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Mast cell-mediated responses are likely to be regulated by the cross talk between activatory and inhibitory signals. We have
screened human cord blood mast cells for recently characterized inhibitory receptors expressed on NK cells. We found that IRp60,
an Ig superfamily member, is expressed on human mast cells. On NK cells, IRp60 cross-linking leads to the inhibition of cytotoxic
activity vs target cells in vitro. IRp60 is constitutively expressed on mast cells but is down-regulated in vitro by the eosinophil
proteins major basic protein and eosinophil-derived neurotoxin. An immune complex-mediated cross-linking of IRp60 led to
inhibition of IgE-induced degranulation and stem cell factor-mediated survival via a mechanism involving tyrosine phosphory-
lation, phosphatase recruitment, and termination of cellular calcium influx. To evaluate the role of IRp60 in regulation of allergic
responses in vivo, a murine model of allergic peritonitis was used in which the murine homolog of IRp60, LMIR1, was neutralized
in BALB/c mice by mAbs. This neutralization led to a significantly augmented release of inflammatory mediators and eosinophilic
infiltration. These data demonstrate a novel pathway for the regulation of human mast cell function and allergic responses,
indicating IRp60 as a candidate target for future treatment of allergic and mast cell-associated diseases. The Journal of Immu-
nology, 2005, 175: 7989–7995.

T he tissue-dwelling mast cells have key roles in allergic
reactions, innate immunity, inflammatory diseases, fibro-
sis, and autoimmunity. They arise from circulating pre-

cursors that enter the tissues, where they undergo final maturation
and begin expressing the high-affinity receptor for IgE, Fc�RI, the
central trigger for mast cell activation in allergy. Following aller-
gen-induced aggregation of Fc�RI, the mast cells degranulate and
secrete an array of preformed and newly synthesized mediators
and, later on, produce and secrete additional cytokines. Mast cells
can also be activated by IgE-independent stimuli, such as anaphy-
latoxins, neuropeptides, and eosinophil basic proteins. A main fac-
tor regulating mast cell homeostasis in humans is stem cell factor
(SCF).4 Through its tyrosine kinase receptor c-kit (CD117), SCF
plays central roles in mast cell differentiation (1), survival (2, 3),
activation (4, 5), and chemotaxis (6).

The responses coordinated by mast cells are tuned through a
balance between activating and inhibitory signals. Over the last

few years, it has become clear that mast cell activation can be
regulated by various inhibitory receptors that are expressed and
functional on the surface of murine and human mast cells (7). The
functional cores of immune inhibitory receptors are specialized
modules in their intracellular domain, termed ITIMs (8). Upon
ligand-binding or immune complex-mediated cross-linking of the
receptor, these modules undergo tyrosine phosphorylation and re-
cruit Src homology 2-bearing phosphatases, such as Src homology
2 domain-containing phosphatase (SHP)-1/2 and the inositol phos-
phatase SHIP (9). These phosphatases act by dephosphorylating
the docking sites for activating kinases such as Syk, or alterna-
tively degrading phosphatidylinositides produced by phosphoino-
sitide 3�-kinase (10), actively shutting these signals off and halting
the activating cascade.

Among the known mast cell inhibitory receptors are Fc�RIIB
(11), gp49B1 (12), myeloid-associated Ig-like receptors 1/2 (13),
the mast cell function-associated Ag (14), paired Ig-like receptor
A/B (15), and CD200R (16). Of these, Fc�RIIB has been exten-
sively studied on human mast cells (17), and attempts to target it
have already been made for therapeutic mast cell inhibition (18,
19). Thus, characterizing additional inhibitory receptors on human
mast cells is required for a better understanding of the signals
involved in mast cell regulation, as well as for defining new im-
munopharmacological targets for treatment of allergic diseases.
Therefore, we aimed to investigate the presence and function of a
series of inhibitory receptors belonging to several receptor families
(Ig superfamily, lectin type). In the present study, we focus on
IRp60 (CD300a), an Ig superfamily receptor that is expressed on
various cells like T cells, NK cells, and neutrophils (20). Ab-me-
diated cross-linking of IRp60 on NK cells results in down-regu-
lation of NK cytolytic activity in vitro.

