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TO THE EDITOR

CD300 is a paired activating and inhibi-
tory receptor family that regulates im-
mune responses (Chung et al., 2003;
Izawa et al., 2007, 2012, 2014, 2017;
Maehara et al., 2018; Moshkovits et al.,
2014; Takahashi et al., 2019; Takamori
et al.,, 2019; Tian et al., 2014). CD300f
is an inhibitory receptor that contains a
single immunoglobulin-like domain in
the extracellular region. Ceramide is a
ligand for mouse CD300f (mCD300f),
whereas sphingomyelin and ceramide
act as a ligand for human CD300f
(hCD300f). The binding of these ligands

to CD300f inhibits IgE-mediated mast
cell activation and allergic responses,
including passive cutaneous anaphylaxis
(PCA) responses (Izawa et al., 2012,
2014). mCD300f also recognizes phos-
phatidylserine exposed on apoptotic
cells (Moshkovits et al., 2014; Tian et al.,
2014). In addition, mCD300f, but not
hCD300f, was recently identified as an
entry receptor for murine norovirus
(Hagaetal., 2016; Orchard et al., 2016).
Thus, both mCD300f and hCD300f share
similar ligands and functions, while
exhibiting differential ligand specific-
ites. We aimed to elucidate the

Abbreviations: BMMC, bone marrow—derived mast cell; PCA, passive cutaneous anaphylaxis; WT, wild

type
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underlying molecular mechanisms: we
focused on the previous finding that cer-
amide (d18:1/24:0) binds to both
mCD300f and hCD300f, whereas
sphingomyelin (d18:1/18:0) only binds to
hCD300f (Supplementary Figure Sla)
(Izawa et al., 2014). To this end, we used
the reporter cell lines 2B4-mCD300f-
wild-type (WT)—green fluorescent pro-
tein (GFP) and 2B4-hCD300f-WT-GFP, in
which the binding of specific ligands to
the extracellular domain of mCD300f
and hCD300f could induce GFP expres-
sion, respectively. In fact, plate-coated
ceramide (d18:1/24:0) induced GFP
expression in both reporter cell lines,
whereas plate-coated sphingomyelin
(d18:1/18:0) induced GFP expression
only in 2B4-hCD300f-GFP cell lines
(Supplementary Figure S1b) (Izawa et al.,
2014). One important feature of the
CD300f structure is the formation of a
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Figure 1. The substitution of E 67 to K renders mCD300f capable of binding to sphingomyelin (d18:1/
18:0) in vitro. (@) Amino acid residues of an extracellular domain of mCD300f and hCD300f. The
protrusion structure of CD300f involves seven amino acid residues (bold, underline). Numbers indicate
the position of each residue. (b) The binding of mCD300f-WT, E67K, or D117A-Fc to plate-coated
indicated lipids. *P < 0.01. (c, d) Flow cytometry of GFP expression of the indicated reporter cells on
plates coated with sphingomyelin (d18:1/18:0) or with anti-Flag antibody. GFP, green fluorescent protein.

prominent  protrusion  from  the
immunoglobulin-like domain that has
been postulated to recognize the poten-
tial ligands (Marquez et al., 2007). This
protrusion structure of hCD300f is pre-
sumed to be composed of several key
amino acids that include tryptophan-52,
tryptophan-59, isoleucine-64, lysine
(K)-67, tryptophan-107, glutamic acid
(B)-111, and aspartate (D)-116. Among
them, the corresponding amino acid
residues of mCD300f (tyrosine-53,
Glutamine-60, Threonine-65, E-68, and
threonine-112) were different than those
of hCD300f (Figure Ta) (Marquez et al.,
2007). The previous finding that the
substitution of D-117 to alanine (A) in
mCD300f abolishes its binding to
apoptotic  cells  underscores  the

significance of this structure in ligand
recognition (Tian et al., 2014). On the
basis of these concepts, we hypothesized
that the oppositely charged residues K-67
of hCD300f versus E-68 of mCD300f
would be responsible for the differential
ligand specificities between mCD300f
and hCD300f. We then generated several
Fc fusion proteins: mCD300f-WT-Fc,
mCD300f-E68K-Fc, and mCD300f-
D117A-Fc. The binding assay showed
that mCD300f-WT-Fc bound to ceramide
(d18:1/24:0) but not to sphingomyelin
(d18:1/18:0), as expected (Figure Ta).
mCD300f-D117A-Fc bound to neither
ceramide (d18:1/24:0) nor sphingomye-
lin (d18:1/18:0) (Figure 1b), indicating
that the structure involving D-117 is
essential for the binding of mCD300f to

