The Journa of Immunology

Linker for Activation of T Cells Integrates Positive and
Negative Signaling in Mast Cells

Odile Malbec,*" Marie Malissen,* Isabelle Isnardi,>* " Renaud Lesourne? " Anne-Marie Mura, *
Wolf H. Fridman,* Bernard Malissen, * and Marc Daéron3*"

The transmembrane adapter linker for activation of T cells (LAT) is thought to couple immunoreceptors to intracellular signaling
pathways. In mice, its intracytoplasmic domain contains nine tyrosines which, when phosphorylated upon receptor aggregation,
recruit Src-homology 2 domain-containing cytosolic enzymes and adapters. The four distal tyrosines are critical for both TCR and
FceRlI signaling. Unexpectedly, knock-in mice expressing LAT with a point mutation of the first or of the last three of these
tyrosines exhibited an abnormal T cell development characterized by a massive expansion of TH2-likg3 or yé T cells, respec-
tively. This phenotype suggests that, besides positive signals, LAT might support negative signals that normally regulate terminal
T cell differentiation and proliferation. We investigated here whether LAT might similarly regulate mast cell activation, by
generating not only positive but also negative signals, following FCR engagement. To this end, we examined IgE- and/or 1gG-
induced secretory and intracellular responses of mast cells derived from knock-in mice expressing LAT with combinations of
tyrosine mutations (Y136F, Y(175, 195, 235)F, or Y(136, 175, 195, 235)F). A systematic comparison of pairs of mutants enabled
us to dissect the respective roles played by the five proximal and the four distal tyrosines. We found that LAT tyrosines differ-
entially contribute to exocytosis and cytokine secretion and differentially regulate biological responses of mucosal- and serosal-type
mast cells. We also found that, indeed, both positive and negative signals may emanate from distinct tyrosines in LAT, whose

integration modulates mast cell secretory responses.The Journal of Immunology, 2004, 173: 5086-5094.

munoreceptors are engaged at the cell surface by multivalent

extracellular ligands build up around tyrosine-rich transmem-
brane adapters (1, 2). Among these, the linker for activation of T
cells (LAT)* (3, 4) has been shown to play critical roles for TCR
signaling. TCR aggregation triggered reduced Ca?* mobilization,
MAPK activation, and NF-AT activation in LAT-deficient T cells
(5, 6). Likewise, high affinity IgE receptor (FceRl) signaling was
markedly impaired in LAT-deficient mast cells (7). These obser-
vations suggested that LAT serves as a coupling molecul e between
immunoreceptors and intracellular signaling pathways leading to
cellular responses.

I ntracellular signaling complexes that are generated when im-

*Laboratoire d'Immunologie Cellulaire and Clinique, Institut National de la Santé et
de la Recherche Médicale (INSERM) Unité 255, Ingtitut Biomédical des Cordeliers,
and TUnité d’ Allergologie Moléculaire and Cellulaire, Institut Pasteur, Paris, France;
and *Centre d’ Immunologie de Marseille-Luminy, INSERM-Centre National de la
Recherche Scientifique (CNRS)-Université de la Méditerranée, Parc Scientifique de
Luminy, Marseille, France

Received for publication April 16, 2004. Accepted for publication August 9, 2004.

The costs of publication of this article were defrayed in part by the payment of page
charges. This article must therefore be hereby marked advertisement in accordance
with 18 U.S.C. Section 1734 solely to indicate this fact.

1 This work was supported by ingtitutional grants from INSERM, CNRS, and the
Université Pierre and Marie Curie, and by specific grants from the Association Contre
le Cancer (ARC) (Alliance des Recherches sur le Cancer (ARECA)), and the Euro-
pean Communities (project QLG1-CT1999-00202). R.L. was supported by an ARC
fellowship and I.1. by a fellowship from the Ministere délégué & la Recherche et aux
Technologies Nouvelles (MRT) and the Université Pierre et Marie Curie.

21.1. and R.L. equally contributed to this work.

3 Address correspondence and reprint requests to Dr. Marc Dagron, Unité d' Allergologie
Moléculaire and Cellulaire, Département d’ Immunologie, Ingtitut Pasteur, 25 rue du
Docteur Roux, 75015 Peris, France. E-mail address: daeron@pasteur.fr

4 Abbreviations used in this paper: LAT, linker of activation of T cells; SH2, Src-
homology 2; PL C-vy, phospholipase C-y; BMMC, bone marrow-derived mast cell; wt,
wild type; PCMC, peritoneal cell-derived mast cell; GAM, goat anti-mouse |g; GAR,
goat anti-rabbit 1g; [Ca?*];, intracellular free calcium concentration; SCF, stem cell
factor; SHP, SH2 domain-containing phosphatase.

Copyright © 2004 by The American Association of Immunologists, Inc.

LAT is a single-chain membrane molecule located in lipid mi-
crodomains (8). It has a short extracellular domain and a long
intracytoplasmic domain which contains 10 tyrosine residues in
humans and 9 in mice (3, 4). Following TCR engagement, LAT is
tyrosyl-phosphorylated by ZAP70 (9) that is recruited to phosphor-
ylated ITAMs and activated (9). Tyrosyl-phosphorylated LAT thus
provides multiple docking sites for a variety of Src-homology 2
(SH2) domain-containing cytosolic enzymes and adapters. These
include phospholipase C-y (PLC-v), protein tyrosine kinases of the
Tec family, the p85 subunit of PI3K, the exchange factor Vav and
the adapters Gads, Grap, and Grb2 (3, 4, 10). Previous works based
on mutational analysis of LAT identified critical tyrosine residues
involved in the recruitment of these moleculesin T cells (10, 11).
These werethefour distal tyrosines (Y 132, Y171, Y191, and Y 226
in humans, and their homologues in mice Y136, Y175, Y 195, and
Y 235). Specifically, Y 132/136 was demonstrated as being the ma-
jor binding site for PLC-+y, and the three distal tyrosines (Y 171/
175, Y191/195, and Y 226/235) binding sites for Gads, Grap, and
Grb2 (10). The two sets of binding sites also contribute indirectly
to the recruitment of other molecules such as SH2-containing leu-
kocyte protein of 76 kDa via Gads and they cooperate to stabilize
the binding of molecules recruited by each other. The mechanisms
by which LAT controls FceRI signaling are thought to be similar
to the LAT-dependent mechanisms that control TCR signaling.
FceRI aggregation in bone marrow-derived mast cells (BMMCs)
from LAT~/~ mice triggered a reduced phosphorylation of SH2-
containing leukocyte protein of 76 kDa and of PLC-, resulting in
decreased Ca®" mobilization and MAPK activation and, ulti-
mately, in a decreased release of preformed mediators and secre-
tion of cytokines (7). A mutational analysis of the four distal ty-
rosines of LAT was recently performed in LAT™/~ BMMCs
recongtituted in vitro with wild-type (wt) or mutant LAT (12). This
study confirmed that these residues are phosphorylated upon FceRI
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engagement and play a critical role for FceRI signaling by recruit-
ing the same set of molecules in mast cellsasin T cells.