In this study, we report that IRp60 is expressed on human mast
cells and that its cross-linking inhibits IgE-induced degranulation and
SCF-mediated survival through a mechanism involving tyrosine
phosphorylation and phosphatase recruitment. Neutralization of the
murine homolog of IRp60, LMIR1, leads to an augmented response
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to allergen challenge. Altogether, this study demonstrates a novel
pathway for the regulation of human mast cell function and of the
allergic response.

Materials and Methods
Abs and reagents

All of the cell culture media, reagents, and buffers were purchased from
Biological Industries. SCF is a kind gift from Amgen (Thousand Oaks,
CA). The following mAbs recognizing various inhibitory receptors were
produced as described (20): P192 and E59 (mouse monoclonal anti-IRp60;
isotypes are mouse IgG2b and IgG1, respectively), Z270 (mouse anti-
NKG2A), XA185 (mouse anti-CD94), 11PB6 (mouse anti-p58.1), GL183
(mouse anti-p58.2), Z27 (mouse anti-p70), Q66 (mouse anti-p140), AZ158
(mouse anti-p70/p140), F278 (mouse anti-LIR1(ILT2)). The Ab recogniz-
ing LIR3(ILT5) (15F3) was kindly provided by Dr. M. Colonna (Wash-
ington University, St. Louis, MO). The following Abs and reagents were
purchased as indicated: rat anti-mouse LMIR1 (clone 224) and FITC-con-
jugated rat anti-mouse CCR3 from R&D Systems; anti-human CD117 Ab
for human lung mast cell purification from BD Pharmingen; PE-conjugated
anti-human Fc�RI (clone AER-37) from eBioscience; anti-human tryptase
(clone AA1) and isotype control (IgG1 and IgG2A) Abs from DakoCyto-
mation; sheep anti-mouse F(ab�)2 from ICN Biomedicals. Chimeric mu-
rine/human IgE anti-NP Ab from Serotec; goat anti-mouse �-chain-specific
Ab from Southern Biotech; polyclonal anti-human phosphotyrosine
(pY99), SHP-1/2, and SHIP Abs from Santa Cruz; anti-human phospho-
syk from Cell Signaling; HRP-conjugated anti-rabbit and anti-mouse,
FITC-, Cy5-, and PE-conjugated secondary Abs from Jackson ImmunoRe-
search; chromogenic substrates from Sigma-Aldrich; Calcium Green-1AM
was purchased from Molecular Probes; Ficoll-Paque from Amersham Bio-
sciences. All other reagents were from Sigma-Aldrich, unless otherwise
stated, and were of best chemical grade available.

Mast cells

Human cord blood mast cells (CBMC) were obtained by culturing umbil-
ical cord blood mononuclear cells as described previously (21). Briefly,
fresh cord blood was diluted with Hank’s solution, loaded on Ficoll-Paque,
and centrifuged (350 � g, 25 min). Mononuclear cells were washed twice
with Hank’s and resuspended with 100 ml of MEM-Alpha containing 10%
v/v heat-inactivated FCS, penicillin (100 U/ml), streptomycin (100 �g/ml),
ribonucleosides/deoxyribonucleosides, SCF (100 ng/ml), IL-6 (10 ng/ml)
(PeproTech), and PGE2 (0.3 �M) (Sigma-Aldrich). The culture medium
was replaced weekly. CBMC were used after 8–12 wk of culture, when
�97% were positive for tryptase as assessed by intracellular flow cytom-
etry (FACS; see below). Human lung mast cells (HLMC) were purified
from healthy-looking lung specimens surgically removed from lung cancer
patients undergoing lobectomy, using proteolysis, gradient and positive
magnetic selection as described (21). Nasal polyps underwent proteolysis
using the same protocol described for lungs, and mast cells (NPMC) were
detected in FACS by gating of Fc�RI� cells. Murine bone marrow-derived
mast cells (BMMC) were kindly provided by Dr. E. Razin (The Hebrew
University of Jerusalem). Human tissues and cord blood were obtained
according to the Institutional Helsinki Committee guidelines, and their use
was approved by the Committee.