ceramide  (d18:1/24:0).In  addition,
mCD300f-E68K-Fc bound to sphingo-
myelin (d18:1/18:0), as well as ceramide
(d18:1/24:0) (Figure 1b), demonstrating
that the substitution of E-68 to K rendered
mCD300f capable of binding to sphin-
gomyelin (d18:1/18:0). Next, we gener-
ated the additional reporter cell lines
2B4-mCD300f-D117A-GFP and 2B4-
mCD300f-E68K-GFP.  Consistent  with
the results of the binding assays, sphin-
gomyelin (d18:1/18:0) only induced GFP
expression in 2B4-mCD300f-E68K-GFP
cell lines (Figure 1c). Moreover, the
results using reporter cell lines 2B4-
hCD300f-K67E-GFP and 2B4-hCD300f-
D116A-GFP showed that the substitution
of K-67 to E and of D-116 to A dampened
the ability of hCD300f to bind to sphin-
gomyelin (d18:1/18:0) (Figure 1d). Taken
together, the protrusion structures
involving K67 are essential for the in vitro
binding of hCD300f to sphingomyelin
(d18:1/18:0).

To next examine the in vivo role of
this protrusion structure of CD300f, we
used mast cell— and IgE-dependent PCA
reactions in mice (Izawa et al., 2014).
Bone marrow—derived mast cells
(BMMCs)  were  generated  from
mCD300f-deficient mice and were
transduced with mCD300f-WT,
mCD300f-E68K, mCD300f-D117A, or
a mock treatment. Equivalent levels of
FceRla, c-Kit, and Flag-tagged CD300f
were found on the surface of these
transduced BMMCs (Supplementary
Figure S2). Mast cell—deficient Mcpt5-
Cre/R-DTA mice were reconstituted
with these BMMC transfectants on the
ear skin before being subjected to PCA.
We found similar numbers of mast cells
in the ear skin of transduced mast
cells—engrafted Mcpt5-Cre/R-DTA
mice (Supplementary Figure S3). The
results showed that mCD300f-E68K in
mast cells suppressed the PCA re-
sponses at levels comparable with those
at which mCD300f-WT did. However,
neither ~ CD300f deficiency  nor
mCD300f-D117A in mast cells failed to
do so (Figure 2a). These results indicate
that the structure involving D117 is
pivotal in the interaction between
mCD300f and extracellular lipid li-
gands, inhibiting IgE-mediated mast cell
activation. Furthermore, we generated
mCD300f-deficient BMMCs transduced
with hCD300f-WT or hCD300f-K67E,
expressing equivalent levels of FceRla,
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Figure 2. The structure involving K 67 in hCD300f is essential for its binding to sphingomyelin (d18:1/
18:0) in vivo. (a, b) PCA responses in Mcpt5-Cre/R-DTA mice transplanted with the indicated mast cell
transfectants (Figure 2a) or with hCD300f-K67E—transduced mast cells, pretreated with indicated vesicles
(Figure 2b) (n = 5-6 per group, + standard deviation). *P < 0.01. PC, phosphatidylcholine; PCA, passive

cutaneous anaphylaxis.

c-Kit, or Flag-tagged CD300f on their
surfaces (Supplementary Figure S2).
Mcpt5-Cre/R-DTA mice were recon-
stituted with these BMMC transfectants,
displaying equivalent numbers of mast
cells in their ear skin (Supplementary
Figure S3). Pretreatment with ceramide
(d18:1/24:0)-vesicles or sphingomyelin
(d18:1/18:0)-vesicles inhibited the PCA
responses in mice reconstituted with the
hCD300f-WT—transduced mast cells
(Supplementary Figure S4). On the
other hand, pretreatment with ceramide
(d18:1/24:0)-vesicles suppressed the
PCA responses in mice reconstituted
with hCD300f-K67E-transduced mast
cells; however, sphingomyelin (d18:1/
18:0)-vesicles did not suppress the PCA
responses in the same mice (Figure 2b).
Accordingly, these results indicate that
the protrusion structure involving K67
is essential for the in vivo recognition
of sphingomyelin (d18:1/18:0) by

