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Background: Chemotaxis is regulated by chemoattractants and poorly understood intrinsic regulators.
Results: Aggregation of tetraspanin CD9 leads to activation of mast cells and inhibition of their antigen-driven chemotaxis.
Conclusion: Chemotaxis toward antigen involves cross-talk between immunoreceptor, CD9, transmembrane adaptor proteins,

and cytoskeleton-regulatory proteins.

Significance: Tetraspanin CD9 is defined as a novel regulator of mast cell chemotaxis.

Chemotaxis, a process leading to movement of cells toward
increasing concentrations of chemoattractants, is essential,
among others, for recruitment of mast cells within target tissues
where they play an important role in innate and adaptive immu-
nity. Chemotaxis is driven by chemoattractants, produced by
various cell types, as well as by intrinsic cellular regulators,
which are poorly understood. In this study we prepared a new
mADb specific for the tetraspanin CD9. Binding of the antibody to
bone marrow-derived mast cells triggered activation events that
included cell degranulation, Ca®>* response, dephosphorylation
of ezrin/radixin/moesin (ERM) family proteins, and potent tyro-
sine phosphorylation of the non-T cell activation linker (NTAL)
but only weak phosphorylation of the linker for activation of T
cells (LAT). Phosphorylation of the NTAL was observed with
whole antibody but not with its F(ab), or Fab fragments. This
indicated involvement of the Fcy receptors. As documented by
electron microscopy of isolated plasma membrane sheets, CD9
colocalized with the high-affinity IGE receptor (FceRI) and
NTAL but not with LAT. Further tests showed that both anti-
CD9 antibody and its F(ab), fragment inhibited mast cell che-
motaxis toward antigen. Experiments with bone marrow-de-
rived mast cells deficient in NTAL and/or LAT revealed
different roles of these two adaptors in antigen-driven che-
motaxis. The combined data indicate that chemotaxis toward
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antigen is controlled in mast cells by a cross-talk among FceRI,
tetraspanin CD9, transmembrane adaptor proteins NTAL and
LAT, and cytoskeleton-regulatory proteins of the ERM family.

Mast cells are derived from progenitors that are released
from bone marrow into circulation, and subsequently migrate
to peripheral tissues where they undergo differentiation and
maturation (1). The process plays a vital role in innate and/or
adaptive immune response and is controlled by a plethora of
different chemoattractants, which require sophisticated mech-
anisms for their recognition and proper cellular responses
(2—4). It is obvious that such mechanisms must involve efficient
cross-talk between surface receptors, plasma membrane com-
ponent organizers, such as tetraspanin, signal transducers,
cytoskeletal effectors, and others. Signal transduction mediated
by two important mast cell receptors, the high-affinity IgE
receptor (FceRI)® and the stem cell factor (SCF) receptor (KIT),
is dependent on the presence of two transmembrane adaptor
proteins (TRAPs), the linker for activated T cells (LAT) and the
non-T cell activation linker (NTAL, also called LAB or LAT2)
(5—8). Both adaptors are structurally similar and serve as
plasma membrane docking sites for cytoplasmic signal trans-
duction molecules. TRAPs are characterized by a short extra-
cellular domain, a single transmembrane domain, and a cyto-
plasmic tail, which has no intrinsic enzymatic activity but
possesses various tyrosine-containing motifs and domains.
The properties of transmembrane domains and the presence of
palmitoylation sites determine the solubility of LAT and NTAL
in non-ionic detergents, distribution in the plasma membrane,
and some other functional properties (9—-11). Despite their

® The abbreviations used are: FceRl, high-affinity IgE receptor; SCF, stem cell
factor; TRAP, transmembrane adaptor protein; LAT, linker for activation of
T cells; NTAL, non-T cell activation linker; KD, knockdown; BMMC, bone
marrow-derived mast cell; Ag, antigen; ERM, ezrin/radixin/moesin; TNP,
2,4,6-trinitrophenol; 2KO, Ntal~'~/Lat™’~ double KO; BSS, buffered saline
solution; BSSA, BSS supplemented with 0.1% BSA; [Ca*], concentrations
of intracellular Ca®*; 2-PCCF, pair cross-correlation function; F-actin, fila-
mentous actin.

JOURNAL OF BIOLOGICAL CHEMISTRY 9801



CD9 and NTAL Adaptor Cross-talk in Mast Cell Chemotaxis

structural similarity, NTAL and LAT were found in different
microdomains in plasma membrane (5, 11). Studies with mast
cells generated from NTAL or LAT KO mice (5, 6), human mast
cells with NTAL knockdown (KD) (7), or rat basophilic leuke-
mia cells with enhanced or reduced NTAL levels (12) showed
that NTAL could act either as positive or negative regulator of
FceRI signaling, whereas LAT acts as positive regulator (4, 13).
Although the role of these two adaptors in immunoreceptor
signaling has been extensively studied, their function in mast
cell migration is not fully understood. We have previously
shown that NTAL serves as a negative regulator of bone mar-
row-derived mast cells (BMMCs) migration toward antigen
(Ag) but has no apparent role in migration toward SCF (14).
However, the role of LAT ablation either alone or together with
NTAL on Ag-mediated chemotactic response is unknown.

Tetraspanins, similarly as TRAPs, have no enzymatic activity
and regulate signaling events by cross-talk with other plasma
membrane-associated protein molecules, including integrins
(15-21), G-protein-coupled receptors (21-23), several immu-
noglobulin superfamily members (24, 25), and PKC (26).
Although tetraspanins are involved in a variety of biological and
pathological processes (27, 28), it is not clear whether tetraspa-
nins interact with TRAPs and what are consequences of such
interactions.

In this study we aggregated tetraspanin CD9 on the surface of
mast cells and investigated signaling events elicited by such
treatment. We also analyzed the effect of CD9 aggregation on
cell activation events induced by Ag-mediated aggregation of
the FceRl, including degranulation, calcium response, phos-
phorylation of cytoskeleton-regulatory proteins of the ezrin/
radixin/moesin (ERM) family, and chemotaxis. Using mast cells
derived from NTAL- and/or LAT-deficient mice we studied a
cross-talk of these adaptors with CD9 and its impact on mast
cell chemotaxis. Finally, we investigated the role of CD9 in acti-
vation through the FceRI and membrane topography of CD9
with respect to NTAL, LAT, and FceRI. Our data indicate that
chemotaxis toward Ag in mast cells is regulated by a cross-talk
among CD9, FceRl, TRAPs, and cytoskeleton-regulatory ERM
family proteins.

EXPERIMENTAL PROCEDURES

Antibodies and Reagents—Anti-CD9 mAb (clone 2H9, IgG,
type) was generated by immunizing a rat (Wistar strain) with
BMMCs permeabilized with 0.1% saponin and washed.
Hybridoma production and mAb selection was done as
described previously (29) with the exception that rat spleen
cells instead of mouse spleen cells were used. Specificity of the
2H9 antibody was verified by immunoprecipitation followed by
mass spectrometry analysis as described (30) and by cross-im-
munoprecipitation using commercially available anti-CD9
antibody (KMCS8.8, Santa Cruz Biotechnology, Inc.). Isotyping
was performed with the IsoStrip Isotyping kit (Roche Diagnos-
tics) following the manufacturer’s protocol. F(ab), and Fab
fragments of the 2H9 antibody were generated using, respec-
tively, F(ab), and Fab Preparation Kits (Pierce) according to the
manufacturer’s protocol. Functionality of both types of the
fragments was verified by FACS analysis and SDS-PAGE
electrophoresis.
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The following mAbs were used: 2,4,6-trinitrophenol (TNP)-
specific IgE, clone IGEL b4 1 (31), anti-FceRI B-subunit (JRK)
(32), anti-NTAL (NAP-07) (33), anti-LAT (34), anti-Lyn (35),
and anti-CD16/CD32 (2.4G2; directed against extracellular
domains of mouse receptors FcyRIIB and FcyRIIL; a gift from V.
Horejsi). Polyclonal antibodies specific for LAT, NTAL, and IgE
have been prepared in this laboratory after immunizing rabbits
with the corresponding recombinant proteins or their frag-
ments (36). Polyclonal antibodies specific for phospho-ERK
(phospho-Y?°%), phospho-Akt (phospho-5$*"%), phospho-c-Kit
(phospho-Y®%%/57%) anti-integrin 81 (CD29), as well as HRP-
conjugated goat anti-mouse IgG, and goat anti-rabbit IgG were
obtained from Santa Cruz Biotechnology, Inc.; antibodies
against phospho-p38 (Y'®2/T'*% pp38*/"), phospho-Ezrin
(T°%7)/Radixin (T°°*)/Moesin (T>*®) (pERM™), phospho-Syk
(Y>?2/Y"2%; pSykY), phospho-Akt (T°%; pAkt"), and HRP-con-
jugated goat anti-rat IgG were obtained from Cell Signaling.
Phospho-Tyr-specific mAb (PY-20) conjugated to HRP, anti-
CD9 (KMC8), and anti-integrin 81 (HM B1-1) were purchased
from BD Biosciences. Anti-mouse FceRI-FITC conjugate and
anti-mouse CD117 (KIT)-APC conjugate were obtained from
eBioscience; anti-mouse integrin S1-FITC was from Millipore.
Recombinant mouse IL-16 was obtained from Prospec. All
other chemicals were obtained from Sigma.