Flow cytometry (FACS)

FACS analysis was performed using BD Biosciences FACSCalibur and
CellQuest software. All stages were performed in a round-bottom 96-well
culture plate (Nunc) in a volume of 100 �l. Cells (�105/sample) were
washed with ice-cold HBA buffer (Hank’s solution containing BSA (0.1%
w/v) and NaN3 (0.01% w/v)), and then incubated with either anti-IRp60 or
the appropriate isotype control (4°C, 30 min) followed by two washes with
cold HBA. The cells were then incubated with secondary Abs, FITC- or
Cy5-conjugated anti-mouse at the recommended dilutions (4°C, 30 min)
followed by two additional washes, and analyzed immediately by FACS.
Intracellular FACS was performed essentially the same, except for the two
stages before the addition of the primary Ab. In this case, the cells were
first fixed in 2% formaldehyde (4°C, 10 min) and blocked with HBA con-
taining BSA (10% w/v), goat serum (0.1% v/v), saponin (0.1% w/v), and
HEPES (10 mM) (4°C, 10 min). HBA containing saponin (0.1% w/v) and
HEPES (10 mM) was also used for incubation and washing.

Mast cell activation and inhibition

Five days before activation, CBMC (7.5 � 104 per 200 �l) were incubated
with chimeric murine/human IgE anti-NP Ab (5 �g/ml). For activation, an
Immunolon-2HB 96-well plate (ThermoLabsystems) was incubated with

or without sheep anti-mouse F(ab�)2 (25 �g/ml in PBS) (37°C, 4 h), fol-
lowed by two washes with PBS. Next, the plate was incubated with either
anti-IRp60 (2–5 �g/ml), or isotype control or PBS (37°C, 4 h) and washed
twice with PBS. On the day of activation, cells (105) were washed twice in
warm Tyrode’s gelatin-calcium buffer (137 mM NaCl, 12 mM NaHCO3,
5.5 mM L-glucose, 2 mM KCl, 0.3 mM Na2HPO4, 0.1% w/v gelatin, 1.8
mM CaCl2, 0.9 mM MgCl2). The cells were then blocked in human serum
10% v/v in MEM-Alpha (10 min on ice) and washed, transferred to the
coated plate (7.5 � 104 per 100 �l), and either anti-mouse �-chain-specific
Ab (5 �g/ml) or compound 48/80 (15 �g/ml) were added, and the cells
were incubated for 30 min at 37°C. Then, the cells were centrifuged
(1500 � g, 1 min), separated from the supernatant, and lysed by three
freeze/thaw cycles. Supernatant and lysate were recovered and stored at
�80°C until assessed for the amounts of mediators released.

Mediator release assays

�-Hexosaminidase and tryptase were measured by chromogenic assays as
described (22, 23) with slight modifications. For �-hexosaminidase, 18 �l
of sample (supernatant or cell lysate) were mixed with 42 �l of substrate
solution (8 mM p-nitrophenyl-N-acetyl-�-D-glucosaminide in 48 mM citric
acid and 56 mM Na2HPO4 (pH 4.5)) and incubated for 2 h at 37°C. The
reaction was stopped by addition of 120 �l of ice-cold glycine (0.2 M) (pH
10.7), and the OD was immediately read in a standard spectrophotometer
at 410 nm absorbance. For tryptase, 48 �l of sample were mixed with 2 �l
of substrate solution (25 mM N-p-tosyl-gly-pro-lys-p-nitroanilide in 100%
DMSO) and incubated at 37°C until chromogenesis and immediately read
as above. Samples in which counts exceeded the reliable detection OD
range were diluted and reread. Percent release was calculated as follows:
%R � 100 � supernatant/(lysate � supernatant). IL-4 release was mea-
sured by a commercial ELISA kit (Diaclone). Eotaxin-2 content was mea-
sured by a commercial ELISA kit (Duoset; R&D Systems).

Survival assay

CBMC (105) were washed with MEM-Alpha without growth factors and
incubated in 200 �l MEM-Alpha with or without SCF (100 ng/ml) in a
culture plate coated as described above. At 24 and 48 h, all samples were
stained by addition of 5 �l of propidium iodide solution in PBS (10% v/v)
and immediately analyzed by FACS.

Modulation of receptor expression

CBMC (2 � 105 per 200 �l) were cultured in the presence of 10–100
ng/ml (ranging between �1 and 15 nM) of either of the following proteins:
eosinophil major basic protein (MBP), eosinophil cationic protein (ECP),
eosinophil-derived neurotoxin (EDN), eosinophil peroxidase (EPO), or
poly-L-arginine (15,000–70,000 kDa; Sigma-Aldrich; at 1 ng/ml, equal to
14–66 mM) for 12, 24, and 48 h at 37°C. At these time points, IRp60
expression and viability were assessed by FACS using anti-
IRp60/propidium iodide double staining.

