 and BD6 recognizes a

40 000-MW protein that associates with FceRI.39 BD6

treatment of RBL cells both inhibits IgE binding and causes

morphological changes and detachment from some substrates,

suggesting that integrin activity can be selectively modulated by

this mAb. It is interesting to note that mast cell degranulation

can also be stimulated by antibodies against MHC I,40 a

dimeric protein that has previously been shown to associate

with a number of tetraspanins, including CD9.1

In summary, we have shown that RBL cells transfected with

human CD9 degranulate, in response to anti-CD9 IgG1 mAbs,

by co-ligation with FceRI. The activation mechanism probably

involves the association of two CD9 molecules with one Fc

receptor and may bypass the normal requirement for the direct

multimerization of Fc receptors by IgE/antigen complexes.
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