Cells and Lentiviral Infection—BMMCs were derived from
C57BL.6 mice of WT (Ntal*’* or Lat™’™) or from Ntal™'~,
Lat™'~ or Ntal™'~ /Lat™'~ double KO (2KO) mice (5). In some
experiments, Balb/c mice were also used as indicated in the text.
All work with animals was conducted in accordance with institu-
tional (33/2008) and national (2048/2004.—1020) guidelines. Bone
marrow cells were isolated and cultured as previously described
(5). BMMCs deficient in Lyn (Lyn ’~) and their WT controls
(Lyn™*'") were kindly provided by M. Hibbs (Ludwig Institute for
Cancer Research, Melbourne, Australia) (37). HEK 293 T/17 pack-
aging cells were purchased from American Type Culture Collec-
tion. The cells were grown as adherent monolayer culture in
DMEM containing 10% FCS, 100 units/ml of penicillin, and 100
pg/ml of streptomycin. Cultures were passaged regularly every
4-5 days and kept at 37 °C in an atmosphere of 5% CO,. The
cells used for lentivirus production were at passage 4—15. Len-
tiviral infection was done as described previously (38). A set of
murine CD9 shRNAs cloned into the pLKO.1 vector
(TRCN0000066393, TRCN0000066394, TRCNO0000066395,
TRCNO0000066396, and TRCN0000066397) were purchased
from Open Biosystems. Stable selection was achieved by cultur-
ing the transfected cells for 2 weeks in the presence of puromy-
cin (5 pg/ml). Cells were analyzed for CD9 expression by
immunoblotting and FACS. Cells with the highest reduction
of CD9 protein, obtained with TRCNO0000066393 and
TRCN0000066395, were selected for further experiments. Cells
transfected with empty pLKO.1 vector were used as negative
controls.

B-Glucuronidase Release, Ca®" Response, Protein Phosphor-
ylation, and Immunoprecipitation—BMMCs were sensitized in
SCE- and IL-3-free culture medium supplemented with IGEL
b4 1 mAb (1 ug/ml) for 16 h, unless stated otherwise. Then the
cells were washed in buffered saline solution (BSS) supple-
mented with 0.1% BSA (BSSA), and activated with Ag (TNP-
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BSA conjugate, 15-25 mol of TNP/mol of BSA; 100-500
ng/ml, depending on batch), SCF (20 -100 ng/ml, depending on
batch), or anti-CD9 (0.04—20 ug/ml) at concentrations and
times giving maximum degranulation or protein phosphoryla-
tion, respectively. For inhibition experiments cells were pre-
treated with different concentrations of anti-CD9 mAb for 15
min. The extent of secretion was determined by determining
the concentration of B-glucuronidase as described previously
(39) except that the Infinite 200M (TECAN) plate reader
instrument at excitation and emission wavelengths of 355 and
460 nm, respectively, was used. Cells used in calcium response
assays were loaded with Fura-2AM as described previously (40)
and changes in concentrations of intracellular Ca>* ([Ca®**],)
were determined by spectrofluorometry as the changes in ratios
of emissions at 510 nm when the cells were excited at 340 and
380 nm; selected cell activators were added automatically using
the injector system (TECAN).

Protein phosphorylation was analyzed by immunoblotting of
size-fractionated cell lysates. Cells were centrifuged and resus-
pended in sample buffer containing 10% SDS with or without
2-mercaptoethanol (2-ME) and then sonicated (3 X 10 s),
resolved by SDS-PAGE, and immunoblotted with PY-20-HRP
conjugate or with protein-specific antibodies followed by the
corresponding secondary antibodies: HRP-conjugated anti-
mouse, anti-rat, or anti-rabbit IgG. HRP signal was detected by
the ECL reagent (Amersham Biosciences) and quantified by
Luminescent Image Analyzer LAS 3000 (Fuji Photo Film Co.).
Aida software (Raytest GmbH) was used for analysis.

For immunoprecipitation, postnuclear supernatants were
prepared from 10-50 X 10° cells lysed in ice-cold lysis buffer
(40) supplemented with 1% Nonidet P-40 and 1% n-dodecyl-3-
p-maltoside (for LAT and NTAL immunoprecipitation), 1%
CHAPS (for CD9 immunoprecipitation), or 0.2% Triton X-100
(for FceRI immunoprecipitation). Target proteins were immu-
noprecipitated with appropriate antibodies attached to protein
A/G PLUS-agarose (Santa Cruz) or Protein A UltraLink Resin
(ThermoScientific).

Flow Cytometry Analysis—To quantify surface expression of
CD9, BMMCs (3 X 10°/ml) were exposed for 30 min on ice to
1-10 pg/ml of anti-CD9 followed by a 30-min incubation with
FITC-conjugated anti-rat antibody. For detection of other
membrane proteins, the cells were directly labeled with anti-
mouse FceRI-FITC, anti-mouse CD117-APC, or anti-mouse
integrin B1-FITC conjugate. After a 30-min incubation on ice
the cells were washed in ice-cold PBS and evaluated with LSRII
flow cytometer (BD Biosciences). Median fluorescence intensi-
ties were determined in the FITC or APC channel and further
processed using Flow]Jo software (Ashland, OR). For inhibition
experiments, cells were pretreated with anti-CD9 mAb (10
pg/ml) for 15 min.

Chemotactic Response—Chemotactic responses were assayed
using 24-well Transwell chambers (Corning) with 8-um poly-
carbonate filters in the upper wells. Chemoattractants were
added to the lower wells in 0.6 ml of chemotactic medium
(RPMI 1640 supplemented with 1% BSA and 20 mm HEPES, pH
7.4). BMMCs (0.3 X 10° cells in 120 ul of chemotactic media)
were added into each upper well. In experiments with Ag-me-
diated chemotaxis the cells were sensitized with IgE before the
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assay. Cells migrating into lower wells within the 8-h incuba-
tion period (37 °C, 5% CO, in air) were counted using Accuri C6
Flow Cytometer (BD Biosciences).