Intracellular Ca2� mobilization

Before loading with calcium sensor, 3 � 105 IgE-sensitized CBMC were
blocked with 10% v/v human serum in MEM-Alpha (10 min on ice). Later,
IRp60 was cross-linked by incubation of the CBMC with anti-IRp60 or
isotype control Ab (5 �g/ml, 30 min on ice). Subsequently, cells were
washed and incubated with sheep anti-mouse F(ab�)2 (25 �g/ml, 30 min on
ice) in MEM-Alpha. The cells were loaded with Calcium Green-1AM (5
�M; 45 min, 37°C) in MEM-Alpha (FCS, 2% v/v), washed, and resus-
pended in 300 �l of Tyrode’s gelatin-calcium buffer (prewarmed to 37°C).
The cells were allowed to flow freely in the cytometer for 40 s, at which
time anti-IgE (5 �g/ml) was added. Changes in FL-1 geo mean were re-
corded for a total of 5 min.

Immunoprecipitation and Western blot

CBMC (5 � 105) were lysed using a commercial lysis buffer (Pierce), run
on 10% SDS-PAGE, transferred to polyvinylidene difluoride membranes
(Pierce) and blotted vs IRp60 (anti-IRp60; 1 �g/ml). For IRp60 precipita-
tion, CBMC (8 � 106) were treated with sodium orthovanadate (4 mM; 10
min, 37°C) or incubated with an immune complex (25 �g/ml sheep anti-
mouse, 5 �g/ml anti-human IRp60, or isotype control Ab) for various time
periods (0, 15, 30, 60, and 120 s). IRp60 was precipitated from CBMC
using a commercial kit (Seize Classic Mammalian kit; Pierce) according to
the manufacturer’s instructions. The samples were run as described and
blotted vs phosphotyrosine (pY99), SHP-1/2, and SHIP. For detection,
HRP-conjugated anti-mouse or anti-rabbit Abs were used as recommended
by the manufacturer.
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Murine allergic peritonitis model

Allergic peritonitis was induced in 8- to 10-wk-old female BALB/c mice
by OVA essentially as described (24). On days 0 and 7, mice were sensi-
tized intradermally with 100 �g of OVA adsorbed on 1.6 mg of alum
hydroxide in 300 �l of saline. On day 11, 30 min before allergen challenge
(30 �g of OVA in 300 �l of saline i.p.), a group of mice were injected i.p.
with anti-LMIR1 neutralizing Ab (5 �g/mouse). Mice were sacrificed ei-
ther 45 min (for tryptase) or 24 h (for eotaxin-2 and cell counts) later. At
these time points, the peritoneal cavity was washed with 5 ml of Tyrode’s
gelatin buffer. The recovered (4 ml) peritoneal lavage fluid was centrifuged
(150 � g, 5 min), and cell pellets were resuspended in 2 ml of Tyrode’s
gelatin buffer for mediator analysis and total cell counts. Peritoneal lavage
cells were counted under a light microscope in a hemocytometer following
trypan blue staining. Eosinophils were analyzed by FACS gating SSChigh

-

CCR3�. Eosinophil numbers in the lavage fluid were thereafter calculated
by multiplying the total cell counts with the percent population gated as
eosinophils. All experimental protocols were approved by the Animal Ex-
perimentation Committee of The Hebrew University of Jerusalem.

Statistical analysis

Activation, survival, and mediator release assays were performed in trip-
licate or quadruplicate. In vitro mast cell experiments were repeated from
at least three different donors. Data are expressed as mean � SD. Data were
analyzed by ANOVA, followed by paired Student’s t test (assuming equal
variances).

Results
Human mast cells express IRp60

To investigate the expression pattern of inhibitory receptors on
human mast cells, CBMC were incubated with a large panel of
mAbs recognizing various inhibitory receptors characterized on
NK cells. As shown in Fig. 1a, FACS analysis revealed that
CBMC express high levels of IRp60, but not LIR1(ILT2),
LIR3(ILT5), p58.1, p58.2, p70, p140, or NKG2A/CD94. To eval-
uate whether tissue mast cells express IRp60, HLMC and NPMC
were stained for IRp60. As shown in Fig. 1b, HLMC and NPMC
displayed significant levels of IRp60.