Recently, we (13) and others (14) used a knock-in strategy to
evaluate the in vivo relevance of these data. Mice bearing asingle
Y 136F mutation had an unexpected aberrant T cell development
characterized by an exaggerated polyclonal differentiation of TCRa8
T cells into CD4 cells that secreted abnormaly high levels of TH2
cytokines. As a consequence, serum IgG1 concentrations were 100-
fold higher than in wt mice, serum IgE concentretions were in the
range of milligrams per milliliter and periphera tissues were mas-
sively infiltrated with eosinophils (13, 14). Likewise, mice bearing
Y 175F, Y 195F, and Y 235F mutations had an abnormal differen-
tiation of TCRyS T cells, also resulting in an exaggerated TH2
polarization and massive proliferation (15). Although they affect
two distinct T cell lineages, respectively, the two types of LAT
tyrosine mutations therefore seemed to inhibit a negative regula-
tion that normally controls terminal T cell differentiation in both
lineages of T cells. Thissuggeststhat LAT may contribute not only
to positive signaling, but also to negative signaling.

The possibility that LAT might support inhibitory signalsis not
easily explained by the known functions of the four distal tyrosines
whose mutation was responsible for the severe T cell abnormalities
observed in knock-in mice. In an attempt to investigate this pos-
sibility, we undertook a functional analysis of FcR signaling in
mast cells derived from the same knock-in micein which LAT had
Y to F mutations of one (Y 136), three (Y 175, Y195 and Y 235), or
all four distal tyrosines and, as positive and negative contrals, in
mast cells from wt and LAT '~ mice. Our rationale was that, not
being known to depend on immunoreceptor signaling, mast cell
development would not be affected by LAT mutations as T cell
development was. We examined IgE- and/or 1gG-induced re-
sponses in two types of mast cells: BMMCs, which are considered
as amodel of mucosal-type mast cells, and peritoneal cell-derived
mast cells (PCMCs), a novel type of cultured mast cells that we
generated and which represents the first available model of serosal-
type mast cells (O. Malbec et al., manuscript in preparation). We
found that LAT differentially regulates the biological responses of
mucosal- and serosal-type mast cells, and that LAT tyrosines dif-
ferentialy contribute to exocytosis, cytokine secretion, and intra-
cellular signals. We also found that, in both cell types, LAT mu-
tants could indeed generate not only positive but also negative
effects that could be assigned to distinct tyrosine residues. It fol-
lows that, besides coupling FcRs to intracellular signaling path-
ways, LAT supports both positive and negative signals, whose
integration by wt LAT results in a dominant positive effect, and
that differentialy regulate the biological responses triggered by
FcRs in two types of mast cells.

Materials and M ethods
Mice expressing mutant LAT

For the sake of clarity, we will adopt here a nomenclature showing which
residues, among the four distal tyrosines of LAT, were (F) and were not
(Y) mutated. Thus, LAT-YYYY will stand for wt LAT, LAT-FYYY for
LAT with a single mutation (Y 136F), LAT-YFFF for LAT with three
mutations (Y 175F, Y 195F, and Y 235F), and LAT-FFFF for LAT with four
mutations (Y 136F, Y175F, Y195F, and Y 235F). Mice expressing LAT-
FYYY have been described (13). To generate LAT-deficient mice, an
Xhol-BamHI genomic fragment that contains the complete LAT gene was
replaced by a LoxP-flanked neo” gene. Targeted embryonic stem cellswere
injected into BALB/c blastocysts, and the resulting mutant mouse line was
first bred to Deleter mice to eliminate the LoxP-flanked neo" cassette, and
intercrossed to produce homozygous mutant mice. The phenotypes of the
LAT ™/~ mice and of LAT-FFFF mice are identical to those previously
described for independently derived lines (16, 17). LAT-YFFF mice were
engineered in paralel (15). Mice were housed under specific pathogen-free
conditions in accordance with institutional guidelines.
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Abs and Ags

The mouse IgE anti-DNP mAb 2682-1 was used as culture supernatant of
a subclone of DNP-H1-e-26 hybridoma cells (18). BSA (Sigma-Aldrich,
St. Louis, MO) was dinitrophenylated using dinitrobenzene sulfonic acid.
Conjugates used for stimulation had a substitution number of 24 moles of
DNP per mole of BSA. Mouse serum anti-GST was obtained by immu-
nizing BALB/c micei.p. with GST in Freund’ s adjuvant. GST was purified
from bacteria expressing a GST-containing pGEX vector. The rat anti-
mouse FcyRIIB/IIIA mAb 2.4G2 (19) was purified by affinity chromatog-
raphy on protein G-Sepharose (Pharmacia-SAS, Guyancourt, France) from
ascitic fluid of nude mice inoculated with 2.4G2 hybridoma cellsi.p. Anti-
LAT Abs were purchased from Upstate Cell Signaling Solutions (Eurome-
dex, Mundolsheim, France), FITC-conjugated F(ab’), of mouse anti-rat 1g
and of goat anti-mouse Ig (GAM) from Jackson ImmunoResearch Labo-
ratories (West Grove, PA), HRP-conjugated goat anti-rabbit g (GAR) and
GAM Abs from Santa Cruz Biotechnology (Santa Cruz, CA), rabbit anti-
phospho-ERK and anti-ERK Abs from New England Biolabs (Beverly,
MA). The anti-phosphotyrosine mAb 4G10 was akind gift of Dr. S. Latour
(Institut National dela Santé et de |a Recherche Médicale (INSERM) Unité
429, Hopital Necker, Paris, France).