Electron Microscopy of Immunogold-labeled Membrane
Sheets—Ultraclean glass coverslips (15 mm in diameter) were
prepared as previously described (11). The coverslips in 24-well
plates were coated by overnight incubation at 4°C with
fibronectin (50 pg/ml in PBS), followed by washing with dis-
tilled water, and used immediately. BMMCs (1.5 X 10°) were
washed twice with BSSA and then incubated on fibronectin-
coated glass coverslips. After 1 h the cells were washed with
BSSA and incubated with anti-CD9 antibody (15 ug/ml) in
BSSA at room temperature. After 10 min the cells were washed
3 times in PBS and subsequently incubated with the secondary
antibody conjugated with 12-nm gold particles. Alternatively,
the cells were prefixed in 2% paraformaldehyde for 7 min,
washed 3 times in PBS, and immersed in ice-cold HEPES buffer
(25 mm HEPES, pH 7.0, 25 mm KCl, 2.5 mMm magnesium ace-
tate). Plasma membrane sheets were isolated and fixed in 2%
paraformaldehyde in HEPES buffer for 10 min. After fixation,
electron microscopy grids were transferred to PBS and target
epitopes located on the cytoplasmic side of the plasma mem-
brane were labeled with specific primary antibodies in 0.1%
BSA in PBS (rabbit anti-NTAL, 1:200; rabbit anti-LAT, 1:200;
mouse anti-FceRI-B subunit mAb, clone JKR, 4 ug/ml) washed
4 times and subsequently labeled with goat anti-rabbit or anti-
mouse secondary antibodies conjugated to gold nanoparticles.
After extensive washing the membrane sheets were fixed in
2.5% glutaraldehyde in PBS for 10 min and the grids were trans-
ferred to PBS. After 10 min the membranes were stained with
1% OsO, in PBS, washed three times for 5 min in water, incu-
bated for 10 min with 1% aqueous tannic acid, washed again in
water, and stained for 10 min with 1% aqueous uranyl acetate.
Finally, samples were washed twice with water for 5 min, air-
dried, and observed with FEI Morgagni 268 electron micro-
scope (FEI Czech Republic) operating at 80 kV. Typically, 10
micrographs covering 22.2 wm? of the cell surface were
obtained from each grid; at least three independent experi-
ments were made for each condition tested. The coordinates of
gold particles were determined by Image] (National Institutes
of Health). Statistical evaluation of colocalization of two types
of particles was based on the program Gold using pair cross-
correlation function (PCCF) (41).

Cell Adhesion and Spreading—IgE-sensitized BMMCs were
loaded with Calcein-AM and incubated or not with anti-CD9
mAb (10 ug/ml) and/or anti-B1 integrin antibody (20 ng/ml)
for 15 min before their transfer into fibronectin-coated wells.
Cell adhesion was determined after a 30-min activation of the
cells with Ag (50 ng/ml of TNP-BSA) using a TECAN fluorom-
eter with excitation at 485 nm and emission at 538 nm. For cell
spreading, wells of 96-well glass-bottom plates (InVitroSci)
were coated with 50 ul of fibronectin in PBS (50 ug/ml). After
1 h at 22 °C the wells were washed with PBS, and 30 X 10° cells
in BSSA were added into each well. Cells were allowed to attach
for 30 min at 37 °C, gently washed, and then activated or not
with Ag. After 20 min the cells were fixed for 30 min at room
temperature with 3% paraformaldehyde in PBS. For filamen-
tous (F)-actin staining, the cells were washed with 50 mm gly-
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cine in PBS and then exposed to Alexa Fluor 488-phalloidin
conjugate diluted 1:100 in PBS supplemented with L-a-lyso-
phosphatidylcholine (120 pg/ml). After 1 h, the cells were
washed in PBS, fixed, and kept in PBS supplemented with
Hoechst 33258 stain. They were then examined with the Olym-
pus Scan® system. Image processing and analysis were com-
pleted by means of CellProfiler software (Broad Institute, Bos-
ton, MA) (42).

Statistical Analysis—Unless specified otherwise, the signifi-
cance of intergroup differences was evaluated by Student’s ¢
test.

RESULTS

Aggregation of CD9 Causes Activation of Mast Cells and
Tyrosine Phosphorylation of NTAL but Not LAT—In an attempt
to contribute to elucidating the role of membrane glycoproteins
in mast cell signaling and chemotaxis we studied the properties
of anew mAb prepared after immunization of a rat with cellular
ghosts obtained after permeabilization of BMMCs with sapo-
nin. Previously we (30, 35, 40) and others (43, 44) showed that
such ghosts are deprived of soluble cytoplasmic proteins, but
possess plasma membrane proteins, cytoskeletal proteins, and
nucleus. One of the mAbs prepared against such ghosts, the
2H9, was found to bind to the plasma membrane target (see
below) and activate mast cells in a manner different from that
known for other mast cell activators, the SCF and IgE-Ag com-
plexes. When BMMCs were exposed to the 2H9 mAb, an
increased degranulation (Fig. 14) and calcium response (Fig.
1B) were noticed. The responses were comparable with those
induced by SCF and lower than those observed in cells activated
by Ag. The 2H9 mAb-induced tyrosine phosphorylation of sev-
eral protein substrates in whole cell lysates was determined by
immunoblotting with PY-20-HRP conjugate (Fig. 1C). The
phosphorylation profile was, however, different from that
induced by SCF or Ag (Fig. 1C). To identify the proteins that are
phosphorylated in cells activated by 2H9 we analyzed several
signaling targets using phosphospecific antibodies. For com-
parison we also quantified the extent of phosphorylation in cells
activated by SCF and Ag. Data presented in Fig. 1D show that
binding of 2H9 mAb had no effect on phosphorylation of Akt
on Thr®® or Ser*”?, and induced a weak phosphorylation of
ERK and p38. Tyrosine phosphorylation profile of the whole
cell lysate (Fig. 1C) suggested that NTAL (25-30 kDa) and LAT
(36 -38 kDa) could be among the proteins phosphorylated in
2H9-activated cells. To verify this, NTAL and LAT were immu-
noprecipitated from nonactivated or activated cells and tyro-
sine phosphorylation was determined using PY-20-HRP conju-
gate. Data in Fig. 1E show that tyrosine phosphorylation of
NTAL in 2H9-activated cells was more pronounced than in
SCEF-activated cells but weaker than in Ag-activated cells. Sim-
ilar analysis of LAT immunoprecipitates showed that 2H9 trig-
gering caused only a weak LAT phosphorylation, comparable
with that observed in SCF-activated cells. This was in sharp
contrast to Ag-induced activation, which induced a strong
phosphorylation of LAT.