Eosinophil MBP and EDN down-regulate IRp60 expression on
CBMC

We next investigated the capability of eosinophil-derived cyto-
toxic proteins, found in the allergic inflammatory milieu, to mod-
ulate IRp60 expression on CBMC. For this, CBMC were cultured
with subactivating concentrations (1–10 ng/ml) of eosinophil
MBP, ECP, EDN, EPO, and of poly-L-arginine at an equimolar
concentration. As shown in Fig. 2, MBP and EDN selectively in-
duced a decrease in the expression level of IRp60 in a dose-re-
sponse manner (MFI of 9.12 � 2.27 vs 2.69 � 0.24 and 2.22 �
0.25 for MBP at 10 and 100 ng/ml, respectively; or vs 3.03 � 0.68
and 2.79 � 0.71 for EDN at 10 and 100 ng/ml, respectively; p 	
0.05 for all of the cases).

IRp60 cross-linking inhibits IgE-dependent mediator release
from CBMC

Based on the observed inhibitory effect of IRp60 on NK-mediated
cytotoxicity, we hypothesized that IRp60 inhibits CBMC activity
as well. To induce coaggregation of IRp60 with Fc�RI (as de-
scribed for other inhibitory receptors) (11), we used chimeric IgE
for sensitization and an anti-mouse cross-linking Ab. CBMC were
sensitized with IgE and then triggered to degranulate by an anti-
IgE Ab or by compound 48/80 in an anti-IRp60-coated plate. As
shown in Fig. 3, a and b, cross-linked IRp60 strongly and signif-
icantly inhibited IgE-mediated release of �-hexosaminidase and
tryptase (degranulation inhibited by 86.04% with anti-IRp60; p 	
0.005) and IL-4 (release inhibited by 99.78% with anti-IRp60; p 	
0.005). Interestingly, IRp60 did not inhibit compound 48/80-me-

diated release of either �-hexosaminidase (as shown in Fig. 3c),
tryptase, or IL-4 (data not shown).

IRp60 cross-linking inhibits SCF-mediated CBMC survival

SCF is the most important survival factor for human mast cells.
SCF signals upon binding to c-kit and initiating a signaling cascade
that involves phosphatidylinositol-3� kinase, protein kinase B, and
syk. To examine the ability of IRp60 to interfere with c-kit sig-
naling, CBMC were cultured in the presence or absence of SCF
(100 ng/ml) in an anti-IRp60-coated plate, followed by FACS
analysis of propidium iodide (PI)-positive cells. As shown in Fig.
4, IRp60 cross-linking significantly inhibited mast cell survival at
24 h (5.5-fold increase in number of PI� cells with anti-IRp60;
p 	 0.005) and at 48 h (10.3-fold increase in PI� cells with anti-
IRp60; p 	 0.005).

IRp60 cross-linking inhibits IgE-induced [Ca2�] influx

One of the initial steps in Fc�RI-dependent activation of CBMC is
intracellular calcium influx due to phosphatidylinositide formation

FIGURE 1. Human mast cells express IRp60. a, FACS analysis of NK
cell inhibitory receptors was performed on CBMC using a panel of mAbs.
All Abs are monoclonal mouse anti-human, followed by FITC-conjugated
anti-mouse. Representative of n � 3. b, FACS analysis of IRp60 expres-
sion on CBMC, human lung and nasal polyp mast cells. Black peaks rep-
resent controls. White peaks represent anti-IRp60 staining. Representative
of 10 (CBMC) and 3 (HLMC and NPMC) experiments.
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and store-operated channel opening. Therefore, the effect of IRp60
cross-linking on calcium influx was examined using the fluores-
cent sensor Calcium Green-1AM. As shown in Fig. 5 within

10–20 s of anti-IgE addition, a marked [Ca2�] increase was ob-
served. This increase was completely abolished in response to
IRp60 cross-linking compared with the isotype control.