Mast cells

BMMCs were generated from bone marrow cells and propagated as de-
scribed previously (20) in 4% culture supernatant from X63 cells trans-
fected with the cDNA encoding murine IL-3. PCMCs were obtained by
culturing peritoneal cells with 4% culture supernatant from Chinese ham-
ster ovary cells transfected with the cDNA encoding murine stem cell
factor (SCF). IL-3- and SCF-secreting transfectants were kind gifts of Dr.
P. Dubreuil (INSERM Unité 119, Institut, Paoli-Calmettes, Marseille,
France). Homogeneous populations of FceRI ™, Kit* BMMCs and PCMCs
were obtained after 3 and 2 wk of culture, respectively. PCMCs exhibited
the typical morphology and staining properties of peritoneal mast cells.
Compared with BMMCs, they had the features of mature serosal-type mast
cells (based on granule numbers and morphology, mediators, and murine
MCP contents). Four- to 8-wk-old cultures were used for experiments.
They were set up with bone marrow or peritoneal cells harvested from the
same two mice. Comparable results were obtained in experiments per-
formed with cells from two independent sets of cultures.

Immunofluorescence analysis

Cells were incubated at 0°C with undiluted 2682-1 culture supernatant, 10
no/ml 2.4G2, or medium alone, washed and stained with 50 pg/ml FITC-
GAM F(ab'), or FITC-mouse anti-rat 1g F(ab’),. Fluorescence was ana-
lyzed by flow cytometry using a FACSCalibur (BD Biosciences, Mountain
View, CA).

B-Hexosaminidase release

BMMCs and PCMCs were sensitized for 1 h at 37°C with the indicated
dilutions of 2682-1 hybridoma supernatant and washed. |gE-sensitized cells
were challenged with the indicated concentrations of DNP-BSA for 15 min
at 37°C. Nonsensitized PCMCs were challenged for 15 min at 37°C with
preformed immune complexes made of the indicated dilutions of serum
anti-GST and GST. Reactions were stopped by placing plates on ice and
supernatants were collected. B-Hexosaminidase release was measured by
incubating supernatants with p-nitrophenyl-N-acetyl-p-glucosaminide (a
B-hexosaminidase substrate) (Sigma-Aldrich) for 2 h at 37°C. Reactions
were stopped with glycine 0.2 M, pH 10.7, and absorbance was measured
at 405 nm. The percentages of B-hexosaminidase released in supernatants
were calculated using as 100% B-hexosaminidase contained in aiquots of
cells lysed in 0.1% Triton X-100.

Secretion of TNF-a

BMMCs, previously sensitized by a 1-h incubation at 37°C with IgE, were
incubated for 3 h at 37°C with DNP-BSA. Nonsensitized PCMCs were
stimulated under the same conditions with GST-anti-GST preformed im-
mune complexes. Serial dilutions of cell-free supernatants were harvested
and assayed for TNF-a. TNF-a was titrated by a cytotoxic assay on L929
cells as described (21).

Quantitative analysis of cytokine transcripts by RNase
protection assay

BMMCs sensitized with IgE anti-DNP 2682-1 were challenged for 3 h at
37°C with 0.1 wg/ml DNP-BSA or medium alone. Total RNA was ex-
tracted using RNA-Plus (Q-biogene, Illkirch, France) and analyzed for
multiplex transcript by RNase protection assay using the MCK-1 RiboQuant
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custom mouse template set (BD Pharmingen, Erembodegem, Belgium). *2P-
labeled riboprobes were mixed with 10 ug of RNA, incubated at 56°C for
12-16 h, and trested with a mixture of RNase A and T1 and proteinase K.
Protected **P-labeled RNA fragments were fractionated on denaturing poly-
acrylamide gels and autoradiographed. The intensity of the bands was quan-
titated using a Fuji imaging system (St. Quentin-en-Y uelines, France).

Measurement of Ca2* mobilization

Intracellular free calcium concentration ([Ca?*];) was determined by pre-
loading IgE-sensitized BMMCs with 5 mM Fluo-3 AM (Molecular Probes,
Eugene, OR) in the presence of 0.2% Pluronic F-127 (Sigma-Aldrich) for
30 min at room temperature. Cells were washed three timesin RPM| 1640,
resuspended at 1 X 10° cellsml in complete medium, and [Ca?*]; was
monitored with a flow cytometer. After 3 min at 37°C, cells were stimu-
lated with 0.1 wg/ml DNP-BSA, and [Ca?*], was measured. The mean
[Ca?"]; was evaluated with the software FCS assistant 1.2.9 beta (BD
Biosciences).

Analysis of LAT phosphorylation

Cells sensitized with IgE 2682-1 and stimulated at 37°C for 1 min with 0.1
rg/ml DNP-BSA or with medium alone were lysed in buffer containing 50
mM Tris-HCI, pH 8.0, 0.5% Triton X-100, 1 mM NasVO,, 20 mM EDTA,
10 pg/ml aprotinin, 10 wg/ml leupeptin, and 1 mM PMSF. Postnuclear
lysates were immunoprecipitated with protein A-Sepharose beads coated
with rabbit polyclonal anti-LAT Abs. Immunoadsorbents were washed in
lysis buffer and boiled in sample buffer. Eluted material was fractionated by
SDS-PAGE and transferred onto Immobilon-P (Millipore, Bedford, MA).
Membranes were saturated with 5% BSA diluted in Western buffer con-
taining 150 mM NaCl, 10 mM Tris, and 0.5% Tween 20 (Merck, Schu-
chardt, Germany), pH7.4. Membranes were Western blotted with anti-
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LAT-DEPENDENT SIGNALING IN MAST CELLS

phosphotyrosine Abs 4G10 or with anti-LAT Abs and HRP-conjugated
GAM or GAR, respectively. Labeled Abs were detected using an ECL kit
(Amersham, Freiburg, Germany).