Next, we attempted to identify which kinases are involved in
NTAL phosphorylation in 2H9-activated cells. Previous studies
showed that NTAL in Ag-activated mast cells is phosphory-
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FIGURE 1. Activation events in mast cells caused by 2H9 mAb. BMMCs
derived from WT C57BL.6 mice were sensitized overnight with TNP-specific
IgE. A, the cells were exposed to BSSA (nonactivated control, C) or activated
with 2H9 mADb (10 wg/ml), SCF (100 ng/ml), or Ag (500 ng/ml TNP-BSA) for 30
min. B-Glucuronidase released into supernatant was determined as
described under “Experimental Procedures.” Mean = S.D. were calculated
from 3 independent experiments performed in triplicates. B, IgE-sensitized
BMMCs were loaded with Fura-2AM and exposed (arrow) to BSSA (Co.), 2H9
mAb (10 wg/ml), SCF (100 ng/ml), or Ag (500 ng/ml of TNP-BSA). Changes in
[Ca®"]; were determined by spectrofluorometry as the ratio of emissions at
510 nm when the cells were excited at 340 and 380 nm. C, D, and F, IgE-
sensitized BMMCs were exposed to BSSA (Co.) or activated for 3 min with 2H9
mAb (1 wg/ml), SCF (100 ng/ml), or Ag (100 ng/ml TNP-BSA). Whole cell
lysates were fractionated by SDS-PAGE and analyzed by immunoblotting
with phosphotyrosine-specific mAb PY-20-HRP conjugate (C), antibodies
specific for the indicated phosphotyrosines, pAkt-T>°® (pAkt"), pAkt-S*73
(pAkt®), pErk-Y2%* (pErk"), and pp38-Y'82/T'8% (pp38Y/T) (D), or antibodies spe-
cific for pSyk-Y>2>/>2¢ (pSyk"), or pc-Kit-Y>8/>7° (pc-Kit") (F). In D and F, anti-Lyn
mAb (Lyn) was used as a loading control. E and G, IgE-sensitized BMMCs
derived from C57BL.6 mice (E) or Lyn™* or Lyn™’/~ (G) were nonactivated (Co.)
or activated with 2H9 mAb, SCF (E only), or Ag as above. The cells were solu-
bilized in lysis buffer containing 1% Nonidet P-40 and 1% n-dodecyl-B-D-
maltoside and postnuclear supernatants were immunoprecipitated (IP) with
NTAL- or LAT-specific rabbit antibodies immobilized on protein A. The immu-
noprecipitates were analyzed by immunoblotting (/B) with phosphotyrosine-
specific PY-20-HRP conjugate (PY20). Protein loading was determined by
LAT- or NTAL-specific mAbs. In D-G, fold-increase in protein phosphorylation
normalized to phosphorylation in nonactivated cells and protein loading is
also shown. Typical results from at least 4 experiments performed are shown.
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FIGURE 2. Identification of CD9 as the target protein of 2H9 mAb. 2H9 mAb covalently bound to protein G resin by dimethylpimelimidate was used to
pulldown the target Ag from postnuclear supernatant of BMMCs lysed in a lysis buffer containing 1% Triton X-100. Bound material was eluted from the resin
by SDS-PAGE sample buffer, size-fractionated on 12% SDS-PAGE, and stained with Coomassie Brilliant Blue. The major band was excised and analyzed with
HPLC in combination with electrospray ionization tandem mass spectrometry (microHPLC-ESI-MS/MS) and MALDI-Fourier transform mass spectrometry
(MALDI/FTMS). A, the chart represents the spectrum of detected peptides from trypsin-digested immunoprecipitated protein. Masses of identified peptides
(MH+) and their corresponding peaks are indicated. B, table shows sequences identified by MS analysis with mass of their appropriate MH™ ions. C, positions
of theidentified sequences (underlined) in the whole CD9 protein (NCBI Reference Sequence NP_031683.1). D, lysates from BMMCs were diluted with SDS-PAGE
sample buffer supplemented with (+) or without (—) 2-mercaptoethanol (ME), size fractionated by SDS-PAGE, and analyzed by immunoblotting with 2H9 mAb
followed by anti-rat IgG HRP conjugate. The arrow indicates the migration of the 2H9 target protein and numbers on the left represent the position of the
molecular mass markers in kDa. E, BMMCs were lysed as in A and postnuclear supernatants were immunoprecipitated (/P) with 2H9 or KMC8.8 antibodies
immobilized to protein G resin. Material released from the resin was fractionated on a 12% SDS-PAGE gel and analyzed by immunoblotting (/B) with 2H9 or

KM(C8.8 Abs. The data presented in D and E are typical results from at least 3 experiments performed.

lated by the Src family kinase Lyn, Syk kinase, and/or by KIT
(45). Proper kinase activity of Syk and KIT is associated with
their increased tyrosine phosphorylation (46, 47); we therefore
first analyzed changes in phosphorylation of Syk and KIT. We
found that these two kinases do not exhibit enhanced phosphor-
ylation after 2H9 treatment (Fig. 1F). Control experiments
showed, as expected, that Syk and KIT were phosphorylated in
cells activated by Ag or SCF, respectively. To determine
whether Lyn kinase is involved in 2H9-induced NTAL phos-
phorylation, NTAL was immunoprecipitated from BMMCs
derived from Lyn '~ mice or WT (Lyn"’") mice. Data in Fig.
1G show that the absence of Lyn caused no increase in NTAL
phosphorylation in 2H9-treated cells. The data suggest that Lyn
is the kinase required for phosphorylation of NTAL after expo-
sure of the cells to 2H9 mAb.

To identify the target recognized by the 2H9 mAb, we immu-
noprecipitated the target Ag from the lysate of resting BMMC:s.
The isolated material was digested with trypsin and analyzed by
peptide mass mapping and peptide sequencing. Both analyses
showed that 2H9 mAb binds to mouse CD9 (Fig. 2, A-C). The
identity of the target was confirmed by decreased binding of the
antibody to the cells with decreased expression of CD9 (see
below). Furthermore, as determined by immunoblotting exper-
iments, 2H9 mAb recognized a protein with a molecular mass
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of 22 kDa, corresponding to CD9; only unreduced samples were
reactive (Fig. 2D). Finally, CD9 immunoprecipitated with com-
mercially available CD9-specific antibody (KM C8.8) reacted by
immunoblotting with 2H9 and vice versa (Fig. 2E). The com-
bined data indicate that binding of anti-CD9 2H9 mAb induces
mast cell signaling events that are different from those induced
by Ag or SCF.

CD9 Colocalizes with NTAL—Previous studies showed that
despite their similarity in structure and resistance to solubiliza-
tion in nonionic detergents, NTAL and LAT occupy different
membrane microdomains (5, 11). Tetraspanins are known to be
present in both raft and nonraft regions of the plasma mem-
brane and therefore it was of interest to determine whether
CD9 colocalizes with NTAL and/or LAT. For co-localization
experiments we used plasma membrane sheets isolated from
BMMCs and probed them with immunogold labeling on the
cytoplasmic (NTAL and LAT) or extracellular (CD9) side.
Plasma membrane sheets isolated from BMMCs were fixed (i)
before anti-CD9 (2H9) mAb exposure, (ii) 5 min after incuba-
tion with 2H9 mAb at 37 °C to induced CD9 dimerization, or
(iii) after extensive aggregation of CD9—-2H9 complexes with
secondary anti-rat antibody (Fig. 3). As inferred from repre-
sentative figures and PCCF analysis, NTAL exhibited some
colocalization with CD9 in membranes obtained from cells
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FIGURE 3. Different colocalization of CD9 with NTAL or LAT. BMMCs were prefixed in 2% paraformaldehyde and then stained with 2H9 mAb followed by
secondary antibody conjugated to 12 nm of gold (A, D, G, and J). Alternatively, the cells were first treated with 2H9 mAb and then fixed and stained (B, E, H, and
K) or the cells were first treated with 2H9 mAb followed by its aggregation with secondary antibody followed by fixation (C, F, ,and L). Plasma membrane sheets
were then isolated and NTAL (A-F) or LAT (G-L) on the cytoplasmic side of the plasma membrane were labeled with primary antibodies followed by secondary
antibodies conjugated to 6-nm gold particles. Topography of gold particles was evaluated by electron microscopy. Representatives from 3 independent
experiments performed are shown (A-C and G-/). Evaluation of colocalization of 6- and 12-nm gold particles is represented as PCCF analysis for CD9/NTAL
labeling (D-F) and CD9/LAT labeling (J-L). For calculation of PCCF, 20 um? of the plasma membrane sheets was used in each experiment. PCCF indicates

colocalization when experimental values (solid line) are higher than random distribution of particles presented by a dotted line. Bars, 200 nm.

fixed before labeling (Fig. 3, A and D). Antibody-mediated
dimerization of CD9 before fixation promoted this colocaliza-
tion (Fig. 3, B and E) and extensive CD9 aggregation with sec-
ondary antibody led to localization of both CD9 and NTAL in
large separated clusters (Fig. 3, C and F). In contrast, LAT
showed no significant colocalization with CD9 at any condition
tested (Fig. 3, G-L). These data suggest that NTAL (unlike LAT)
is located together with CD9 in membrane microdomains; this
could form a mechanistical basis for their functional cross-talk.

