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The spatial contact of immune cells is predomi-
nant machinery for the modulation of local inflam-
matory sites as much as humoral regulation is for in-
flammation. In this study, we investigated the role of
mast cells in the regulation of invariant natural killer
T cells (iNKTs) functions. Co-cultivation of bone-
marrow derived mouse mast cells (BMMCs) with pu-
rified and stimulated mouse iNKTs caused marked
suppression of interleukin (IL)-4 but not interferon
(IFN)-γ production in iNKTs. Suppression was ac-
companied by down-regulation of IL-4 mRNA ex-
pression. The Notch intracellular cytoplasmic do-
main in iNKTs was also completely diminished by
co-cultivation with BMMCs. Suppressed IL-4 pro-
duction was recovered when iNKTs were separately
co-cultured with BMMCs using the transwell sys-
tem. Furthermore, co-culture of iNKTs with acti-
vated BMMCs elicited partial suppression of IL-4
production. These findings suggest that mast cells
modulate the function of iNKTs via the inhibition of
Notch signaling.
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INTRODUCTION

Mast cells (MCs) are pivotal effector cells in al-
lergic responses and are involved in defense mecha-
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nisms at local sites of infection.1, 2) In such roles,
MCs control immune cell fate by generating cy-
tokines, chemical mediators, and cell-cell contact,
thereby orchestrating the immune response.3) Phys-
ical cell-cell contact, in particular, is one of the cen-
tral mechanisms for regulation of immune cell dif-
ferentiation and proliferation. For example, spatial
contact of MCs with T lymphocytes is crucial for
the activation of T cells.4–6) MCs sustain the B cell
expansion and drive the development of humoral
immune responses through cluster of differentiation
(CD) 40-CD40 ligand (CD40L) interaction.7) More-
over, MCs inhibit regulatory T cell suppression and
functional T helper (Th) 17 cell modulation by the
surface expressed OX40 ligand (OX40L),8) such
cell-cell contact has a potential role in pathogene-
sis of experimental autoimmune encephalomyelitis
and neutrophilic hyperreactivity.8) Invariant natural
killer T cells (iNKTs) are innate-like T lymphocytes
characterized by promptly generating large amounts
of both interferon (IFN)-γ and interleukin (IL)-4
following stimulation,9, 10) thereby controlling cell
fate such as differentiation to T cells and function-
ing as dendritic cells.11) This capability of iNKTs
is pivotal for tolerance or inflammation at local
sites.11, 12) Although such participation in regulation
of local immune responses through quick and mas-
sive cytokine production is well established, control
mechanisms for Th1 or Th2 cytokine production in
iNKTs are poorly understood. Here, we present
control mechanisms of Th1/Th2 cytokine produc-
tion in iNKTs by MCs through cell-cell contact.
This is the first report of modulation of cytokine
production by physical interaction with iNKTs.
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MATERIALS AND METHODS

Mice —— C57BL/6 mice (Japan SLC, Shizuoka,
Japan) were used. All animal studies were approved
by the Animal Care and Use Committee of the Fac-
ulty of Pharmaceutical Sciences, Tokushima Bunri
University (Tokushima, Japan).
Reagents —— Fluorescein isothiocyanate (FITC)
anti-T cell receptor (TCR) β (clone: H57-597),
phycoerythrin (PE) anti-CD19 (clone: 1D3),
and allophycocyanine (APC) anti-mouse IgG1
monoclonal antibodies (mAbs) were purchased
from BD Biosciences (San Diego, CA, U.S.A.).
Anti-mouse CD3ε (clone: 2C11), FITC anti-mouse
FcεRIα (clone: MAR-1), and PE anti-mouse
c-Kit/CD117 (clone: 2B8) Abs were obtained from
eBioscience (San Diego, CA, U.S.A.) and BD
Biosciences. Anti-dinitrophenyl (DNP) IgE and
DNP-human serum albumin (HSA) were purchased
from Sigma (St. Louis, MO, U.S.A.). Alpha-
galactosylceramide (α-GalCer) (KRN7000; Kirin
Brewer, Gunma, Japan) was dissolved in 0.5%
Tween 20-phosphate-buffered saline (PBS) with
sonication for use. γ-Secretase inhibitors, N-[N-
(3,5-Difluorophenylacetyl)-L-alanyl]-L-2-phenylglycine
t-butyl ester (DAPT) and L-685,458 (Peptide
Institute, Osaka, Japan), were dissolved in dimethyl
sulfoxide (DMSO) for use. The concentrations of
these reagents are cited in Dovey and Kang.13, 14)