hCD300f. Although further structural
analysis is needed to completely un-
derstand the relevant mechanisms,
hCD300f might recognize more
diverse ligands as compared with
mCD300f via this specific structure. It is
also possible to speculate that hCD300f
is involved in the entry of certain vi-
ruses, which might be prevented by the
drugs that specifically bind to hCD300f
(Haga et al.,, 2016; Orchard et al.,
2016).

In conclusion, the protrusion structure
of human CD300f involving K-67 is
pivotal for the recognition of sphingo-
myelin (d18:1/18:0). A single amino
acid substitution of an immunoglobulin-
like domain of CD300f determines
the lipid ligand—binding specificity be-
tween mouse and human, which will
help clarify similar or different roles of
mouse versus human CD300f in
immunity.
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SUPPLEMENTARY MATERIAL AND
METHODS

Mice

All procedures were approved by the
Institutional Review Committee of Jun-
tendo University (approval no. 290104,
300132, and 310047). C57BL/6) mice,
CD300f”~ mice, and Mcpt5-Cre/R-
DTA mice were used as previously
described (Izawa et al., 2012, 2014;
Maehara et al., 2018).

DNA constructs

pMXs-IRES-puro” (pMXs-1P), pMXs-Flag-
mCD300f or hCD300f-IP, and pMXs-
Flag-mCD300f or hCD300f-CD3{-IP
were constructed as previously described
(Izawa et al., 2012, 2014). To generate
a  pMXs-Flag-mCD300f-E68K,  Flag-
mCD300f-D117A, Flag-hCD300f-K67E-
IP and pMXs-Flag-mCD300f-E68K,
Flag-mCD300f-D117A, Flag-hCD300f-
K67E, or Flag-hCD300f-D116A-CD3{-
IP. mCD300f-E68, mCD300f-D117,
hCD300f-K67, or hCD300f-D116 was
replaced with K, A, E, or A, respectively,
using  PCR-mediated  mutagenesis.
pME185-mCD300f-higG1 Fc was previ-
ously described (Izawa et al., 2012,
2014). To generate pME18S-mCD300f-
E68K or D117A-hlgG1 Fc, an extracel-
lular domain of mCD300f-E68K or
mCD300f-D117A was inserted into the
cloning sites of the pME18S-hlgG1 Fc
vector (H. Arase, Osaka University,
Osaka, Japan). All of the constructs were
verified by DNA sequencing.

Cells

2B4-GFP (T. Saito, RIKEN Research
Center for Allergy and Immunology),
2B4-mCD300f-GFP, and 2B4-hCD300f-
GFP cell lines were previously described
(Izawa et al., 2012, 2014). 2B4-GFP
cells were transduced with
mCD300f-E68K-CD3¢, mCD300f-
D117A-CD3¢, hCD300f-K67E-CD3Y, or
hCD300f-D116A-CD3{ to generate
2B4-mCD300f-E68K-GFP, 2B4-
mCD300f-D117A-GFP, 2B4-hCD300f-
K67E-GFP, or 2B4-hCD300f-D117A-
GFP cells, respectively. BMMCs were
generated as previously described (Izawa
etal., 2012, 2014). BMMC transfectants
were generated by retroviral transfection
and infection as previously described
(Izawa et al., 2012, 2014).

K Izawa et al.
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Antibodies and other reagents

The following antibodies were used:
Anti-Flag 1gG1 Ab (M2), and mouse
[gG1 Ab (MOPC21) were purchased
from Sigma-Aldrich (St. Louis, MO). R-
phycoerythrin-conjugated  anti-mouse
[gG goat F(ab’); Ab was from
Beckman Coulter.  FITC-conjugated
anti-FceRla. (MAR-1) and R-phycoery-
thrin-conjugated anti-c-kit (2B8) were
from Thermo Fisher Inc (Waltham, MA).
Cytokines were obtained from R&D
Systems (Minneapolis, MN). C-24 cer-
amide (ceramide [d18:1/24:0];
C4oHgsNO;) was obtained from Tor-
onto Research Chemicals, Inc (North
York, ON, Canada). 1,2-Dipalmitoyl-
sn-glycero-3-phosphocholine  (phos-
phatidylcholine; PC) was obtained from
Echelon Biosciences Inc (Salt Lake

City, UT). Sphingomyelin (sphingo-
myelin [d181/180], C41H83N206P)
was obtained from ENZO (Farm-
ingdale, NY).