Inhibitory Effect of Anti-CD9 on Ag-mediated Chemotaxis—
Previous studies showed that tetraspanins are involved in reg-
ulation of chemotaxis in several cell types, including mast cells
(48, 49). In further experiments we therefore tested the effect of
the 2H9 anti-CD9 mAb on chemotaxis driven by Ag. We found
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that pretreatment of IgE-sensitized BMMCs with anti-CD9
mAD inhibited migration toward Ag even at low concentrations
of the mAb (Fig. 4A). Visual microscopic inspection showed
that exposure of the cells to all concentrations of the 2H9 mAb
tested in the chemotaxis assays did not induce aggregation of
BMMCs (not shown), which could be responsible to the
observed inhibitory effect. When commercially available CD9-
specific mAb, KMCS8, was used, the binding to BMMCs was
comparable with 2H9, but no inhibition of Ag-driven che-
motaxis was observed (not shown). This suggests unique bind-
ing properties of 2H9 mAb. Previous studies showed that mast
cells use tetraspanin CD9 as an alternate IL-16 receptor (48).
Next we therefore examined whether anti-CD9 antibodies will
interfere with IL-16-driven chemotaxis. Data presented in Fig.
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FIGURE 4. Anti-CD9 mAb inhibits chemotaxis toward Ag and induces
tyrosine phosphorylation of NTAL by different mechanism. A, IgE-sensi-
tized BMMCs were pretreated with the indicated concentrations of anti-CD9
mAb 2H9 for 15 min and their chemotactic response toward Ag (250 ng/ml of
TNP-BSA in the lower chamber) was determined in the Transwell system. B,
BMMCs were pretreated or not with the indicated concentrations of anti-CD9
antibodies (2H9 or KMC8) for 15 min and their chemotactic response toward
IL-16 (50 ng/ml) was determined as above. Data were normalized toward the
maximum response attained in the absence of antibody pretreatment. Migra-
tioninthe absence of IL-16is also shown. Cand D, a set of murine CD9 shRNAs
cloned into the pLKO.1 vector (TRCN0000066393 (93), TRCN0000066394 (94),
TRCNO0000066395 (95), TRCN0000066396 (96), TRCN0O000066397 (97)) was
used for lentiviral infection of BMMCs. After selection in puromycin, the cel-
lular proteins were size fractionated by SDS-PAGE and analyzed by immuno-
blotting (/B) with anti-CD9 mAb 2H9. Actin was used as a loading control.
Immunoblots were evaluated by densitometry and data were normalized to
noninfected controls (N/) and actin amount. Similar results were obtained in
atleast three independent experiments. D, flow cytometry analysis of surface
expression of CD9in clones selected for further studies, 93 (dotted line) and 95
(dashed line). Gray filled region represents control cells exposed to secondary
anti-rat Alexa 488 antibody alone. Thick line indicates cells infected with
empty vector (pLKO). E, BMMCs were deprived of CD9 after infection with CD9
shRNA-containing vector (CD9 KD), uninfected cells (Co.), or cells infected
with empty vector (pLKO) served as controls. Ag-mediated chemotaxis in the
cellswas measured asin A. F, BMMCs were not exposed (Co.) or exposed for 15
min to 2H9 mAb Fab or F(ab), fragments, each at a concentration 2 or 20
ng/ml. Their chemotaxis was determined as in A. G, BMMCs were exposed to
BSSA (negative control, Co., line 1), 2H9 mAb Fab fragment (/ine 2), 2H9 mAb
F(ab), fragment (line 3), or 2H9 whole molecule (a«CD9; line 4); each at a con-
centration of 10 ug/ml. After 5 min the cells were solubilized in lysis buffer
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4B indicate that both 2H9 and KMCS8 inhibited chemotaxis
toward IL-16; 2H9 was more potent than KMCS8 at all concen-
trations tested.

To find out whether binding of 2H9 mAb to CD?9 is indeed
involved in chemotaxis inhibition, we prepared BMMCs with
CD9 KD after infection of the cells with lentiviral vectors con-
taining CD9 shRNA. From the 5 vectors used, two of them
(TRCN0000066393 (93) and TRCN0000066395 (95)) strongly
inhibited CD9 expression as detected by immunoblotting (Fig.
4C) and flow cytometry analysis (Fig. 4D) and were used in
further experiments. Both vectors gave comparable results and
therefore experimental data were pooled for presentation. Data
shown in Fig. 4F indicate that chemotaxis toward Ag was not
reduced by anti-CD?9 in cells with CD9 KD, but was inhibited in
control cells with empty pLKO vector. Interestingly, cells with
reduced expression of CD9 showed normal migration toward
Ag. These data indicate that reduced expression of CD9 is com-
patible with chemotaxis but not with the inhibitory effect of
anti-CD9.

In macrophages (50) and platelets (51-53) anti-CD9 induced
changes in signaling pathways that were caused by co-cross-
linking of CD9 with FcyRs. Next we therefore studied the role
of FcyRs in anti-CD9 mAb-mediated inhibition of chemotaxis.
We prepared Fab and F(ab), fragments of 2H9 mAb and com-
pared their effects on Ag-driven chemotaxis. Pretreatment of
BMMCs with anti-CD9 F(ab), fragments had a similar inhibi-
tory effect on chemotaxis toward Ag as caused by the whole IgG
(compare Fig. 4, A and F). However, when Fab fragments were
used only minimal effects were observed (Fig. 4F). These find-
ings suggest that inhibition of chemotaxis is caused by aggrega-
tion of CD9 and does not require co-cross-linking of CD9 with
FcyR. It should be noted that the binding capacity of the whole
2H9 IgG or its F(ab), and Fab fragments to BMMCs was com-
parable as determined by flow cytometry (not shown).

CD9, Fcy Receptors, and NTAL Phosphorylation—As shown
inFig. 1, Eand G, NTAL becomes tyrosine phosphorylated after
exposure of the cells to anti-CD9 mAb 2H9. The logical next
step was therefore to find out whether FcyRs are involved in the
process. Whereas intact 2H9 mAb induced strong tyrosine
phosphorylation of NTAL (Fig. 4G, line 4), F(ab), as well as Fab
fragments of the mAb were without any effect (Fig. 4G, lines 2
and 3). In this context it should be mentioned that phosphory-
lation of NTAL was observed when F(ab), or Fab fragments of
the 2H9 mAb were aggregated by anti-rat IgG antibodies (not
shown). These data together with the finding that 2H9 F(ab),

containing 1% Nonidet P-40 and 1% n-dodecyl-B-p-maltoside and post-
nuclear supernatants were immunoprecipitated (/P) with rabbit anti-NTAL
antibody. The immunoprecipitates were analyzed by immunoblotting (/B)
with phosphotyrosine-specific antibody PY-20-HRP conjugate (PY20) or
NTAL-specific antibody as a loading control. Fold-increase in protein tyrosine
phosphorylation, normalized to phosphorylation in nonactivated cells and
NTAL amount is also indicated. A typical experiment from 4 performed is
shown. H, BMMCs were pretreated or not with anti-CD16/CD32 (2.4G2; 1:50
diluted supernatant) and/or anti-CD9 mAb 2H9 (1 pg/ml, «CD9) for 15 min
and then exposed to control BSSA (Co., line 1), anti-CD9 (1 ng/ml, lines 2 and
3), 2.4G2 antibody (1:50 diluted supernatant, line 4), or anti-rat IgG (1 wg/ml,
lines 5 and 6). After 3 min the cells were lysed and NTAL was immunoprecipi-
tated and analyzed as in G. Typical results from at least 3 experiments per-
formed are shown. Mean = S.D.in A, B, E, and F were calculated from 3 to 5
independent experiments.
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fragments inhibit Ag-directed chemotaxis indicate that there is
no simple connection between 2H9-induced chemotaxis inhi-
bition and NTAL tyrosine phosphorylation. It should be also
mentioned that 2H9 mAb was able to induce a weak tyrosine
phosphorylation of NTAL in CD9 KD cells (not shown). This
indicates that aggregation of residual CD9 on cells with CD9
KD (Fig. 4D) is still capable to induce NTAL phosphorylation,
but is no longer capable of inhibiting chemotaxis (Fig. 4E).

To confirm the role of Fcy receptors in NTAL phosphoryla-
tion induced by 2H9 mAb we used rat 2.4G2 antibody, which is
specific for mouse FcyRIIB/FcyRIIl. BMMCs pretreated or not
with a saturating concentration of 2.4G2 mAb and/or anti-CD9
mAD (1st step) was followed by exposure to anti-CD9 mAb,
2.4G2 mADb, or anti-rat IgG antibody (2nd step). The results
show that the 2.4G2 antibody alone caused weak phosphoryla-
tion of NTAL (Fig. 4H, compare line 1 with line 4). Phosphory-
lation of NTAL was enhanced when 2.4G2 mAb was aggregated
in the 2nd step by anti-rat IgG (Fig. 4H, line 5). Pretreatment of
the cells with 2.4G2 mADb followed by exposure to anti-CD9
mADb resulted in lower phosphorylation of NTAL (Fig. 4H, line
3) than after exposure of the cells to anti-CD9 alone (Fig. 4H,
line 2). Maximum NTAL phosphorylation was observed when
both FcyR and CD9 were extensively aggregated with the first
and second layer of antibodies (Fig. 4H, line 6).