Western blot analysis of ERK1/2 phosphorylation and of LAT
expression

BMMCs sensitized with IgE 2682-1 were stimulated at 37°C for indicated
periods of time with DNP-BSA. Nonsensitized PCMCs were stimulated
under the same conditions with preformed GST-anti-GST complexes. Cells
were lysed by three cycles of incubation for 1 min in liquid nitrogen fol-
lowed by 1 min at 37°C in lysis buffer containing 50 mM Tris, pH 8, 150
mM NaCl, 1% Nonidet P40, 1 mM Na;VO,, 5 mM NaF, 10 png/ml apro-
tinin, 10 pg/ml leupeptin, 10 wg/ml pepstatin, and 1 mM PMSF. Lysates
were centrifuged at 12,000 rpm for 15 min at 4°C. Proteins were quanti-
tated using a Bio-Rad protein assay (Hercules, CA). Ten micrograms of
proteins were electrophoresed and transferred onto Immobilon-P. Mem-
branes were saturated with 5% skimmed milk (Régilait, Saint-Martin-
Belle-Roche, France) diluted in Western buffer, and Western blotted with
anti-ERK 1/2 and with anti-phospho-ERK 1/2 Abs followed by HRP-GAR.
LAT expression was assessed by Western blotting with anti-LAT Abs on
10 g of proteins from whole cell lysates of 1 X 10° cells that were lysed
in the same buffer.

Results
LAT tyrosine residues differentially contribute to 1gE-induced
exocytosis and cytokine secretion in BMMCs

Five populations of BMMCs were generated simultaneously from
the bone marrow of age-matched wt and mutant mice with the
same genetic background. These were wt and LAT ™/~ mice, on

B YYYY LAT* FYYY YFFF FFFF
B T -— — . —
m —
WCL,; Blot: anti-LAT
C IP: anti-LAT
DNP-BSA —Y s Lkl
- 4+ = + = + - %+
o~ - T‘
Blot: anti-PY

Blot: anti-LAT

Fluorescence Intensity

D
- YYYY LAT+ FYYY YFFF FFFF
g DNP-BSA (ug/ml) -|

80 4 1 -—0— 0 1 1 1
& —e— 001
% 60 - - —a— 0.1 4 o 4

—— 1
g 40 4 1 — 10 J A ]
§ 20 4 i d . . :
® o-—r.‘-o—-o-ﬁ-—&é-—o +—& sl
0 0001 001 0.1 0 0001 001 0.1 0 0001 001 0.1 0 0001  0.01 0.1 0 0001 001 0.1
IgE anti-DNP (supematant dilution)

FIGURE 1. IgE-induced B-hexosaminidase release in BMMCs from wt and LAT mutant mice. A, FceRI expression. The expression of FceRI by

BMMCs was assessed by indirect immunofluorescence (solid lines: cells incubated with mouse IgE and FITC-GAM F(ab’),; dashed lines: cells incubated
with FITC-GAM F(ab’), only). Histograms show the relative cell numbers as a function of fluorescence intensity. B, LAT expression. The expression of
LAT by BMMCs was assessed by Western blotting of whole cell lysates (WCL) with anti-LAT Abs. C, LAT phosphorylation. BMMCs sensitized with
IgE anti-DNP were challenged for 1 min with DNP-BSA (+) or medium aone (—) and lyzed. LAT was immunoprecipitated, electrophoresed, and Western
blotted with 4G10 (blot anti-PY) or with anti-LAT Abs. D, 3-Hexosaminidase release. BMMCs sensitized with the indicated supernatant dilutions of mAb
IgE anti-DNP hybridoma were challenged with the indicated concentrations of DNP-BSA. B-Hexosaminidase released in the supernatants was measured
by an enzymatic assay. Curves represent the percentage of 3-hexosaminidase release as a function of the dilution of IgE supernatant used to sensitize cells.
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the one hand, and, on the other hand, knock-in micein which LAT
had aY to F mutation at one (Y 136) (LAT-FYYY), three (Y 175,
Y195 and Y235) (LAT-YFFF), or four (Y136, Y175, Y195 and
Y 235) (LAT-FFFF) positions corresponding to the four distal ty-
rosines that were previously reported to account for most LAT
activities. Resulting cells expressed comparable levels of high af-
finity 1gE receptors (FceRl) (Fig. 1A) and Kit, the SCF receptor
(not shown). BMMCs generated from wt mice or mice bearing
LAT mutations contained comparable amounts of LAT whereas,
as expected, no LAT was detected in BMMCs derived from LAT-
deficient mice (Fig. 1B).

LAT was inducibly tyrosyl-phosphorylated upon stimulation of
IgE-sensitized cells with Ag. The magnitude of LAT phosphory-
lation seemed higher in wt BMMCsthan in mutant BMMCs. In the
latter, LAT phosphorylation was not markedly affected by the type
of mutation. Noticeably, LAT-FFFF was also inducibly phosphor-
ylated, indicating that the five proximal tyrosines could be phos-
phorylated upon FceRI aggregation (Fig. 1C).

