Letter to the Editor

Sphingomyelin and ceramide are physiological
ligands for human LMIR3/CD300f, inhibiting
FccRIl-mediated mast-cell activation

To the Editor:

Leukocyte mono-immunoglobulin-like receptor (LMIR) belongs
to a paired activating and inhibitory receptor family.' > LMIR is also
known to be a CMRF-35-like molecule, a myeloid-associated
immunoglobulin-like receptor, an immune receptor expressed on
myeloid cells, or CD300.”” Mouse LMIR3 (mLMIR3)/CD300f
is an inhibitory receptor containing 2 immunoreceptor tyrosine-
based inhibitory motifs (ITIMs) and a single immunoreceptor
tyrosine-based switch motif (ITSM)."* We have recently demon-
strated that extracellular ceramide is a ligand for mLMIR3/
CD300f, which is a negative regulator of high-affinity IgE receptor
(FceRD)-mediated activation of mast cells (MCs).” Recent studies
have implied that lipids or lipid-binding proteins are ligands for
LMIR/CD300>7%: T-cell immunoglobulin mucin 1 and 4,
phosphatidylserine-binding proteins, are ligands for mLMIRS/
CD300b,” phosphatidylserine is a ligand for mouse CD300a,” and
phosphatidylserine and phosphatidylethanolamine are ligands for
human CD300a and CD300c.’” Although human LMIR3
(hLMIR3)/CD300f was suggested to inhibit FceRI-mediated activa-
tion of MCs via 2 ITIMs and a single ITSM,'* its physiological
ligands remained elusive.

To clarify the role of hLMIR3 in MCs, we elicited MC- and
FceRI-dependent passive cutaneous anaphylaxis (PCA) reactions
in MC-deficient Kit"*""*" mice engrafted intradermally with
mLMIR3-deficient bone-marrow—derived MCs (BMMCs)
transduced with mLMIR3-wild-type (WT), hLMIR3-WT,
hLMIR3(Y205F-Y249F-Y284F) mutant, or mock. These trans-
fectants exhibited equivalent expression levels of both FceRI
and c-kit as well as those of the transduced LMIR3 (see Fig E1
in this article’s Online Repository at www.jacionline.org).
Similar numbers of MCs were found in ear skin of Kir" """
mice at 8 weeks after transplantation (data not shown). We found
diminished PCA responses in Kit"*""" mice with either
mLMIR3- or hLMIR3-sufficient MCs than in those with
mLMIR3-deficient MCs (detailed information on methods is
provided in the Methods section in this article’s Online Reposi-
tory at www.jacionline.org and Fig 1, A).” In addition, disrupting
ITIMs and ITSM in hLMIR3 abrogated hLMIR3-mediated
suppression of the PCA responses (Fig 1, A). Thus, hLMIR3 acted
as a substitute for mL.MIR3 in suppressing the PCA responses via
its ITIMs and ITSM.

As the overall amino acid homology is 55% in an extracellular
domain of hLMIR3 and mLLMIR3, it is possible to speculate that
like mLMIR3, hLMIR3 recognizes ceramide. To test this
possibility, we performed a binding assay by using hLMIR3-Fc.
Interestingly, hLMIR3-Fc bound to sphingomyelin as well as
to ceramide (Fig 1, B). We next used the reporter cell lines
(2B4-hLMIR3-GFP) to show that the binding of an unknown
ligand to an extracellular domain of hLMIR3 could induce green
fluorescent protein (GFP) expression.” Plate-coated anti-hLMIR3
antibody induced GFP expression in 2B4-hLMIR3-GFP cells,
which was dampened by the addition of a soluble anti-hLMIR3
antibody (see Fig E2 in this article’s Online Repository at
www.jacionline.org). Among the lipids tested, plate-coated

sphingomyelin, ceramide, or phosphatidylcholine induced GFP
expression in 2B4-hLMIR3-GFP cells, which was prevented by
adding a soluble anti-hLMIR3 antibody (see Fig E2). Although
hLMIR3-Fc failed to bind phosphatidylcholine spotted on the
membranes, ELISA verified the binding of hLMIR3-Fc to
plate-coated phosphatidylcholine (see Fig E3 in this article’s
Online Repository at www.jacionline.org). Taken together,
these results indicated that ceramide, sphingomyelin, and
phosphatidylcholine were candidate ligands for hLMIR3.