CD9 Aggregation Does Not Interfere with Early FceRI-medi-
ated Signaling Events—Because 2H9 binding inhibited che-
motaxis toward Ag, we were curious to know whether other
Ag-induced signaling pathways are affected and whether CD9
colocalizes with FceRI. Our data show that FceRI exhibited
colocalization with CD9 after CD9 dimerization or a more
extensive aggregation (Fig. 5, A-F). Furthermore, we could
demonstrate that Ag-induced degranulation (Fig. 5G), Ca*"
release (Fig. 5H), and tyrosine phosphorylation of Akt, ERK,
and pp38 (Fig. 5]) were not affected by anti-CD9 mAb binding.
We also found that phosphorylation of the FceRI-3 subunit was
not changed (Fig. 5/). These data thus indicate that signaling
pathways leading to degranulation after FceRI triggering were
not affected by anti-CD9. The experiments presented in Fig. 5
were performed with BMMCs from Balb/c mice, but similar
results were obtained with BMMCs derived from C57BL/6
mice (not shown).

Different Roles of LAT and NTAL in Mast Cell Chemotaxis
and Cross-talk with CD9—Data presented above show that
anti-CD9 inhibits chemotaxis toward Ag and induces disparate
phosphorylation of NTAL and LAT. Next we investigated the
role of NTAL and LAT in mast cell chemotaxis and their sen-
sitivity to the inhibitory effect of anti-CD9. For such experi-
ments, BMMCs were obtained by growing progenitors from
bone marrow of Ntal '~, Lat~'~, 2KO mice, and correspond-
ing controls. The cells were sensitized with TNP-specific IgE
overnight and their migration toward Ag was investigated. Sur-
prisingly, LAT-deficient cells (Lat ' ~) showed similar Ag-me-
diated chemotaxis as WT (Lat™’") cells (Fig. 6A). In accor-
dance with our previous findings (14), BMMCs derived from
Ntal~'~ mice exhibited significantly higher migration toward
Ag than the corresponding WT (Ntal*'™) cells (Fig. 64). These
data confirm that NTAL is a negative regulator of Ag-driven
chemotaxis. Interestingly, 2KO cells exhibited higher migra-
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tion toward Ag than WT (Ntal™'" or Lat™'™) cells or Lat™/~
cells, but lower migration than Ntal '~ cells. This suggests that
in the absence of NTAL even LAT negatively regulates che-
motaxis. To verify that LAT and NTAL had the anticipated
regulatory roles in Ag-induced degranulation, we also tested
the release of B-glucuronidase after activation of the cells with
Ag. Data shown in Fig. 6B indicate, as expected, decreased
degranulation in Lat~ '~ and even more in 2KO cells and an
enhanced response in Ntal ’~ cells, when compared with the
corresponding WT (Ntal*'" or Lat*’™") controls.

To examine a functional regulatory cross-talk between
NTAL and CD9 in chemotaxis, we compared the effect of anti-
CD9 on Ag-driven chemotaxis of Ntal '~ and WT Ntal''"
cells. Data presented in Fig. 6C show that treatment with
anti-CD9 mAb inhibited chemotaxis toward Ag in both Ntal"'™"
cells and Ntal '~ cells. However, Ntal '~ cells were more per-
ceptive to the inhibitory effect of anti-CD9 than Ntal™’" cells.

CD9 Forms Complex with B1-Integrin but Anti-CD9 Does
Not Interfere with BI1-Integrin Function—The most prominent
partners of tetraspanins are integrins (15-17, 20, 21). Next, we
therefore investigated the effect of anti-CD9 mAb on integrin-
mediated signaling pathways. Pretreatment of BMMCs with
anti-CD9 mAb inhibited the binding of B1-integrin antibody to
the cells (Fig. 7, A and D). The inhibitory effect was not affected
by pretreatment with F-actin disrupting drugs, latrunculin B
(0.4 M, 30 min) or cytochalasin D (1 uM, 30 min; data not
shown). This suggests that F-actin-dependent events, such as
internalization, are not responsible for the observed inhibitory
effect. On the other hand, pretreatment of the cells with anti-
CD9 mAb had no effect on the binding of antibodies against
FceRIand KIT (Fig. 7, B-D); these data support the concept that
integrin is in close proximity to CD9. Immunoprecipitation
data indicated that CD9 and B1-integrin are physically associ-
ated in complexes after solubilization of the cells in lysis buffer
containing 1% CHAPS (Fig. 7E). To investigate the functional
cross-talk between CD9 and 31-integrin, we tested the effect of
anti-CD9 on Ag-induced adhesion of mast cells to fibronectin.
It is remarkable that although anti-CD9 mAb blocked the bind-
ing of anti-B1 integrin antibody to the cells, no significant inhi-
bition of anti-CD9 on adhesion to fibronectin was observed. As
a control we used antibody against B1-integrin and found that it
significantly inhibited adhesion of BMMC:s to the fibronectin
(Fig. 7F). We also tested the effect of anti-CD9 on Ag-induced
spreading of mast cell on surfaces coated with fibronectin. Data
presented in Fig. 7, G and H, indicate that binding of anti-CD9
at saturation concentrations to BMMCs had no significant
effect on Ag-induced spreading of the cells to fibronectin. The
combined data indicate that although CD9 forms complexes
with B1-integrin, binding of anti-CD9 mAb does not interfere
with the studied B1-integrin functions.

Cross-talk between CD9 and Cytoskeleton-regulatory Pro-
teins of the ERM Family—An important feature of cell activa-
tion and chemotaxis is a rapid and extensive communication
between plasma membrane components and cellular cytoskel-
eton. This process is regulated by conformational changes in
ERM family proteins caused by transient dephosphorylation of
their regulatory threonines. Although such changes have been
documented in immunoreceptor-activated B cells, T cells, and
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FIGURE 5.CD9 colocalizes with FceRl on the plasma membrane but CD9 aggregation does not interfere with early Ag-induced activation events. Aand
D, BMMCs derived from Balb/c mice were prefixed with paraformaldehyde and then labeled with anti-CD9 mAb 2H9 followed by secondary anti-rat anti-
body-12 nm gold conjugate. Plasma membrane sheets were then isolated and the FceRI-3 subunit was labeled on the cytoplasmic side of the membrane with
JRKmADb followed by secondary anti-mouse antibody-6 nm gold conjugate. Colocalization of CD9 (12 nm gold particles) and FceRI-3 (6-nm gold particles) was
analyzed by electron microscopy (A) and evaluated by PCCF (D) as described in the legend to Fig. 3. Band E, BMMCs were exposed to 2H9 mAb (CD9 dimerized)
before fixation and labeling for CD9; other procedures and evaluations were as in A and D. C and F, the cells were exposed to 2H9 mAb followed by the
secondary anti-mouse antibody (CD9 aggregation) and then fixed and further processed asin Aand D. In A-C representatives from 3 independent experiments
are shown. Bars, 200 nm. G-J, IgE-sensitized BMMCs derived from Balb/c mice were pretreated («CD9) or not (Co.; —) with anti-CD9 mAb 2H9 (10 pg/ml) for 15
min before activation. G, the cells were exposed to various concentrations of Ag (0-500 ng/mI TNP-BSA) or 500 nm thapsigargin (Th.) and 30 min later amounts
of B-glucuronidase released into the cell supernatants were determined. Mean = S.D. were calculated from at least 3 independent experiments performed in
triplicates. H, the cells were loaded with Fura-2AM at the time of exposure to anti-CD9 and stimulated (arrow) with Ag (500 ng/ml of TNP-BSA). [Ca**]; was
measured as described in the legend to Fig. 1B. Mean = S.D. were calculated from 3 independent experiments performed in triplicates. /, IgE-sensitized BMMCs
were exposed (+) or not (—) to anti-CD9 mAb 2H9 and then activated (+) or not (—) with Ag (100 ng/ml of TNP-BSA) for 3 min. Whole cell lysates were prepared
and analyzed by immunoblotting with antibodies specific for pAkt-5*73 (pAkt®), pErk-Y?°* (pErk") or pp38-Y'82/T"% (pp38"/T); anti-Lyn mAb (Lyn) was used as
a loading control. Fold-increase in protein phosphorylation, normalized to phosphorylation in nonactivated cells and protein loading is also shown. Typical
results from at least 4 experiments performed are shown. J, IgE-sensitized BMMCs were exposed (+) or not (—) to anti-CD9 mAb and then activated by Ag (+;
250 ng/ml of TNP-BSA) or not (—). After 5 min the cells (15 X 10° per sample) were solubilized in lysis buffer containing 0.2% Triton X-100 and FceRl was
immunoprecipitated from postnuclear supernatants by anti-IgE antibody immobilized to Protein A beads. Tyrosine phosphorylation of the receptor subunits
was evaluated with PY-20-HRP conjugate (PY-20). The amount of immunoprecipitated receptor was estimated by immunoblotting (after stripping of the
membrane) with JRK mAb recognizing FceRI B subunit. A typical experiment from 3 performed is shown.