The release of B-hexosaminidase was monitored in BMMCs
sensitized with different concentrations of IgE anti-DNP and chal-
lenged with different concentrations of DNP-BSA (Fig. 1D). As
shown previously (7), measurable amounts of B-hexosaminidase
were still released by LAT ™/~ BMMCs. LAT~/~ BMMCs, how-
ever, released much less B-hexosaminidase than BMMCs express-
ingwt LAT. LAT-FFFF BMMCs a so released less B-hexosamini-
dase than wt BMMCs. This reduction was not seen upon challenge
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with an optimal concentration of Ag, but it was obvious for su-
praoptimal Ag concentrations. By contrast, LAT-FYYY and LAT-
Y FFF BMMCs responded as poorly as LAT '~ BMMCs. Surpris-
ingly, LAT-FFFF BMMCs released more 3-hexosaminidase than
LAT-YFFF or LAT-FYYY BMMCs.

The secretion of TNF-a was examined following stimulation of
BMMCs with IgE and Ag. This was done by measuring the cyto-
toxicity of serial dilutions of mast cell supernatants on L929 cells
(Fig. 2A). This cytotoxic effect was previously shown to depend on
TNF-a (21). The effect of LAT mutations on TNF-« secretion can
be best appreciated by comparing the 60% cytotoxicity titers of
supernatants deduced from dilution curvesfor each type of BMMC
(Fig. 2B). A robust secretion of TNF-a was induced in IgE-sen-
sitized wt BMMCs over a 3-log,, range of Ag concentrations. As
previously reported, LAT '~ BMMCs still secreted TNF-a (7).
However, they secreted lower amounts of TNF-« than wt BM-
MCs. The difference was observed at all Ag concentrations but it
was more marked at high Ag concentrations. LAT-FFFF BMMCs
secreted higher amounts of TNF-a than LAT~/~ BMMCs, and
LAT-FYYY BMMCs secreted higher amounts of TNF-« than
LAT-FFFF BMMCs. Surprisingly, the lowest response was ob-
served in LAT-YFFF BMMCs.

Up-regulation of cytokine transcripts was examined using a
RNase protection assay (Fig. 2C). The basa transcription of
TGF-B1 observed in al five BMMCs was not up-regulated upon
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FIGURE 2. IgE-induced TNF-a secretion and up-regulation of cytokine transcripts in BMMCs from wt and LAT mutant mice. A, TNF-« secretion.

BMMCs sensitized with mouse mAb IgE anti-DNP were challenged with the indicated concentrations of DNP-BSA for 3 h. TNF-a secreted in the
supernatants was titrated by a bioassay on the TNF-a-sensitive L929 cells. Curves represent the percentage of cytotoxicity as a function of the dilution of
BMM C supernatant. B, Supernatant dilutions that induced 60% cytotoxicity were plotted as a function of the concentration of DNP-BSA used for challenge.
C, Up-regulation of cytokine transcripts. BMM Cs sensitized with mouse mAb IgE anti-DNP were challenged with medium or DNP-BSA for 1 h. Cellswere
washed, lysed, and RNA was extracted. Cytokine transcripts were detected in *2P-labeled RNA by a RNase protection assay followed by gel fractionation
and autoradiography. Two experiments performed with the same RNA extracts are shown. 1: LAT-YYYY; 2: LAT /~; 3: LAT-FYYY; 4: LAT-YFFF,

5. LAT-FFFF.
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FceRI aggregation. No significant basal transcription of other cy-
tokine genes was observed in resting BMMCs. An IgE-induced
up-regulation of IL-6, IL-13, and TNF-« transcripts was observed
in al BMMCs but it was of alower magnitude in BMMCs from
mutant mice. Each LAT mutation affected similarly the up-regu-
lation of 1L-6, IL-13, and TNF-« transcripts. The different muta-
tions, however, differentially affected the up-regulation of cytokine
transcripts. Compared with wt BMMCs, it was 20 times lower in
LAT/~, 9 times lower in LAT-FFFF and LAT-YFFF BMMCs,
and 2.3 times lower in LAT-FYYY BMMCs for al three
cytokines.

Taken together, the results described in this section indicate that
athough it is dispensable for exocytosis and cytokine secretion,
LAT isrequired for these two responses to be optimal. This effect
of LAT depends on its four distal tyrosines, but also on sequences
containing the five proximal tyrosines. Among the four distal ty-
rosines, Y136 and the three distal tyrosines contributed differen-
tially to exocytosis and cytokine secretion. Surprisingly, B-hex-
osaminidase release and TNF-a secretion were decreased when
Y136 was present in the absence of the three distal tyrosines.
B-hexosaminidase rel ease was also decreased when the three distal
tyrosines were present in the absence of Y 136.

LAT tyrosine residues differentially contribute to IgE-induced
intracellular signaling in BMMCs

We examined the intracellular concentration of Ca®* and the phos-
phorylation of the MAPKs ERK1/2, the effector molecules of two
major intracellular signaling pathways known to be triggered by
FceRI in mast cells

The fast and sustained increase in the intracellular Ca?* con-
centration observed upon challenge of IgE-sensitized cellswith Ag
in wt BMMCs was markedly reduced in LAT/~ BMMCs (Fig.

LAT-DEPENDENT SIGNALING IN MAST CELLS

3A). As previously reported, some Ca?* mobilization was how-
ever till detectably induced in the absence of LAT. Ca2" mobi-
lization observed in BMMCs expressing a LAT mutant was in all
cases lower than Ca?* mobilization observed in wt BMMCs and
higher than Ca®* mobilization observed in LAT™’/~ BMMCs.
LAT-YFFF was more efficient than LAT-FYYY which was
slightly more efficient than LAT-FFFF.

IgE-induced ERK1/2 phosphorylation was monitored at differ-
ent times following challenge with Ag (Fig. 3B). An inducible
phosphorylation of comparable magnitude was observed in al
BMMCs at 3 min. ERK1/2 phosphorylation was sightly reduced
at 10 minin LAT-YYYY BMMCs whereas it was not detectable
any more in LAT~/~ BMMCs. At 10 min, ERK1/2 phosphoryla-
tion was similarly decreased in LAT-FFFF and in LAT-FYYY
BMMCs. It was even more reduced in LAT-YFFF BMMCs.