Mouse recombinant IL-3 was obtained from
Miltenyi Biotech GmbH (Bergisch Gladbach,
Germany).
Flow Cytometry —— iNKTs were detected
by FITC anti-TCRβ and APC α-GalCer-loaded
CD1d:Ig (BD Biosciences) as previously de-
scribed.15) BMMCs were incubated with FITC
anti-mouse FcεRIα and PE anti-mouse CD117.
For detection of Notch-1, anti-mouse Notch-1
mAb (clone: A6, Thermo Scientific, San Jose, CA,
U.S.A.) and PE anti-mouse IgG Ab (BioLegend,
San Diego, CA, U.S.A.) were used. For detection
of Notch ligands, anti-Delta like (DLL) 1 (clone:
HMD1-5), DLL4 (clone: HMD4-1), Jagged-1
(clone: HMJ1-29), and Jagged-2 (clone: HMJ2-1)
were used (eBioscience and BioLegend).
Isolation of iNKTs —— Initially, mice were in-
traperitoneally injected with 5 µg α-GalCer. After
3 days, whole spleen cells were prepared. iNKTs
were positively selected from the B cell-depleted
fraction by APC α-GalCer/CD1d:Ig and anti-APC
MicroBeads (Miltenyi Biotech) as described.15, 16)

The purity of the enriched cells was > 95% iNKTs.

Mouse BMMCs —— BMMCs were obtained by
culturing mouse bone marrow as described.17, 18)

The purity of cultured cells was > 97% BMMCs.
To stimulate cells, BMMCs were preincubated with
250 ng/ml anti-DNP IgE overnight in a CO2 incuba-
tor, and then stimulated with 100 ng/ml DNP- HSA
at 37◦C.
Co-culture of iNKTs with BMMCs —— Purified
iNKTs and BMMCs were suspended in complete
RPMI1640 containing 50 µM 2-mercaptoethanol
(Kanto Chemical, Tokyo, Japan). iNKTs and
BMMCs, both at 2 × 105, were co-cultured in 96-
well plates with 10 µg/ml plate-coated anti-mouse
CD3ε at 37◦C for 6–12 hr. After co-culture, the su-
pernatant was obtained for the cytokine assay. To
prevent cell-cell contact, cell culture inserts (tran-
swells; pore size: 0.2 µm, Nunc, Rochester, NY,
U.S.A.) were used.
Cytokine Measurement —— The levels of IL-4
and IFN-γ in the culture supernatants were assayed
by Flowcytomix (Bender MedSystems, Hinckley
Road Burlingame, CA, U.S.A.) according to the
manufacturer’s instruction.
Real-time PCR —— cDNA was prepared from to-
tal RNA using poly (dT) and SuperScript II (In-
vitrogen, Carlsbad, CA, U.S.A.). mRNA expres-
sion of IL-4 and glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) was measured by quantitative
real-time PCR using TaqMan Gene Expression As-
says (Applied Biosystems, Bedford, MA, U.S.A.).
Immunoblotting —— Cells were lysed in LDS
sample buffer (Invitrogen) containing protease in-
hibitor cocktails. Samples were analyzed by west-
ern blotting. For detection of Notch intracellu-
lar domain-1 (NICD-1), anti-Notch-1 Ab (clone:
mN1A, eBioscience) was used. Enhanced chemi-
luminescence (ECL) anti-mouse IgG-horseradish
peroxidase (HRP, GE Healthcare, Piscataway, NJ,
U.S.A.) and Immobilon Western HRP (Millipore,
Bedford, MA, U.S.A.) were used.
Statistical Analysis —— Results are expressed as
means± S.E. Statistical significance of differences
was determined by a two-tailed unpaired Student’s
t-test. P values less than 0.05 were considered sig-
nificant.

RESULTS

BMMCs Suppress IL-4 Production of iNKT
Cells in Co-coculture

iNKTs are known to produce a massive amount
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Fig. 1. Cytokine Production and mRNA Expression Rate in
iNKTs

A, iNKTs were cultured with or without equal concentration of
BMMCs in 96-well plates bound with anti-CD3ε for 12 hr. The con-
centrations of IFN-γ and IL-4 in the culture supernatants were mea-
sured by Flowcytomix. Data are the means±S.E. obtained from three
independent experiments. B, IL-4 mRNA levels measured by real-
time PCR. Data are the means± S.E. of three independent experiments.
∗∗p < 0.01.

of both IL-4 and IFN-γ following activation at the
site of inflammation.19–21) These cytokines regulate
local immune responses.22, 23) We therefore inves-
tigated the effect of BMMCs on cytokine produc-
tion by activated iNKTs. Anti-CD3ε stimulation
led to IL-4 and IFN-γ production in iNKTs. No-
tably, IL-4 production considerably decreased when
activated iNKTs were co-cultured with BMMCs
(Fig. 1A) which was accompanied by a down-
regulation of mRNA expression (Fig. 1B) IFN-γ
production appeared to slightly increase in the co-
culture (Fig. 1A).