To test whether candidate lipids acted as functional ligands
for hLMIR3 in MCs, we used mLMIR3-deficient BMMC
transfectants that were sensitized with IgE and stimulated
with specific antigens on plates coated with C-24 ceramide,
sphingomyelin, phosphatidylcholine, phosphatidylserine, or
vehicle. Inhibited (-hexosaminidase release was noted in
BMMC transfectants expressing hLMIR3-WT, but not in those
expressing the hLMIR3(Y205F-Y249F-Y284F) mutant, on the
plates coated with either ceramide or sphingomyelin (data not
shown). Similarly, liposomal ceramide or sphingomyelin
inhibited the degranulation of BMMC transfectants expressing
hLMIR3 WT (Fig 2, A). We next used a human MC line LAD2
expressing FceRI, c-kit, and endogenous hLMIR3 (Fig 2, B).
The inhibition of FceRI-mediated degranulation was observed
in LAD?2 cells on plates coated with ceramide or sphingomyelin,
but not with phosphatidylcholine (Fig 2, C). In addition, the
inhibitory effect of ceramide or sphingomyelin on degranulation
was canceled by adding the anti-hLMIR3 antibody, but not
the control antibody (Fig 2, C, and see Fig E4 in this article’s
Online Repository at www.jacionline.org). Consistently, FceRI
crosslinking augmented tyrosine-phosphorylation of hLMIR3 in
LAD?2 cells on ceramide- or sphingomyelin-coated plates, but
not on vehicle-coated plates, which increased the recruitment of
SHP-1 to hLMIR3 (see Fig E5 in this article’s Online Repository
at www.jacionline.org). Collectively, these results indicated
that ceramide- or sphingomyelin-hLMIR3 binding inhibited
FceRI-mediated activation of MCs in vitro.

To examine the distribution of extracellular sphingomyelin in
dermis in which the MCs were located, we used lysenin, a pore-
forming toxin that specifically binds sphingomyelin (Fig 1, B).’
Staining of WT mouse ear skin sections by lysenin displayed a
patchy or dot-like distribution of extracellular sphingomyelin
in dermis (Fig 2, D, and see Fig E6 in this article’s Online
Repository at www.jacionline.org). Moreover, MCs, irrespective
of hLMIR3 expression, were frequently surrounded by extracel-
lular sphingomyelin (Fig 2, D). These results implied that both
ceramide and sphingomyelin could bind to hLMIR3 in tissue
MCs. In accordance, hLMIR3-mediated suppression of the
PCA response was partially canceled by intradermal injection
with the anti-ceramide antibody in the ears of Kir""""*" mice
with hLMIR3-expressing MCs (Fig 2, E). Furthermore, only
when pretreated with liposomal ceramide or sphingomyelin
did Kir"™""=" mice with MC-expressing hLMIR3 exhibit
diminished PCA response (Fig 2, F). The same pretreatment
did not influence the PCA response in Kit"s"W-sh mice, with
MCs expressing neither mLMIR3 nor hLMIR3 (Fig 2, F).
These results indicated that extracellular ceramide and
sphingomyelin worked as ligands for hLMIR3 in tissue MCs.
On the basis of our previous findings” on mLMIR3, we assume
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FIG 1. Possible ligands for hLMIR3. A,