mast cells (54-58), whether aggregation of CD9 could also
induce such dephosphorylations is unknown. We have exam-
ined the phosphorylation status of the regulatory threonine
after exposure of BMMCs to anti-CD9 mAb 2H9, SCF, or Ag
and found that all 3 activators significantly reduced phosphor-
ylation of the regulatory threonine (Fig. 7, I and J).

DISCUSSION

Migration of mast cell progenitors from bone marrow to
connective tissues and subsequent movement of mature mast
cells to the sites of inflammation is crucial for proper function-
ing of innate and adaptive immunity. Mast cell migration is
directed by chemoattractants, which are produced by a variety
of cells localized in different target tissues, as well as by intrinsic
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mast cell regulators that are still poorly understood (2). This
study was initiated by functional screening of mAbs prepared
after immunization of rats with cellular ghosts obtained by
treatment of BMMCs with saponin. One of the antibodies, 2H9,
recognizing tetraspanin CD9, was found capable to induce cell
activation and inhibit Ag-driven mast cell chemotaxis. Several
lines of evidence presented in this study indicate that 2H9-me-
diated CD9 aggregation triggers signaling pathways, which are
different from those activated through FceRI or KIT, and have
impact on mast cell chemotaxis.

First, exposure of BMMCs to CD9-specific mAb 2H9
resulted in phosphorylation of several signal transduction pro-
teins. Importantly, the phosphorylation profile of the target
proteins differed from that produced by SCE- or Ag-mediated
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the supernatant was determined as described under “Experimental Procedures.” C, BMMCs from Ntal*’* and Ntal~’~ mice were sensitized with IgE and treated
with the indicated concentrations of anti-CD9 mAb 2H9. Chemotaxis toward Ag was determined as in A. Numbers of cells migrating toward Ag were
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0.001.

activation (Table 1). Specifically, 2H9 mAb induced stronger
phosphorylation of NTAL than activation through KIT but
weaker than activation via FceRI. On the other hand, several
proteins, which were phosphorylated in KIT- and FceRI-acti-
vated cells, were either not at all or only weakly phosphorylated
after CD9 triggering (Akt, Erk, and p38). Other proteins, which
were strongly phosphorylated after Ag-induced activation (Syk
and LAT), showed no or only weak tyrosine phosphorylation
after CD9 triggering. Enhanced phosphorylation of NTAL in
anti-CD9-treated cells was only observed when whole IgG was
used; Fab and F(ab), fragments had no effect. This suggested
that co-cross-linking of CD9 and Fcy receptor(s) is required for
tyrosine phosphorylation of NTAL and other targets. This con-
clusion was corroborated by experiments where antibody spe-
cific for FcyRIIB/FcyRIII induced tyrosine phosphorylation of
NTAL, on the one hand, and, on the other, partially inhibited
NTAL phosphorylation after exposure to anti-CD9. Involve-
ment of Fcy receptors in CD9 signaling was also described in
CD9-dependent activation of platelets (53, 59) and macro-
phages (50).

Second, binding of anti-CD9 to target structures on the sur-
face of mast cells resulted in weak calcium and degranulation
responses, comparable with those observed in SCF-activated
cells (Table 1). However, because tyrosine phosphorylation of
LAT was lower in cells activated through CD9 than through
KIT and because phosphorylated NTAL is unable to bind phos-
pholipase y and thus substitute for phosphorylated LAT in cal-
cium metabolism (5, 6), it is evident that activation through
CD9 or KIT is initiated by different activation pathways. In this
connection it should be noted that pretreatment with anti-CD9
had no significant effect on subsequent binding of IgE to FceRI
and on Ag-induced degranulation, Ca®>* responses, and tyro-
sine phosphorylation of numerous substrates. In this respect,
CD9 seems to differ from CD81, another tetraspanin, whose
Ab-mediated aggregation inhibited Ag-induced degranulation
in rat basophilic leukemia cells without affecting the Ca*"
response or protein tyrosine phosphorylation (60).

Third, electron microscopy studies on isolated plasma mem-
brane sheets disclosed colocalization of CD9 with NTAL, but
not with LAT, in quiescent cells. After CD9 dimerization the
colocalization of CD9 with NTAL became even more promi-
nent. This finding and the potent phosphorylation of NTAL
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after CD9 triggering suggest that these two molecules are phys-
ically and functionally coupled. This could explain our previous
findings that although NTAL and LAT are very similar TRAPs,
they, nevertheless, occupy different membrane domains (5).
CD?9 also colocalized with FceRI. However, this colocalization
was clearly seen only after Ab-mediated dimerization or exten-
sive aggregation of CD9.

Fourth, pretreatment of BMMCs with anti-CD9 mAb abol-
ished chemotaxis toward Ag. The inhibitory effect was
observed not only with intact mAb but also with the corre-
sponding F(ab), fragment. These data suggest that the inhibi-
tory effect is caused by CD9 aggregation and is not dependent
on signals derived from cross-linking of CD9 with FcyR. This
conclusion is further supported by findings that chemotaxis
was not affected by Fab fragments of the anti-CD9 mAb. When
another CD9-specific mAb, KMCS8, was tested, no inhibition of
chemotaxis was observed. This finding could be related to dif-
ferent epitopes recognized by 2H9 and KMC8 antibodies
and/or other differences between the antibodies, such as con-
figurational constraints (61). On the other hand, both antibod-
ies inhibited IL-16-mediated chemotaxis by a mechanism,
which seems to involve blocking binding of IL-16 to its alternate
receptor, CD9 (48). We have also noticed that chemotaxis
toward Ag was not affected in BMMCs with CD9 KD. This
suggests that CD9 is dispensable for Ag-driven chemotaxis or
that the remaining CD9 is sufficient for signal processing.
Alternatively, it is possible that antibody-mediated aggregation
of CD9 and CD9-bound proteins leads to uncoupling of key
elements important for chemotaxis (see below).

The molecular mechanism of the inhibitory effect of anti-
CD9 on Ag-induced chemotaxis seems to be complex and
involves TRAPs. We found that anti-CD9 mAb was more
potent in inhibiting Ag-induced chemotaxis in NTAL-deficient
cells than in WT cells. This could be related to the multiple
regulatory roles of NTAL and its cross-talk with CD9 and LAT
(Fig. 8).