IRp60 undergoes tyrosine phosphorylation, recruits SHP-1 and
SHIP, and induces syk dephosphorylation

In NK cells, IRp60 has been shown to mediate its inhibitory effect
via recruitment of SHP-1 and SHP-2 (20). To establish the mech-
anism of the inhibitory activity of IRp60 on human mast cells,
CBMC were treated with sodium orthovanadate or alternatively
cross-linked, precipitated, and blotted for phosphotyrosine, SHP-1
and -2, and SHIP. Upon orthovanadate pretreatment, IRp60 un-
derwent tyrosine phosphorylation (Fig. 6a). In addition, IRp60 co-
precipitated with SHP-1 and SHIP, but not with SHP-2. Upon
Ab-driven cross-linking (Fig. 6b), IRp60 underwent tyrosine phos-
phorylation and precipitated with SHIP, but not SHP-1. Moreover,
by intracellular FACS analysis of phosphorylated syk, it was de-
tected that IRp60 cross-linking with immune complex, but not the
isotype control, caused a rapid dephosphorylation of syk (Fig. 6c).

The murine homolog of IRp60 regulates mast cells activation
and consequent inflammatory response in an allergic-peritonitis
mouse model

Bioinformatic analysis that included sequence homology compar-
ison revealed a murine homolog for IRp60. This receptor has been
cloned, characterized, and termed LMIR1 (25). We reconfirmed
that murine mast cells from both bone marrow and peritoneum
express LMIR1. Furthermore, LMIR1 cross-linking specifically
inhibited �-hexosaminidase release from IgE-activated BMMC in

FIGURE 3. The cross-linking of IRp60 inhibits IgE-dependent, but not
IgE-independent, CBMC degranulation. CBMC were sensitized with IgE
for 5 days and activated with anti-IgE Ab for 30 min in the presence of
anti-IRp60 or isotype control Abs. The release levels of �-hexosaminidase
and tryptase (A) were evaluated by enzymatic-chromogenic assays and
expressed as percent release. IL-4 release (B) was evaluated by ELISA, and
expressed in picograms per milliliter (n � 5; ��, p 	 0.005). C, IgE-
independent activation is not inhibited by IRp60 (n � 3).

FIGURE 5. The cross-linking of IRp60 inhibits IgE-induced (Ca2�) in-
flux. CBMC were sensitized with IgE for 5 days, IRp60 on CBMC was
cross-linked by incubation with immune complex (5 �g/ml anti-IRp60,
followed by 25 �g/ml sheep anti-mouse), and the cells were loaded with
Calcium Green-1AM. Forty seconds after initiation of flow cytometry, anti-
IgE was added. [Ca2�] is expressed as arbitrary fluorescence units (AFU),
representing fold change in mean fluorescence intensity over basal level.
NA, Not activated (n � 4).

FIGURE 2. Eosinophil-derived MBP and EDN induce down-regulation of
IRp60 expression on CBMC. CBMC were incubated with either eosinophil
MBP, ECP, EDN, EPO (1–10 ng/ml), or poly-L-arginine for 24 and 48 h,
followed by staining with anti-IRp60 and analyzed by FACS. Dark gray peaks
represent controls. Light gray peaks represent IRp60 levels without eosinophil
mediators. White peaks represent IRp60 levels following incubation with eo-
sinophil mediators. Representative of three experiments.

FIGURE 4. The cross-linking of IRp60 inhibits SCF-induced CBMC
survival. CBMC were incubated with or without SCF (100 ng/ml) in the
presence of anti-IRp60 or isotype control Abs for 24 and 48 h, stained for
PI, and analyzed by FACS (n � 3; ��, p 	 0.005)
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vitro (data not shown). To assess whether IRp60 has a role in
regulating mast cell activation in vivo, a murine model of exper-
imental allergic peritonitis was used (24). Mice injected with neu-
tralizing anti-LMIR1 mAb before allergen challenge, displayed en-
hanced mast cell activation in response to allergen challenge as
demonstrated by the early (45-min) increase in tryptase activity in
the peritoneal lavage (Fig. 7a). Eotaxin-2 levels 24 h after allergen
challenge were significantly increased (Fig. 7b). Also, the perito-
neal eosinophilic infiltration was doubled (eosinophil counts
4.199 � 0.825 � 106 with anti-LMIR1 vs 2.056 � 0.829 � 106

without; p 	 0.05) (Fig. 7c).