Cell-cell Contact Is the Important for the Func-
tion of BMMCs

The functions of immune cells are known to

Fig. 2. Spatial Contact with BMMCs Is Essential for Suppres-
sion of IL-4 Production in iNKTs

To prevent cell-to-cell interaction, BMMCs were placed in a tran-
swell and cultured with iNKTs on 96-well plates for 12 hr. The super-
natants were collected and secreted IL-4 was measured. Data are the
means± S.E. of three independent experiments. ∗p < 0.05.

be modulated by spatial cell-to-cell contact be-
sides the humoral factors.24) We thus examined the
mechanisms of reduced IL-4 generation in iNKT
by BMMCs co-cultivation, using transwell system.
Prevention of physical contact between iNKTs and
BMMCs by the transwell completely recovered sup-
pression of IL-4 production (Fig. 2). These find-
ings indicate that the reduction of IL-4 production
by BMMCs requires cell-cell contact.

Notch-1 Signaling Is Involved in the IL-4 Pro-
duction in iNKT Cells

Notch signaling has been indicated as a piv-
otal mechanism for IL-4 production in CD4+ T
cells25, 26) and NKT cells.27) Okamoto et al. showed
the involvement of Notch in IL-4 production and
Th2 proliferation.28) The interaction of Notch re-
ceptors and their ligands causes release of NICD
into the cytosol, which translocates NICD to the nu-
cleus.29) In the nucleus, NICD binds to transcription
factors and up-regulates the target genes.26, 29)

We next focused on Notch signaling in the pro-
duction of IL-4 in activated iNKTs. The surface ex-
pression of Notch-1 as well as its ligands was vali-
dated on iNKTs (Fig. 3A). NICD was also observed
in activated iNKTs, but was completely diminished
following co-culturing of activated iNKTs with
BMMCs (Fig. 3C). DAPT and L-685,458, typical
γ-secretase inhibitors, mildly depressed the Notch
signaling (Fig. 3C), in addition to slightly decreas-
ing anti-CD3ε-induced IL-4 production in iNKTs
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Fig. 3. Notch Signaling Is Involved in the Suppression of IL-4
Production in iNKTs

A, Expression of Notch-1 and Notch ligands in iNKTs or
BMMCs. Result of one representative experiment out of two is shown.
B, DAPT and L-685,458, γ-secretase inhibitors, partly blocked IL-4
production. Results shown are from three independent experiments.
C, Observations of NICD in iNKTs. iNKTs and BMMCs, both at
1× 106, were co-cultured for 6 hr and analyzed by western blotting.
Result shown is one representative experiment out of three.

(Fig. 3B). These findings suggest that iNKTs con-
stitutively transactivate through surface-expressed
Notch and its ligand, signaling that may be pivotal
for IL-4 production on activated iNKTs.

IgE-stimulated BMMCs Partly Reduce the In-
hibiting Function

We thus further investigated the impact of ac-
tivated MCs on the inhibition of IL-4 production
in activated iNKTs. Following a lapse of 5 min
or 4 hr, IgE-cross-linked BMMCs were incubated

Fig. 4. Relationship between IL-4 Production and NICD in
iNKTs

A, iNKT were co-cultured with IgE-sensitized BMMCs or non-
sensitized BMMCs which were stimulated by DNP-HSA for 5 min or
4 hr, respectively. Cultured supernatant was used for cytokine mea-
surement. Data are the means±S.E. of three independent experiments.
∗∗p < 0.01. B, Cells were collected after 6 hr co-culture and NICD was
detected by western blotting. Result shown is one representative exper-
iment out of three. C, Cells were collected after 15-min co-culture, and
NICD was detected by western blotting. Result shown is one represen-
tative experiment out of three.