Taken together, the data described in this section indicate that
LAT is dispensable for both the Ca?" response and activation of
the MAPKs ERK1/2. LAT nevertheless contributes to the Ca®™*
response and is required for a sustained phosphorylation of
ERK1/2. Although both Y136 and the three distal tyrosines are
involved in both responses, Y136 is more critical than the three
distal tyrosines for the Ca?* response, whereas the three distal
tyrosines are more critical than Y 136 for ERK 1/2 phosphorylation.

LAT tyrosine residues differentially contribute to the activation
of mucosal-type and serosal-type mast cells

Five populations of PCMCs were expanded simultaneously from
peritoneal cells collected from the same mice that were used to
generate BMMCs, and propagated in parallel culturesin SCF-con-
taining medium. PCMCs from wt mice or from mice bearing LAT
mutants contained LAT, but not PCMCs from LAT-deficient mice
(Fig. 4A). The lower amount of LAT seen in LAT-FFFF cells was
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FIGURE 3.

IgE-induced intracellular responses in BMMCs from wt and LAT mutant mice. A, Ca?* mobilization. BMMCs sensitized with mouse mAb

IgE anti-DNP, loaded with Fluo-3, and challenged with DNP-BSA (arrow). The increase in intracellular Ca®* concentration was monitored by flow
cytometry. Curves show the relative intracellular Ca?* concentration as a function of time. B, ERK1/2 phosphorylation. BMMCs sensitized with mouse
mADb IgE anti-DNP were challenged with DNP-BSA for the indicated times. ERK1/2 and phospho-ERK 1/2 were detected by Western blotting in whole

cell lysates.
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FIGURE 4.

IgE-induced B-hexosaminidase release in PCMCs from wt and LAT mutant mice. A, LAT expression. The expression of LAT by PCMCs

was assessed by Western blotting of whole cell lysates (WCL) with anti-LAT Abs. B, FcR expression. The expression of FceRIl and FcyRIIB/IIIA by
PCMCs was assessed by indirect immunofluorescence. FceRI were detected using mouse IgE (solid lines: cells incubated with mouse IgE and FITC-GAM
F(ab"),; dashed lines: cellsincubated with FITC-GAM F(ab’), only). FcyRIIB/I1IA were detected using 2.4G2 (solid lines: cells incubated with 2.4G2 and
FITC-GAM F(ab'"),; dashed lines: cells incubated with FITC-GAM F(ab'), only). Histograms show the relative cell numbers as a function of fluorescence
intensity. C, B-Hexosaminidase release. PCMCs sensitized with the indicated supernatant dilutions of a mouse mAb IgE anti-DNP hybridoma were
challenged with the indicated concentrations of DNP-BSA. B-hexosaminidase was measured in supernatants by an enzymatic assay. Curves represent the
percentage of B-hexosaminidase release as a function of the dilution of IgE supernatant used to sensitize mast cells.

not reproducibly observed. All PCMCs expressed comparable lev-
els of FceRI and of FcyRIIB/INIA (Fig. 4B). FceRI-dependent re-
sponses were examined in PCMCs sensitized with IgE and chal-
lenged with Ag. FcyRIII A-dependent responses were examined in
nonsensitized PCMCs challenged with preformed 1gG immune
complexes. Indeed, among other differences with BMMCs, peri-
toneal mast cells can be activated not only by IgE and Ag via
FceRI but aso by 1gG immune complexes via FcyRINIA (22).

IgE-induced B-hexosaminidase release observed in wt PCMCs
was more severely impaired in LAT ™/~ PCMCs than in LAT '~
BMMCs (Fig. 4C). It was partialy restored in LAT-FFFF PCMCs.
Noticeably, B-hexosaminidase release was comparable or lower in
LAT-FYYY PCMCs than in LAT-FFFF PCMCs, but higher in
LAT-YFFF PCMCs. The same hierarchy of responses was observed
when examining 1gG immune complex-induced B-hexosaminidase
release by PCMCs (Fig. 5A). B-Hexosaminidase release observed in
wt PCM Cs was abrogated in LAT~/~ PCMCs. It was of asimilar or
higher intensity in LAT-YFFF PCMCs and in wt PCMCs. It was
markedly inhibited in LAT-FFFF and virtualy abolished in LAT-
FYYY PCMCs.

We found that PCM Cs secreted much lower amounts of TNF-«
than BMMCs in response to IgE and Ag or to 1gG immune com-
plexes. For this reason, no cytotoxicity titer could be calculated.
However, TNF-« secretion varied like B-hexosaminidase release.

TNF-a secretion was of a comparable or of a higher intensity in
LAT-YFFF PCMCs than in wt PCMCs and it was reduced to the
same extent in LAT-FYYY and in LAT '~ PCMCs. Comparable
results were observed in PCMCs stimulated with 1gG immune
complexes or with IgE and Ag (data not shown).

Similarly, 1gG immune complex-induced ERK1/2 phosphoryla-
tion was of a higher intensity in LAT-YFFF than in wt PCMCs,
whereas no ERK1/2 phosphorylation was detectably induced in
LAT-FYYY andin LAT /= PCMCs. LAT-FFFF permitted afaint
ERK 1/2 phosphorylation (Fig. 5B).

Taken together, data described in this section indicate that, by
contrast with what was observed in BMMCs, LAT is mandatory
for exocytosis, cytokine secretion, and MAPK activation in PC-
MCs and that LAT Y 136 plays a prominent role for al responses
examined in these cells. The three distal tyrosines, instead, seem to
contribute negatively to these responses in PCMCs.

Discussion

We report here that, athough LAT primarily generates positive
signals as a consequence of FCR engagement in mouse mast cells,
it also contributes negative signals. Positive and negative signals
depend on tyrosine residues that are phosphorylated following FCR
aggregation. Fig. 6 recapitul ates the respective contributions of LAT
tyrosine residues in mast cell activation unraveled by our work. This
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figure was constructed from experimental data as detailed in thefigure
legend. It will be used throughout the discussion which will succes-
sively focus on the differential effects of LAT mutationsin mast cells
and in T cells, on the integration of postive and negative signals
generated via different tyrosines of LAT and its functiona conse-
quences in mast cell secretory responses, and on the differentia roles
of LAT tyrosines in mucosal- and serosal-type mast cells.