Discussion
A major issue in modulating mast cell responses is the identifica-
tion of new inhibitory pathways that counteract their activity. In
the present study, we have found that the inhibitory receptor IRp60

is expressed and functional on human mast cells. We found that
CBMC selectively express IRp60. To date, the functionally char-
acterized inhibitory receptors on human mast cells are the tet-
raspanins CD63 (26) and CD81 (27), CD200R (16), immune re-
ceptor expressed on myeloid cells 1 (28), Fc�RIIB (11), and signal
regulatory protein-� (29).

CBMC are in vitro-derived, mostly tryptase-containing mast
cells, with a phenotype similar to HLMC (30). We therefore aimed
to verify whether tissue in vivo-derived mast cells express IRp60
as well. Indeed, IRp60 was found to be expressed both on lung
(tryptase-positive) and nasal polyp (tryptase- and chymase-posi-
tive) (31) mast cells, indicating that IRp60 may have a functional
significance in mast cell regulation in vivo, of the two mast cell
subtypes. Still, because HLMC in this study were obtained from
lung specimens taken from cancer patients, it is possible that these
mast cells display an abnormal pattern of IRp60 expression and
function.

Because we believe that mast cell-eosinophil interactions form a
crucial axis in allergic inflammatory and fibrotic diseases, we have
examined the influence of eosinophil-derived granule proteins on

FIGURE 6. IRp60 undergoes tyrosine phosphorylation and recruits
phosphatases. After orthovanadate (a) or immune complex (5 �g/ml anti-
IRp60, followed by 25 �g/ml sheep anti-mouse) (b) treatment, IRp60 was
precipitated and blotted vs phosphotyrosine, SHP-1/2, and SHIP. CBMC
were activated by anti-IgE Ab with IRp60 cross-linking, and cells were
fixed and stained with Abs against phospho-syk (c). NA, Not activated. CL,
Cross-linking agent. Representative of three experiments.

FIGURE 7. LMIR1 neutralization leads to an augmented mast cell ac-
tivation and subsequent eosinophil infiltration in a mouse model of allergic
peritonitis. OVA-induced allergic peritonitis was induced, anti-LMIR1 was
injected 30 min before challenge, and mice were sacrificed at 45 min or
24 h after challenge. The peritoneal cavity was lavaged for mediator anal-
ysis and cell counts. a, Tryptase activity was evaluated using enzymatic-
chromogenic assay. b, Eotaxin-2 was measured by ELISA. c, Cells from
lavage collected 24 h following the challenge were stained for CCR3 and
analyzed by FACS. Representative of three experiments; four to six mice
per group. �, p 	 0.05; ��, p 	 0.005.
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the expression of IRp60 on mast cells. Although IRp60 is ex-
pressed constitutively, it was selectively down-regulated by eosi-
nophil-derived MBP and EDN, but not by ECP or EPO. This effect
is not likely due to the positive charge shared by the four mole-
cules, because poly-L-arginine in an equivalent concentration did
not induce a significant effect. This effect is also receptor specific,
because CD117 was not affected by eosinophil granule proteins
(data not shown). Furthermore, although MBP and ECP share a
similar isoelectric point (pI 
 10.9) and a similar net charge at pH
7.0 (e 
 15), the traits of EDN differ significantly from those
values (pI � 8.9; e � 7.5) (32). In fact, selective activities of the
four eosinophil basic proteins have been described. For example,
MBP and EPO induce eosinophil degranulation, EDN release, and
synthesis of IL-8 (33). MBP also activates neutrophils to release
superoxides by a mechanism involving phosphoinositide 3�-kinase
and protein kinase C� (34). We believe that the decrease in IRp60
expression induced by eosinophil granule proteins is extremely
important in the context of chronic allergic-inflammation where
mast cells and eosinophils interact (35).

Mast cells are principally activated in allergy through IgE, but
they are also able to degranulate upon IgE-independent activation
(21). Therefore, the effect of IRp60 was examined on both modal-
ities. The cross-linking of IRp60 inhibited �-hexosaminidase,
tryptase, and IL-4 release from IgE-activated CBMC. However, it
did not influence the IgE-independent compound 48/80-mediated
CBMC activation. This differential effect indicates that IRp60 in-
terferes with pathways involving tyrosine phosphorylation, but not
with GTP/GDP-dependent pathways.