PCA responses in Ki

tW-shW-sh mice harboring LMIR3-deficient

BMMCs transduced with mLMIR3-WT, hLMIR3-WT, hLMIR3(Y205F-Y249F-Y284F), or mock (n = 6-7 per

group; += SD). ¥*P < .05. B, The binding of hLMIR3-Fc, Fc, or lysenin to the lipids.

that sphingomyelin and ceramide bind to hLMIR3 in tissue MCs;
however, ITIMs and ITSM of hLMIR3 are not tyrosine-
phosphorylated without FceRI engagement. Sphingomyelin-
and ceramide-bound hLMIR3 delivers an inhibitory signal only
after FceRI engagement. Further examination is required to
completely understand the relevant mechanism in human beings.

In conclusion, although ceramide is a major ligand for
mLMIR3, both sphingomyelin and ceramide act as physiological
ligands for hLMIR3 in MCs, thereby inhibiting FceRI-mediated
activation of MCs. These results will help understand the intrinsic
mechanism by which excessive activation of MCs is prevented in
human beings, leading to the development of novel therapeutic
strategies against allergic diseases.
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METHODS

Cells and mice

2B4-GFP cells (T. Saito, RIKEN Research Center for Allergy and
Immunology, Kanagawa, Japan)™' were transduced with hLMIR3-CD3{
to generate 2B4-hLMIR3-GFP cells."*™ LAD2 cells were cultured as
described."* Mice used were previously described.”> Experimental
procedures in mice were approved by an institutional review committee of
the University of Tokyo (approval no. 20-8).

Antibodies and other reagents

Some antibodies and reagents were previously described.”> Other
antibodies were as follows: goat anti-human LMIR3 antibody (AF2774) and
rat anti-human LMIR3 antibody (MAB2774) (R&D Systems, Minneapolis,
Minn), phycoerythrin-conjugated rat IgG,;,, (eB149/10H5) (eBioscience, San
Diego, Calif), and anti-NP chimeric human IgE (MCA333S) (AbD Serotec,
Oxford, United Kingdom).

DNA constructs

pMXs-IRES-puro” (pMXs-IP) and pMXs-Flag-mLMIR3 or hLMIR3-IP
were previously described.">"**>F To generate a Flag-hLMIR3(Y241F-
Y289F-Y325F) mutant in which 3 tyrosine residues were replaced with
phenylalanine, a 2-step PCR mutagenesis was performed. An extracellular
and transmembrane domain of Flag-hLMIR3 fused to an intracellular domain
of CD3{ (N. Matsumoto, The University of Tokyo, Tokyo, Japan) was inserted
into pMXs-IP to generate pMXs-Flag-hLMIR3-CD3¢-IP.** An extracellular
domain of hLMIR3 was inserted into the cloning sites of pME18S-hIgG1
Fc vector (H. Arase, Osaka University, Osaka, Japan). All the constructs
were verified by DNA sequencing.

Induction of PCA
Induction of PCA in Kir"~*""*" mice engrafted with BMMC transfectants
was previously described.”

Cell stimulation

LMIR3-deficient BMMC transfectants were sensitized with 0.5 pg/mL
antitrinitrophenyl IgE for 12 hours and then stimulated with 100 ng/mL
trinitrophenyl-BSA and 20 pg/mL C-24 ceramide, sphingomyelin, or
phosphatidylcholine liposomes for 1 hour (Fig 2, A). LAD2 cells were
sensitized with 0.5 pg/mL anti-4-Hydroxy-3-nitrophenylacetyl (NP) chimeric
human IgE for 24 hours and then stimulated with 300 ng/mL NP-BSA for
1 hour on plates coated with C-24 ceramide, sphingomyelin, phosphatidylcho-
line, or vehicle (Fig 2, C) or with 100 or 300 ng/mL NP-BSA for 1 hour on
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plates coated with C-24 ceramide or sphingomyelin (Fig E4). A total of
10 pg/mL (Fig 2, C) or 2 or 20 pg/mL (Fig E4) of either the anti-hLMIR3
antibody or the control antibody was added to the culture just before
stimulating with antigens.