First of al, a mgjor difference between mast cells and T cells
expressing a mutant version of LAT was pointed out by this study.
By contrast with T cells from LAT-FYYY or LAT-YFFF mice,
which exhibited constitutively activated phenotypes associated
with an exaggerated spontaneous secretion of TH2-type cytokines
(13-15), mast cells derived from the same mutant mice exhibited
an apparently resting phenotype. Unstimulated BMMCs from mu-
tant mice contained comparable amounts of cytokine transcripts as
BMMCs from wt mice. Also, following stimulation by IgE and
Ag, BMMCs from al mice bearing a LAT mutation contained
lower amounts of cytokine transcripts than wt BMMCs. This is
interesting as mast cells depend on TH2 cytokines for their differ-
entiation (23) and, when activated, they secrete primarily TH2 cy-
tokines (24). The enhanced differentiation of a8 T cells and of y8
T cells toward a TH2 phenotype, observed in LAT-FYYY and in
LAT-YFFF mice, respectively (13-15), therefore does not affect
mast cells. One possible reason is that, when cultured, mast cells
were removed from the abnormal cytokine environment of the two
knock-in mice. Another likely explanation is that, by contrast with
the TCR for T cell differentiation, FceRI play no role in mast cell
differentiation. It follows that mast cells provide a well-suited
model for studying LAT-dependent immunoreceptor signaling in
nonotherwise activated cells. We used here two types of cultured
mast cells. BMMCs are immature mucosal-type mast cells. PC-
MCsare anew in vitro model and possess all feature characteristic

of mature serosal-type mast cells (O. Malbec et a., manuscript in
preparation).

All responses of LAT ™/~ mast cells were of alower magnitude
than those of wt mast cells (Fig. 6, column 1). Therefore, LAT
positively regulates FceRI signaling. A positive effect could be
ascribed not only to the four distal tyrosines as previously reported
(12), but also to the five proximal tyrosines. Biological responses
of LAT-FFFF cells were indeed more intense than those of
LAT '~ cells (Fig. 6, column 2). Unless residues other than ty-
rosines contribute to the functions of LAT, thisisthe first evidence
that the five proximal tyrosines may contribute to immunoreceptor
signaling. Supporting this conclusion, we observed an inducible
tyrosyl phosphorylation of LAT-FFFF in BMMCs. Molecules that
are possibly recruited by these phosphotyrosines are unknown. No-
ticeably, the positive effects of LAT sequences containing the five
proximal tyrosines enhanced those of the four distal tyrosines.

Compared with LAT-YYYY cells, al the biological responses
examined were decreased in LAT-FFFF cells (Fig. 6, column 3).
The four distal tyrosines therefore have a positive effect. Among
the four distal tyrosines, Y 136 plays a critical role. All responses
examined in BMMCs and in PCMCs were decreased in LAT-
FYYY cells, compared with LAT-YYYY cells (Fig. 6, column 4).
Likewise, the three distal tyrosines contributed positively: al re-
sponses examined in BMMCs, but apparently not in PCMCs, were
decreased in LAT-YFFF cells compared with LAT-YYYY cells
(Fig. 6, column 7). Both Y136 and the three distal tyrosines are
therefore required for FceRlI to trigger optimal responses and in-
tracellular signals in BMMCs, whereas Y 136 is apparently suffi-
cient in PCMCs.

Noticeably, the relative contributions of Y136 and of the three
distal tyrosines were not identical for al mast cell responses. Y 136
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FIGURE 6. Summary of the respective contributions of LAT tyrosine
residues to FcR signaling in BMMCs and PCMCs. This figure summarizes
theroles played by LAT tyrosines deduced from an analysis of data shown
in Figs. 1-5. Columns 1, 2, and 3 show the respective contributions of
sequences containing the five proximal tyrosines and of the four distal
tyrosines; columns 4, 5, and 6 analyze the contribution of Y 136 in different
contexts; columns 7, 8, and 9 analyze the contribution of the three distal
tyrosines in different contexts. This analysis was based on the systematic
comparison of biological responsesin pairs of mutants. Thus, for instance,
column 4 shows the contribution of Y136 (bold) when al other LAT ty-
rosines were conserved (gray). This contribution was deduced from the
comparison of LAT-FYYY and LAT-YYYY. Column 5 shows the con-
tribution of Y 136 (bold) when the three distal tyrosines were mutated (ital-
ics). This contribution was deduced from the comparison of LAT-FFFF
and LAT-YFFF. Column 6 shows the contribution of Y 136 and sequences
containing the five proximal tyrosines (bold) when the three distal tyrosines
were mutated (italics). This contribution was deduced from the comparison
of LAT-YFFF with LAT /", Likewise, column 1 corresponds to the com-
parison of LAT-YYYY and LAT /", column 2 to the comparison of LAT-
FFFF with LAT™'~, column 3 to the comparison of LAT-YYYY with
LAT-FFFF, column 7 to the comparison of LAT-YYYY with LAT-YFFF,
column 8 to the comparison of LAT-FFFF with LAT-FYY'Y, column 9 to
the comparison of LAT™/~ with LAT-FYYY. Lines correspond to data
from the indicated figures. Red boxes indicate a positive contribution of
tyrosines (deduced from aloss of activity in cellsbearing LAT withaY >F
mutation of these tyrosines). Blue boxes indicate a negative contribution of
tyrosines (deduced from a gain of activity in cells bearing LAT with Y >F
mutation of these tyrosines). Color intensity is proportional to the intensity
of the effects.