An important question arising from the observed inhibitory ef-
fect of IRp60 is whether it should or should not be coaggregated
with the activatory receptor, such as Fc�RI and c-kit, to achieve an
inhibitory effect. Although such coaggregation is considered as
mandatory for inhibitory receptors, several observations have
clearly demonstrated that this is not the case (36, 37). Our results
demonstrate that, when IRp60 is coaggregated with Fc�RI, it elic-
its a much stronger effect than that achieved when IRp60 is self-
ligated (data not shown). Interestingly, the effect on mast cell sur-
vival did not vary significantly when IRp60 was coaggregated with
c-kit.

Another important tyrosine kinase-dependent pathway in mast
cell regulation is the SCF-CD117 axis, mediated primarily by
phosphatidylinositol 3-OH kinase, Akt, and syk. Consistent with
this, we have examined the effect of IRp60 on the SCF-mediated
survival of CBMC, and found that IRp60 cross-linking led to in-
creased cell death. These data are in accordance with reports that
demonstrated the ability of Fc�RIIB to block SCF-mediated sur-
vival of mast cells (11). Moreover, gp49B1 was reported to de-
crease the activation of mast cells in vivo via SCF (4). It is note-
worthy that IRp60 did not actively induce apoptosis but rather
blocked the survival-inducing signals generated by the
SCF-CD117 axis.

By orthovanadate treatment, IRp60 undergoes tyrosine phos-
phorylation and recruits the protein phosphatases SHP-1 and the
inositol phosphatases SHIP, two well-established negative regula-
tors of cell activation and survival. In addition, by immune com-
plex-derived cross-linking, IRp60 recruited SHIP but not SHP-1.
This could be due to the lower level of phosphorylation induced by
immune complex compared with orthovanadate. Yet, syk was de-
phosphorylated by immune complex-driven cross-linking, and
therefore it is possible to assume that SHP-1 is recruited by this
stimulus as well. The observation that IRp60 does not recruit
SHP-2, unlike in NK cells, supports recently reported data in
which IgSF13, a close family member of IRp60 expressed on den-
dritic cells, follows exactly the same phosphatases deployment pat-

tern (38). By phosphatase recruitment and activation, IRp60 pre-
vents IgE-mediated syk phosphorylation, thus blocking mast cell
activation in an early stage. Interestingly, Ab-cross-linked IRp60
did not precipitate with SHP-1. Although this may be related to the
robust phosphorylation induced by orthovanadate rather than by
immune complex, other factors might contribute to this observa-
tion. However, it is likely that SHP-1 is recruited by IRp60, be-
cause syk phosphorylation was observed. We are currently using
biotinylated ITIMs as described (16) to clarify this issue.

IRp60 represents an allelic isoform of CMRF-35H (39). Al-
though no in vivo function has been attributed to IRp60 in humans
yet, a murine CMRF-35H family member (termed CMRF-like
molecule 1 (CLM-1)) has been shown to inhibit osteoclast forma-
tion in vivo through SHP-1 recruitment (40). It has been recently
reported that murine mast cells express an Ig-superfamily receptor
termed LMIR1 (25), which is �70% identical with human IRp60,
with the important functional residues in the V-type Ig-fold and
ITIM sequences well conserved, and is able to recruit SHP-1 and
SHP-2 via tyrosine phosphorylation. We have conducted a func-
tional bioinformatics comparison between LMIR1 and IRp60 (data
not shown) and concluded that there is a very high probability that
LMIR1 actually represents a murine homolog of the human IRp60.
Neutralization of LMIR1 enhanced mast cell activation and con-
sequent eosinophilic infiltration in the peritoneal lavage of these
mice. This indicates that LMIR1 and its yet-undefined ligand have
a key role in regulation of allergy.

The gene encoding for IRp60, IRC1, is located on chromosome
17q24.25 (41) in close linkage with a recently identified locus
dictating susceptibility to psoriasis (41), arthritis, and atopic der-
matitis (42). The possibility that IRp60 is the actual gene respon-
sible for these diseases is strengthened by the observation that
neutralizing its activity in vivo augments the allergen-dependent
response in murine allergic peritonitis. It is therefore conceivable
that IRp60 represents an important family of immune negative
regulators that has long been overlooked.

In conclusion, this work demonstrates a novel pathway for the
negative regulation of human mast cell function. This issue is im-
portant not just academically, because the ability to target IRp60
and consequently inhibit mast cell inflammatory functions opens
the potential for novel therapeutic strategies for the management of
mast cell-dependent pathologies.
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