Fifth, extensive communication between plasma membrane
components and the cellular cytoskeleton is crucial for immu-
noreceptor activation and chemotaxis. This process is regu-
lated by conformational changes in ERM family proteins
reflecting the phosphorylation status of their regulatory threo-
nine. Our finding of increased dephosphorylation of ERM pro-
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FIGURE 7.CD9 aggregation does not interfere with 31-integrin function, but induces dephosphorylation of ERM proteins. A-D, BMMCs were pretreated
or not with anti-CD9 mAb 2H9 (1 wg/ml) for 15 min and the binding anti-integrin-B1-FITC conjugate (A), anti-FceRI-FITC conjugate (B), and anti-c-Kit-APC
conjugate (C) were estimated by flow cytometry. Gray filled regions represent control cells not exposed to antibodies; dashed and thick lines indicate antibody
binding to anti-CD9 treated (dashed; aCD9) or nontreated cells (thick; Co.). D, data obtained as in A-C were normalized to maximal values obtained in the
absence of anti-CD9; mean = S.D. were determined from at least 3 independent experiments. £, BMMCs (107 per sample) were solubilized in lysis buffer
supplemented with 1% CHAPS. CD9 was immunoprecipitated from postnuclear supernatants by 2H9 mAb immobilized on protein A/G beads (/ine 7). Material
bound to protein A/G beads without 2H9 mAb (/ine 2) or 2H9 mAb armed protein A/G beads without cell lysate (/ine 3) served as negative controls. Whole lysates
from 2.5 X 10° cells were used as positive controls (Co.; line 4). Immunoprecipitated material and controls were recovered in SDS-PAGE sample buffer with or
without 2-mrecaptoethanol. Reduced and unreduced samples were immunoblotted with anti-B1 integrin (81) or anti-CD9 (CD9), respectively. F, cell adhesion
to fibronectin. IgE-sensitized and Calcein-loaded BMMCs were incubated with (+) or without (—) anti-CD9 mAb 2H9 and/or anti-B1 integrin antibody for 15
min before their transfer into fibronectin-coated wells. Adherence to fibronectin was determined by fluorometry after a 30-min exposure of the cells to Ag (+)
or BSSA alone (—). Fluorescence was evaluated before (100%) and after washing out the non-adherent cells and percentages of adherent cells were calculated.
G, cell spreading on fibronectin. IgE-sensitized BMMCs were pretreated (+) or not (—) with anti-CD9 mAb 2H9 and allowed to attach to fibronectin immobilized
on glass surface. Then the cells were exposed (+) or not (—) to Ag for 20 min, fixed, permeabilized, and stained for actin with Alexa Fluor 488-phalloidin
conjugate. Examples of the cells are shown. Bars, 20 um. H, average areas of the cells processed as in G were calculated using automated CellProfiller software.
Mean = S.D.from three independent experiments, each involving ~500 cells, are shown. /, IgE-sensitized BMMCs were nonactivated (Co.) or activated with 2H9
mAb (aCD9), SCF, or Ag for 3 min. Whole cell lysates were prepared and analyzed by immunoblotting with p-ERM™-specific Ab; anti-Lyn was used as a loading
control. Numbers correspond to the fold-increase in phosphorylation after normalization to the total amount of protein and phosphorylation in nonactivated
cells. Typical results are shown. J, mean = S.D. were calculated from 10 to 18 independent experiments performed as in . **, p < 0.01; ***, p < 0.001.

teins in cells exposed to anti-CD9 suggested that anti-CD9  studies imply an important role of the phosphorylation state of
interferes with the process of phosphorylation/dephosphory- threonine in actin-binding domains of ERM proteins in cell
lation of ERM family members, and in this way could interfere = chemotaxis (54 —57). The proteins exist in an open (active) con-
with chemotaxis. The molecular mechanism of the cross-talk formation with regulatory threonine phosphorylated, or closed
between CD9 and ERM family members is unknown. Recent  (inactive) conformation with the regulatory threonine dephos-
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TABLE 1

Comparison of anti-CD9 mAb, SCF, and Ag in their ability to induce
signaling events in mast cells

Parameter” Anti-CD9 SCF Ag

Protein phosphorylation

Akt-$*73 - +++ +++

Akt-T3® - +++ +++

Erk-Y?* + +++ +++

p38-T'80/Y'®? + +++ +++

Syk - - +++

NTAL ++ + +++

LAT —/+ - +++
Protein dephosphorylation

ERM.-T?567/564/558 4+ St ++
Degranulation (f-glucuronidase) + + +++
Ca’* mobilization + + +++
Adhesion - ++€ ++
Spreading - +++€ +++
Chemotaxis - +++¢ ++

“ Specific protein phosphorylation or dephosphorylation, degranulation, Ca**
mobilization, adhesion, and chemotactic potential of CD9-specific mAb 2H9,
SCF and Ag were measured using appropriate methods as indicated under "Ex-
perimental Procedures” and "Results.”

» —, No signal; +, weak signal; ++, medium signal; ++ +, strong signal.

¢ See Ref. 14.

Dephosphorylation/
inactivation

Chemotaxis

Chemotaxis

° Phosphorylated tyrosine ——— Negative regulation

<— Activation <—— Positive regulation

FIGURE 8. A model of chemotaxis regulators involving CD9 and NTAL-LAT
cross-talk. Tetraspanin CD9 resides in the plasma membrane (PM) in close
proximity to B1-integrin (81) and NTAL. CD9-specific antibody 2H9 (Ab) binds
to CD9 and FcyR through its Ag-binding site and Fc region, respectively. This
leads to tyrosine phosphorylation of NTAL and other proteins. CD9 cross-
linking also results in dephosphorylation of the regulatory threonine of ERM
family proteins leading to changes in their conformation and subsequent
disconnection from binding to phosphatidylinositol 4,5-bisphosphate (PIP2)
and/or other membrane components (throughout N-terminal FERM domain)
and actin cytoskeleton (through actin-binding domain, Abd). These and other
events under certain conditions inhibit mast cell chemotaxis. Chemotaxis is
alsoregulated by cross-talk between NTAL, LAT,and CD9.LAT and NTAL seem
to be, respectively, predominantly positive and negative regulators of che-
motaxis. Binding of the anti-CD9 mAb 2H9 interferes with NTAL-LAT
cross-talk.

phorylated (62, 63). In the case of ezrin, the open conformation
enables its binding through the actin-binding domain to F-actin
and through the FERM domain to phosphatidylinositol 4,5-
biphosphate on the plasma membrane, to adapter proteins or
directly to cytoplasmic portions of the transmembrane mole-
cules (59, 64). Transient dephosphorylation of the regulatory
threonine disrupts this binding and has been shown to be cru-
cial for migration of lymphocytes (54 —57). A recent study with
mast cells showed that dephosphorylation of the regulatory
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tyrosine is mediated by activity of the protein phosphatase 2A
after interaction with the p21-activated kinase 1 (58). Based on
our own findings and published data we propose that aggrega-
tion of CD9 leads to dephosphorylation of ERM proteins lead-
ing to their dissociation from the membrane and restrictions in
communication of membrane proteins with actin cytoskeleton.
This in combination with some other events involving NTAL
and/or LAT contributes to inhibition of Ag-driven chemotaxis
(Fig. 8). As shown in experiments with F(ab), fragments, tyro-
sine phosphorylation of NTAL is not required for the inhibitory
effect of anti-CD9 mAb. Nevertheless, it is possible that NTAL
functions in chemotaxis even in the absence of its phosphory-
lation, similarly to its role in phospholipase Cy-independent
calcium uptake (12).

The combined data support the view that chemotaxis and
early activation events leading to degranulation and cytokine
production are processes that use different signaling pathways.
The differences could be important for switching between the
migratory and secretory phases depending on the concentra-
tions of Ag and/or other chemoattractant mast cell encounters
(65). Atlow concentrations of the Ag, mast cells migrate toward
its higher concentrations. When regions of higher concentra-
tions of the Ag are attained, the cells stop moving and activate
the signaling pathways leading to secretion of the preformed
allergy mediators and production and release of cytokines, leu-
kotrienes, and other inflammatory mediators that then act as
chemoattractants for other cells and/or orchestrate local
immune responses. Tetraspanin CD9 and NTAL are important
regulators of these events. CD9 could regulate chemotaxis
through direct or indirect interactions with FceRI, other plasma
membrane receptors, and cytoskeletal components. On the
other hand NTAL, which acts as a negative regulator of che-
motaxis, could contribute to fine tuning of chemotaxis by com-
peting with LAT, as suggested for its negative role in mast cell
degranulation (5).
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