with iNKTs in an anti-CD3ε-coated culture dish
for 12 hr. IL-4 production was markedly dimin-
ished in co-cultures of iNKTs with BMMCs stim-
ulated for 4 hr or with non-stimulated BMMCs,
but this inhibition was partially recovered in co-
cultures of iNKTs with BMMCs stimulated after
5 min (Fig. 4A). NICD was not detected even af-
ter 6 hr in iNKT co-cultures with BMMCs stim-
ulated for 5 min or 4 hr (Fig. 4B). On the other
hand, after 15 min in iNKT co-cultures, NICD was
slightly detected with BMMCs stimulated at 4 hr
and clearly detected with BMMCs stimulated for
5 min (Fig. 4C). These findings indicate that al-
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though 5-min stimulation of BMMCs did not affect
Notch signaling, 4-hr stimulation inhibited it.

DISCUSSION

Type 2 helper T cells act as the “manufactur-
ing equipment” of Th2-type cytokine such as IL-
4, IL-5, and IL-13,30, 31) and these cytokines con-
trol the pathology of the local site of the inflam-
mation.31) This type of T cell is especially pivotal
for the elimination of the non-toxic intruder or par-
asites inversions,32) and also plays a key role in
the disease onset of allergic inflammation such as
allergic asthma.33) Although Th2 fate specification
and commitment from naı̈ve T lymphocytes require
“primarily IL-4” assistance,31) little is known about
the source of the primarily IL-4 on Th2 responses.
Whereas, it is widely accepted that activated iNKTs
quickly generate a massive amount of IL-4 and IFN-
γ,20, 21) and therefore activated iNKTs are the lead-
ing candidate of primarily IL-4.31) We indicated in
this paper that MCs could modulate cytokines gen-
eration on activated iNKTs by physically cell-to-
cell contact mechanism, and this is the first report
which suggests that MCs can selectively modulate
“primarily” IL-4 production in iNKTs. The crucial
roles of MCs surface expressed OX40 on T cell pro-
liferation,4, 5) differentiation,8) and cytokine gener-
ation5) have been recently reported. As well, the
importance of inducible T-cell costimulator (ICOS)
on iNKTs functions has also been indicated.34) We
also investigated the participation of OX40-OX40L
or ICOS-ICOS ligand (ICOSL) axes in the suppres-
sion of IL-4 production by BMMCs, using both
anti-OX40L and/or anti ICOSL neutralizing an-
tibodies. However, both receptor-ligand interac-
tions were not involved in the suppression of IL-4
(data not shown). Whereas, neutralizing antibodies
for DLL1, DLL4, Jagged-1, and Jagged-2, which
are known to Notch ligands, did also not affect
the down-regulation of IL-4 (data not shown), al-
though incubation of activated iNKTs with BMMCs
caused the complete elimination of NICD. More-
over, the diminution of IL-4 production by BMMCs
was partly canceled when activated iNKTs were co-
cultured with just activated BMMCs. These ob-
servations indicate that the mechanisms of the IL-4
suppression by BMMCs is involved in some uniden-
tified molecules that inhibit Notch or NICD. As
FcεRI cross-linking on the surface of MCs is known
to induce MCs membrane perturbing,35) the partial

blocking of suppressed IL-4 production by activated
BMMCs may be a result of partial cancellation of
Notch or NICD inhibition on the surface of BMMCs
by activation-caused membrane disturbance. The
NICD expression in BMMCs also seemed to be
extinguished when iNKTs were co-cultivated with
BMMCs. Co-cultivation of iNKTs might also affect
the function of MCs. However, the target inhibitory
molecules of the Notch and/or NICD on the surface
of BMMCs, which also may affect BMMCs func-
tion, could not be identified in this study. Further
studies are needed to clarify this point.

The observation of NICD in non-activated
iNKTs and the cancellation of IL-4 suppres-
sion by activated BMMCs are intriguing because
these observations suggest that iNKTs constitu-
tively pre-transactivate through surface-expressed
Notch-ligand signaling, and that IL-4 production in
activated iNKTs is regulated by the status of the
other cells such as MCs. In other words, these
results imply that cytokines generation pattern on
activated iNKTs is able to be controlled by both
the local density of iNKTs and the difference of
co-cumulative immune cells class. The variety of
iNKTs activation may be closely associated with the
pathology of the local site of inflammation.

In conclusion, this study clarified that the inhi-
bition of IL-4 production by co-culture is closely
related with the state of MCs. That is, MCs appear
to control IL-4 production in iNKTs at local inflam-
matory sites through Notch signaling. This is the
first report demonstrating a regulatory role of MCs
in the production of cytokines in iNKTs
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