Immunohistochemistry

Immunofluorescence staining was performed as previously described.”” To
detect sphingomyelin and MCs in WT (Fig 2, D) or Kit"*"""*" (Fig E6) mouse
ear skin, sections were first stained with lysenin (Peptide Institute, Osaka,
Japan), then with rabbit antilysenin serum (Peptide Institute), and finally
with Alexa Flour 488-conjugated goat anti-rabbit IgG (H+L) antibody
(Invitrogen, Carlsbad, Calif).E7 The same sections were stained first with
biotinylated anti-MC tryptase antibody (Santa Cruz Biotechnology, Santa
Cruz, Calif) and then with Alexa Flour 546-conjugated streptavidin
(Invitrogen). All sections were counterstained with 4’-6-diamidino-2-
phenylindole, dihydrochloride (Invitrogen). Fluorescent images were
analyzed on a confocal microscope (FLUOVIEW FV300 scanning laser
biological microscope JX70 system; Olympus, Albertslund, Denmark)
equipped with SenSys/OL cold charge-coupled device camera (Olympus).

Statistical analyses
Results are expressed as means = SD. An unpaired Student # test was used
for all the statistical analyses.
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FIG E1. Representative surface expression levels of FceRl and c-kit (left
panel) or Flag-tagged LMIR3 (right panel) in LMIR3-deficient BMMCs trans-
duced with Flag-tagged mLMIR3-WT, hLMIR3-WT, hLMIR3(Y205F-Y249F-
Y284F) mutant, or mock.
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FIG E2. 2B4-GFP cells and 2B4-hLMIR3-GFP cells were incubated for 24 hours on plates coated with the anti-
hLMIR3 antibody or lipids such as C-24 ceramide, phosphatidylcholine, phosphatidylserine, phosphatidyl-
ethanolamine, sphingomyelin, sphingosylphosphocholine, or vehicle. A total of 20 mg/mL of either the
hLMIR3 antibody or the isotype control antibody was added to the culture just after the incubation of the
reporter cells on the coated plates. Flow cytometry of GFP expression of the reporter cells. Data are
representative of 4 independent experiments.
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FIG E3. The binding of hLMIR3-Fc or Fc to plate-coated lipids was quan-
tified by using ELISA. A total of 10 mg/mL of hLMIR3-Fc or Fc was incubated
on plates coated with C-24 ceramide, sphingomyelin, phosphatidylcholine,
sphingosylphosphocholine, or vehicle. Data are representative of 4 inde-
pendent experiments.
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FIG E4. B-Hexosaminidase release (n = 4, = SD). *P < .05. LAD2 cells stimulated with IgE/antigen plus
plated-coated sphingomyelin or ceramide. A total of 2 or 20 wg/mL of either the anti-hLMIR3 antibody or
the control antibody was added to the culture just before stimulating with antigens.
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FIG E5. Anti-NP IgE-sensitized LAD2 cells were stimulated with or without
300 ng/mL NP-BSA for 2 minutes on plates coated with C-24 ceramide,
sphingomyelin, or vehicle. Immunoprecipitates of cell lysates with the anti-
hLMIR3 antibody were immunoblotted with indicated antibodies. Data are
representative of 3 independent experiments. Cer, Ceramide; SM,
sphingomyelin.
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FIG E6. Confocal imaging of mouse ear-skin sections. Ear skin sections of
Kit"Vsh"Wsh mice were first stained with lysenin, then with rabbit antilysenin
serum, and finally with Alexa Flour 488-conjugated secondary antibody
(left panel). Ear skin sections of WT mice were not stained with lysenin,
and were stained first with rabbit antilysenin serum and finally with Alexa
Flour 488-conjugated secondary antibody (right panel). DAPI, 4'-6-
Diamidino-2-phenylindole, dihydrochloride.
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