Preparation of vesicles containing

lipids

After 1T mg of dry lipid (ceramide

(d18:1/24:0], sphingomyelin [d18:1/
18:01, or PC) was hydrated with T ml of
phosphate buffered saline, the vesicles
were generated using an Avanti Mini-
Extruder (Avanti Polar Lipids, Inc,
Alabaster, AL) according to the manu-
facturer’s instructions as previously
described (Izawa et al., 2012, 2014).

Flow cytometry

Flow cytometric analysis was per-
formed with a FACSCalibur (BD Bio-
sciences, San Jose, CA) equipped with
CellQuest software and FlowJo soft-
ware (Tree Star, Ashland, OR).

Binding assay using ELISA

Solid-phase ELISA was also used as
previously described (Izawa et al.,
2012, 2014). Briefly, the indicated
lipids in methanol (10 pg/ml) or meth-
anol as a control was added to ELISA
plates and air-dried. After washing, the
plates were incubated with 10 pM of
mCD300f-WT-Fc, mCD300-E68K-Fc,
mCD300f-D117A-Fc, or Fc in the
presence of 0.5 mM CaCl, for 120 mi-
nutes. After washing, the plates were
incubated with peroxidase-conjugated

anti-human Ig (Sigma). The absor-
bance at 450 nm was measured.

Induction of PCA

PCA was performed as previously
described (Izawa et al., 2012, 2014).
Briefly, mice were sensitized with the
intradermal injection of 50 ng anti-2,4-
dintrophenyl IgE (H1-e-26) to each ear.
Then 24 hours after the sensitization,
the mice were injected intravenously
with Evans blue dye (Sigma-Aldrich)
containing 250 pg 2,4-dinitropheyl-
human serum albumin. Thirty minutes
after the antigen challenge, the
amounts of extravasated dye were
measured by measuring the absorbance
at 620 nm. In some experiments, 10 g
of lipid vesicles were injected intrader-
mally in the ears together with anti-2,4-
dinitrophenyl IgE (H1-e-26). After the
ears were fixed with 10% formaldehyde
and embedded in paraffin, the sections
were stained.

BMMC reconstitution

The ears of Mcpt5-Cre/R-DTA mice
were injected intradermally with 1 x
10° of BMMC transfectants 6 weeks
before PCA. Mast cells in the ear skin
were stained with toluidine blue and
quantified as described (Izawa et al.,
2012, 2014).

Statistical analysis

Results are expressed as means =+
standard deviation. A two-tailed un-
paired Student’s t test was performed to
compare differences between the
groups.
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Supplementary Figure S1. The differential lipid ligand specificities of mCD300f versus hCD300f. (a)
The structure of ceramide (d18:1/24:0) and sphingomyelin (d18:1/18:0). (b) Flow cytometry of GFP
expression of the indicated reporter cell lines on plates coated with ceramide (d18:1/24:0),
sphingomyelin (d18:1/18:0), or anti-Flag antibody. Representative of three independent experiments.
GFP, green fluorescent protein.
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Supplementary Figure S2. Surface expression levels of FceRla, c-kit, and Flag-tagged CD300f in
indicated BMMC transfectants. Representative of two independent experiments. BMMC, bone
marrow—derived mast cells.
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Supplementary Figure S3. Mast cell numbers in ear skin of Mcpt5-Cre/R-DTA mice after intradermal
transplantation with indicated transduced BMMCs (n = 3—7 per group). BMMC, bone
marrow—derived mast cells.
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Supplementary Figure S4. PCA responses in Mcpt5-Cre/R-DTA mice transplanted with hCD300f-WT-
transduced mast cells, pretreated with indicated vesicles (n = 5 per group, * standard deviation). *P
<0.01. PC, phosphatidylcholine; PCA, passive cutaneous anaphylaxis; WT, wild type.
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