and the three distal tyrosines contributed equally to 8-hexosamini-
dase release in BMMCs (Fig. 6, line 1). Y136 had a predominant
role for the Ca?* response in BMMCs (Fig. 6, line 4) and for all
the responses examined in PCMCs (Fig. 6, lines 6—8). The three
distal tyrosines had a predominant role for the secretion of TNF-«,
the up-regulation of cytokine transcripts, and the activation of
ERK1/2in BMMCs (Fig. 6, lines 2, 3, and 5). Similar results were
recently found in LAT-deficient BMM Cs reconstituted by tyrosine
mutants of LAT (12). As suggested by data from the same inves-
tigation and from others conducted in T cells, LAT-dependent pos-
itive signals are thought to result from a cooperation between sig-
naling molecules recruited by Y136, such as PLC-y, and
molecules recruited by the three distal tyrosines including Gads
and Grb2 (25). PLC-y is critical for the Ca?* response (26), Grb2
iscritica for ERK activation (27), and both intracellular pathways
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are required for exocytosis and cytokine secretion. No such a co-
operation seems to occur (and be necessary) in PCMCs.

Noticeably, Y136 and the three distal tyrosines could apparently
also exert a negative role. This mainly occurred when either Y 136
(Fig. 6, column 8) or the three distal tyrosines (Fig. 6, column 5)
were mutated. Except for the Ca?" response, the positive role of
Y 136 was either decreased or replaced by a negative role when the
three distal tyrosines were mutated in BMMCs (Fig. 6, compare
columns 4 and 5). Likewise, the positive role of the three distal
tyrosines was decreased or lost when Y 136 was mutated in BMMCs
(Fig. 6, compare columns 7 and 8). Although it was not mentioned
in the work by Saitoh et a. (12), one observes a similar negative
effect of Y136 on the recruitment of Grb2 by LAT in BMMCs. No
negative effect was however observed by these authors on other
mast cell responses. One reason might be that they used BMMCs
in which LAT mutants were overexpressed following infection,
whereas we used unmodified BMMCs from knock-in mice that
constitutively expressed normal amounts of LAT. By contrast with
BMMCs, we found that the three distal tyrosines were inhibitory
on B-hexosaminidase release and ERK activation in PCMCs
whether Y 136 was mutated or not (Fig. 6, compare columns 7 and
8). Negative signals might be explained by the recruitment of mol-
ecules involved in negative signaling, such as SH2 domain-con-
taining phosphatases (SHP), by mutant LAT. Although it does not
exclude this possibility, we failed to detectably coprecipitate
SHP-1, SHP-2, SHIP1, or SHIP2 with LAT-FYYY or LAT-YFFF
(not shown). This is reminiscent of the negative effects of another
LAT-like molecule, named LAX, recently described in lymphoid
cells (28). LAX was tyrosyl-phosphorylated upon BCR or TCR
engagement, and it recruited Gads, Grb2, and the p85 subunit of
PI3K but, apparently, no phosphatase that could have accounted
for its inhibitory properties.

The possibility that the negative effects observed in cells that
expressed LAT mutants, whatever their mechanism, reveal that
negative signals may emanate from wt LAT but be masked by
overall dominant positive signals remains to be demonstrated. It is
however supported by the following set of data. Positive and neg-
ative signals generated by different segments of the LAT molecule
are apparently additive. Sequences containing the five proximal
tyrosines could abrogate the negative effects of Y136 in the ab-
sence of the three distal tyrosines or the negative effects of the
three distal tyrosines in the absence of Y136, e.g., on B-hex-
osaminidase release in BMMCs (Fig. 6, compare columns 5 and 6
and columns 8 and 9). Most importantly, LAT can apparently in-
tegrate positive and negative signals even when in a wt configu-
ration. Thus, the positive effect of the four distal tyrosines on
ERK1/2 activation in PCMCs appeared as resulting from an inte-
gration of the positive effect of Y 136 and of the negative effect of
the three distal tyrosines (Fig. 6, line 9). Surprisingly, negative
cooperation of distinct LAT segments was also observed. This
is most strikingly exemplified by B-hexosaminidase release in
BMMCs: together, the four distal tyrosines had a positive effect
(Fig. 6, line 1, column 3), but of alower magnitude than the intense
positive effects of either Y 136 alone (Fig. 6, line 1, column 4) or
of the three distal tyrosines aone (Fig. 6, line 1, column 7). These
observations would be best explained if LAT could promote the
assembly of a signaling complex composed of a mixture of intra-
cellular molecules with antagonistic properties. Supporting this
possibility, Gab2, that had been proposed to negatively regulate
FceRI signaling in mast cells (29), was recently reported to neg-
atively regulate TCR signaling when recruited to LAT via Grb2/
Gads (30).

Finally, an unexpected finding of our work was that, as recur-
rently pointed out throughout this discussion, LAT differentially
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regul ates FcR-dependent BMMC and PCMC activation. We found
the following three main differences. First, LAT is dispensable in
BMMCs (even though it is required for optimal responses), but
indispensable in PCMCs. Comparable results were observed
whether PCMCs were stimulated via FceRI or FcyRIIIA which
share the same FcRB and FcRy transduction subunits in mouse
mast cells. Second, Y 136 is necessary and apparently sufficient for
LAT to support FcR signaling in PCM Cs whereas BMMCsrequire
all four distal tyrosines. Third, the three distal tyrosines could have
anegative role in the two types of mast cells, whereas Y 136 could
have a negative role in BMMCs, but not in PCMCs. At least two
nonexclusive mechanisms can explain differences between the two
cell types: 1) a fyn-dependent, LAT-independent pathway was de-
scribed in BMMCs (31) and 2) LAT-related molecules, named
NTAL (32) or LAB (33), have been identified in mast, NK, and B
cells. AsLAT, these transmembrane adapters recruit SH2 domain-
containing signaling molecules when tyrosyl-phosphorylated, and
they positively regulate immunoreceptor signaling. That LAT was
mandatory in PCMCs suggests either that the fyn-dependent path-
way is not functioning in these cells or/and that LAT-like adapters
that can partidly replace LAT in BMMCs are absent in PCMCs.
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